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Abstract

The future 6 humanity andhe biosphere is complex andatirasingly uncertajrcomplicating
efforts tounderstandndaddres1% centuy environmental criselike biodiversity loss andlimate
changeTransdiscipliry scenario practice offers a promising aveloueake sense dhis
complexity and uncertaintyscenariosareoften defined asoherent, internally consistent, and
plausibledescriptiors of the potentiafuturetrajecoriesof a systemand tansdisciplinaity is an
integrative, problenoriented, andgccietally embeddedesearciparadignthat aims tayenerate
knowledg about canplexand contestedroblems However,despite itpromise transdisciplinary
scenario practie grapples with persistent ambiguitgi.e., the existence of multiple valid frames)
which emerges from thplural values and perspeas of diversactors inwlved in knowledge
production, resistance to integjoa via any singular frame offered by sudlividual discipline, and
the inherent amplexity ofsustainability challenges.

The lak of concepts, imeworks, and tools to operatidize ambiguitypresents risks to the
salience and legitimacy tfansdiscipghary scenarigractice Ambiguity render@ny scenario
processasa partial framing of the future that focuses attention on vghabst relevant and is
contingent orhow it wasproducedReflexivity (i.e.,the process of examininghavn e s own bel i
judgments, and practices influence the resedsctijedas a crucial capacity for navigatisgch
ambiguity, yet ts role in susinability sciee ard in scenario praate,remains uncleaiVithout
reflexivity, thosedevelopingand using the scenariage ldt without the means or motivation to
critically reflect on how the scenarioareproducedtheir underlying assumptioresd ther strenghs
and Imitationsfor differentmodes of application Further, the boundaries that delineateatfuture
condtions and values aiacludedand excludedrom the scendgos are rendered invisibléhis gap
influenceghe saliencand legitinacy of the scenarioto realworld sustiability challenges
partiaularly amid contemporary demais toenrich scenarios witthe novel and potentially

transformaive conditions of tle 21% century.

This dissertation explores two opportunitie®peratimalize ambiguity throug reflexivity in
transdisciplinary scenarjgracice First, the field ofoperational research has altrdecade history
grappling with theoretical and pradicaspects of abiguity through critcal systems thinking (CST),
offering opportunities for suainability scienceSecondmostscenario métods require implicit
tradeoffs that reduce or ignomespects ofcomplexity(and thus ambiguity), failing tget tefibig
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pictured roughly right Semiquantitative scenario methotlilse crossimpact béances (TB) produce
internally consistent scenariog 8ystematically and reflexively integnag diversedrivers of change
therebyreconcilingsome of these traeaffs and offering a promisinget underutilizedscenario
methodfor sustanability science.

Paper laimed tocontribute to reflexive scenariogmtice in sustainability science by making
ambiguity explcit and operational using theris of CSTThis investigéion generated the Boundaries
of the Future framework, a novel syntheasfisiteratures thathaacterize how key boundary
judgments (i.e.¢choiees that delineate what is included or excluded fraystem) involved ithe
design ofa scenario process Inénce the scope of future potentiat., future conditionsand values)
reflected in scenarioutcomes, and propasthe degre to which this scope of futel potential may
reflect the dynamics g&nd/or conditions forsociatecological systems (SE8hange(i.e., a
dominantcomplexitybasedens that views higlevel systembehavioras emergingrbm sociat
ecologicaland crossscaleinteractions anfeedbacks)The mos expansive choice under eaufithe
ten boundary judgments in the framework enrigd@sharios with the conditions for transformation
(i.e., fundamental, syamnic shifts away fronexisting systems; desirable ondesirable; navigated or
unintended)The ramework can be operationaiz asanex anteor ex posteflexive tool in
sustainabity research and practice by rendering each of the ten boundary judgmamtexplicit
site ofcritical reflection in a scem@ processDoing so can improve thelgnceand egitimacy of

the scaarics, including by enrichig scenariosvith the potentl for transformaiton.

Paper llaimedto exploe the potential fosemiquartitative scenarionethods to enrich
scerario practice for a) the developmentdiy picturé(i.e., integrative and holis) scenarios in
sustainability science and b) river basattempting to build resilience to climatenle This
objective was ddressed through casestudy transdisciphiary CIB modelling process in the Red
River Basin, a trasboundary river basin shat by the United States and Candld# scenarios
exploredig pictureédscenarios of a river basin under climate clealng charaarizing future change
as anergent from interactions between diverse efforts to build reséliand a complex, crosgale
SES Theresults surfacsignificant conplexitiesand ambigities surrounding efforts to build
resiliencein river basinsand affirmthe potential for the IB method to generate unique insights

about therajectory of SESs.
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Reflections onthe irreducible amiguity that persisted throughaperd and Illed to the
development oPaper Il} whichaimed to explore how key cogyts, framewrks, and lessons from
CSTmay be adapted to help address the challenges presented by amibigustainhility science
(i.e., beyond scenario practic8he mapr contribution of his investigation is an operational
definition of ambiguity 6cused on th subjectivity of systa boundaries (i.ean emergent feature of
the simultaneous and intertéing boundaryprocesses assoced with being, knowing, and
intervenng in complex systesjiand two recommendatiofigr sustainabilityscientistdo
operationalie ambiguityas a valuale means of addressing sustainability challendg@adjust the
theoreical orientaiton of sustainabity science to consider the potenfiad and consequences$
theoretical incommensurability and discordant pluraliand 2) nurtee the reflexive capatbgs of
transdisciplinary researchers to navigate persistent ambiQ8fy literatwe and four case sty
reflections (including the transtiplinary scenarigrocess from Paper Il) were used to develop the
novel framewerk of Reflexive Bounday Critiqueto guidecritical reflection orambiguityat all stages

of the reseah process.

In sum,this dissertdon exploredopportunitiego operationalize ambiguityntough reflexivity
in transdisciplinary scenarjaracice contributing © a richand growing bdy of researctthat
addressethe ambiguities inherent to research about comglekainabilitychallerges My hope is
that thiscontributionhelpssustainabity scientiss give shape to and embrace ambiguity as a

fundarnental @rt o rigorous sustainabtly science.
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Chapter 1

Introduction

1.1 Rationale and objectives

1.1.1 Complex and increasingly uncertain futures

The future ohumanity ad the biospheres increasingly uncertaifhe unprecédented scale of
anthiopogenidmpact on the environmeig pushing Earth systems pastical tipping pointsrelated
to biodiversity lossindclimate change, &ling to nonlinear and irreversible chan{feeckstrom et
al. 2009 Steffen et al2018) As aresult, biophysical &selines are shifting in ways that can no longer
be predicted uniy historical data; foexampleriver basins experieethe impacts of cinate change
as climatic norstationarity, resulting in more unpredictable préaijon regims and an increased
frequency and severity of extreme eveiMil ly et al. 2008; Marchaat al. 20191PCC 202).
Additionally, trade, finanial, and communicatiogystems are progressively maamplex and
hyperconnecteglet homogenized across the gloimereasinghe potentibfor novel risks and
surprise eventthat are difficult to modgYoung et al. 2006; HoerDixon et al. 2015; Keys «l.
2019; van der Laev 2020) For example, disiptions to food production in an agricultural river basin
due to a extreme drought mayscade into global supply chaiitepacting global food security
(Rockstrom et al. 2014&ay etal. 2019; Ghadge et.&2020; IPCC 2021)In such complex systems,
the interactions between multiple social and ecological driversa@ods multiple scald€ge., local
to global) are moreikely to produce emergentatmsformative outcomesah individual drivers
alone(Westey et al. 2011; Lde et al. 2013; Moore et al. 2014; Rocha et al. 2H&)vever, because
not all drivers andnteractons are measubée and testable, efforts to anticip#te future of these
sysemsinevitably excludemportantfuture conditiongBell 1997; Carpenter ell. 2009; Elsawah et
al. 2020)

These irreducible uncertainties are inherent propertiesraplex systemgreiseret al. 2018)
yet they complicate efforts to address thetrcause of Zicentury suwinabiity challenges. On the
one hand, actors aresponding directly to calls for deliberate transformation away from the
unsustainabilit and injustice of the staguqguo( O6 Br i en 2011; United Nations
al. 2021) Such transformatiorere motvated by profoundly dferent visions of théuture in which
new structures and processes address the root causes of persissikissuodiversity loss ah

climate changéMilkoreit 2016; Moore and Milkoreit 2020While seemingly desirablé&e purauit
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of transformations contested and mesagactors pursuaovelinnovationsbased on diverse and
potentially divergent visionsfahe future(Leach et al. @10). These innovations interagith broader
system struetresi which often resist surctransbrmationsi to produceesmergent and difficutto-
predict aitcomegMoore et al. 2014)

On the other hand, actors are trying to dhtlile resilience of existingystems to novel risks,
thereby nurturing the capacity develop under a changing eroiiment(Folke 2016; UNFCCC
2019). In practice, suchesilience building attapts to identify solutions that are adaptive
increasingly plausible yet more extreme fué conditions, many of which are a direct resuthef
persistent environmental challges thawarrant transformatin (HomerDixon et al.2015 Helbing
2013; Keys et al. 2019For example, efforts to build resilience to d@im change in river basins
range from conventional largeeale diversion schem#smass wetland rehabilitation arestoraibn
T two solutions thtare rooted in divggent perspectives and interests in the existing system
(Sendzimir et al. 2010; Mendezat 2012; Marshall and Alexadra 2016)Thus, seemingly
contradictory effortsriteract with one another and theglar syseéms within which theyarea part
producingemergent outcomes that are difficult to imagine and nearly impossiptedict.

1.1.2 The promise of transdisciplinarity and scenarios

Sustainability science is tasked with the danmthallenge of trying tmmake sase of this
complexityand uncertinty. Theresponse to this challenge has contributed to two promising trends in
the field. First, he Gransdisciplinary turiof sustainability science emerged alongside other scientific
paradigms like postormalsciencgFuntowicz and Ravet¥993) and node 2 sciace(Nowotny et al.
2003)in response ttherecognition that pluraltsand societally embedded knowledge systeras ar
requiredfor science t@ontribute to the transformative changes reguiccaddresshe rootcauses of
215 centuryervironmenal crisis(Cundill et al. 2005; Cornell et al. 2013; Caniglia et al. 2020)
Trarsdisciplinaritygrapples with complexity anchaertainty by bridgindpoth disciplinary and
sdencesociety divides througteflexive, problemoriented andintegraive researcl{Lang etal.

2012; Brandt et al. 2013Jhe intention of this paradigm is natlg to generate broader system
knowledge, buto mobilizeknowledge inways that promote meaningful learning for scientésid
actors includng that which is requed to contibute tothetransformative agenda of sustainability

sciencgShrivastava et al. 2020)



Second, scenarios are increasinglpydar tools for making sense of complexity and
uncerainty in sustainability sciend®derson ¢al. 2003; Bai et aR016). Scenarios areften defined
ascoherent, interrily consistent, and piesibledescriptios ofthe potentiafuturetrajectoriesof a
system(Heugens and van Oosterhout 20@genarios have beeleveloped through diverseethods
at various scale@teros-Rozas et al. 20150Moallemi et al. 202landhave beemised to directly
inform policymaking orfacilitate social learningBorjesonet al. 2006; Miller 2007Elsawah et al.
2020; Pereira et al. 20215or example,xplorative scenariosareused to iénify solutions thatare
resilient or robust to multiplpossible fture climatic or socieeconomic conditionf_empert 2003)
andnormaive scenarios are used to imagine and strategize pathways to dggrghlmore
sustanable)futures(Bdrjeson et h 2006) Scenariohave also been used to structure
transdisciplinay research in which a modelds-produced through engagement wittiaoorators
(McBride et al. 2017; Voinov et al. 2018; Moallemi et al. 20REcently, iterature on the rke of
imaginaion in deliberate sstainability transformation has motivated tise of experimental scenario
methods and creative media to build mation and shared commitment fdrangg Galafassi et al.
2018; Hebinck et al. 2018a; fe@a ¢ al. 2018a)

1.1.3 The importance of the social-ecological systems perspective

The unionof transdisciplinarity and scenario priaetis accompanied by a third impamt trend
that further renders complexity and uncertainty explicit in sustainabiliynsei he sociatecological
systans (SES) perspectivThe prevailing commandndcontrolmode of natural resource
governancassumd ecosystems respond to human indekion in predictable, linear, and
controllable waygDietz et al. 2003)In contrast,lie SESperspective viewdinked human and natural
systems as complex adaptive systdbresin 1998; Levin et al. 2013)his view grapples explicitly
with complexity byfocusing on the sociacological inteactions and crosscale feedbacks that
producehigh-leve system behavigifFolke 2006; Reyers et a018) Moreover, the SES pspective
accepts uncertainty as irreducible and inherent to complex adaptive systéchdhavte unique
properties that produce emergent and often surprising outd@reseret al.2018). For example,
conplex SESdynamics allav the systento fluctuate wihin a single stable state or pushcross
thresholds into alternative statthroughregime shiftor socialecological transformatiorthat may
be difficult or impossible¢o revese (Walker et al. 2004Fdlke et al. 2010; Rcha et al. 2015)



The SESerspective informs both transdisciplinarity research and scenacticprin
sustainabity science. In the case of transdisciplinarity, the SES perspective is often amiztd

as an overarching frana®rk to facilitate inegration across disciplise (i . e . , bet ween

the 6decol ogi c al résparca abdut quuiex ssigiamabitity chatlengéfngelstam et
al. 2013; Benham and Daniell 2016; CockbR022) This often occurs thigghthe use and
adaptéion of seminal frameworkis the field(e.g.,0Ostrom 2009; Folke 2016l the case of scenario
practice, esearchies applying the SES perspective have used scenarios agvsakiag tools to
charactare, adap and build resiliencto the irreducible uecertaintiesof complex sytems(Peterson
et al. 2003; Verburg et al. 2016yith particular focus on pladeased SES(OterosRozas et al.
2015a) Normative or targeseeking scenarios have also beaygsated aessential tools in thearly

0 p r e p astagetofisaciabdologicaltransform#éion (Moore et al. 2014)

1.1.4 Challenges: Persistent ambiguity and a lack of reflexivity

Clearly, the union of transdisciplinarity and scenario practice offers a prngaignueo
make sense of comptand uncertain fut@s in sustainability sciee. Ths potential is furthered by
thecomplexitybased lens offered lille SES perspective. divever, while these trends enrich one
another, they also present a major challengeédNa in their efforts to makeens of complexityand
uncertainty, they eachapple with the ambiguity (i.e., the eince of multiplevalid frames) that is
inherent b complex sustainability challengesafsdisciplinary researcurfaces ambiguity tbugh
the pural values and perspives of diversectors involved in knowledgaroduction. This
ambiguity persists because transdisciplinarity resists integrationwisiregular frame offered by an
individual discipling(Leach et al. 2010; Preiser et 2018; Dewulf et al. 2020; Turhou et al. 2020)
Ambiguity also permeates s@ato literature under different names including future openness, which
stems from a combation of uncertainty and ambiguifBell 1997; Elsawah et al. 2020he
subjectivityof plausillity judgments(Wiek etal. 2013; Schnut-Scheele 2020 and criticafutures
literature, which directly challenges theedictandcontrolorigins of early senario work(e.g.,
Inayatullah 1998a, b)The SES perspective highlights ambiguaisyapesistant feature of the stydof
T and intervation ini complex adaptiveystemgLevin et al. 2013; Preiser et al. 201Bpr
example, CASs are radically open, whimakes it nearly imgsible to decide which system
components are inside and odsstte g/stem Consequently, any stan interpretatio is partial,

provisional,and contingent on subjective boundary cho{desrrero 1999; Preiser et al. 2018)
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While anrbiguity is considered a feature of research about complex sustainability chaliesages
role in sustainability sciereremains uncleaMyriad interpretations chmbiguity exist in uncertainty
literature(Funtowicz and Ravetz 199Walker et al. 2003; Dewf and Biesbroek 2018&nd, of
particular relevancé sustainability science, isnceandtecmology studies literaire (Stirling 2006
West et al. 2014)The htter reveals how ambiguity implicates the intersection of epistemology (ways
of knowing) andontology (ways of being) i.e., different frames emerge from and shape future
acton. While this conceptualization givsambiguity asmherent to complexity, loes not render
ambiguity explicit and operational in ways that can be addressed in trapkgisygiscenario practice
for sustainability science, and thus remains difficulrarslate into policy and practiceMoreover,
reflexivity (i.e., the processfo exami ni ng how onebés own beliefs, |
the research) is oftesited as a crucial capacity for navigating ambiguity and pluralisootin
transdsciplinaly reearchand scenario padice (Miller 2013; Miller et al. 2014; Popat al. 2015;
Haider et al. 2018)In other words, reflexivity can translate ambiguity froslippery phenomenon
6out thered to a pr oces ¥Yetteheaity icsastaindbityscemeh) e dde d i r
and for sceario practice, haveen criticized for a lack of clarity and is not mainstréarayatullah
1998a; Jasanoff and Kim 201Bopa et al. 2015; Scheele et al. 20Iri@prestingly, the importace of
capacities ke reflexivity is not only digussed within acaeimic literatire: the Inner Development
Goals are an emerging suite of policy and praatitented objectives that aim tdentify and nurture
the inner transformativekills required to ehieve the SustainEbDevebpment Goalginner
Development Goals 2ZB).

The lak of concepts, frameworks, and tools to operationaimbiguity through reflexivity in
sustainability sciece is a crucial gap.rierging frameworks and tools grapple with dirsiens of
ambiguity, sich asby facilitating epistmdogical pluralsm(Martin 2012; Tengéet al. 2014)pr
nurturing the unique capacities required of transdisciplinary reseafttederet al. 2018;
Chambers et al. 2022Research in sustainability se@e ha also suggestithe reed to grapple with
the aubjectivity of system bounakies in research about complex SESsdouin et al. 2013)Yet, in
the absence of holistic and operatiomaldes of reflexivitymany sustainability scieistsstill operate
from a middle space iwhichthey embrace compleyiand understanche need fopluralism broadly
butst ruggl e to overcome their tendency otussodeval uat
frame.In such casesambiguity is not ex|ptit yet persists,daving research vudmeble o myriad risks

and pover dynamics assoated with uwritical transdisciplinary collaboratio These risks include
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conflict and misunderstanding in collaborataxross disciplines, paradigms, or sec{&tsang
2009) and the paver dynamics thatastlessdominant pespectivesaspolitical or sujective and
more dominant perspectives as neutral and obje€iwenhout 2018; Turnhout et al. 2020)

Thelack of corcepts, frameworks, and tools to operationalize ambiguity throubgxikefy is
highly relevantto scenario practicé&o scenario framewtd or methal, even if applied in a
transdisciplinary processanreconcile the diverse domains, scales, values, driagid perspectives
implicated inthe future of complex sustainabjlichallengegSwartetal. 2004 Carpenter et ak009;
Bai et al. 216; Verbug et al. 2018)Therein lies the ambiguityny scenarigrocess produces a
partial frane of the future thafocuses attention on whatdeemednost relevant and is contingent on
how it is producedWithoutreflexivity, scenario ugs are leftwithout the meaner motivation to
critically reflect on thenfluence ofsubjective choices made in tlesign of a scenaribevelopment
procesge.g., choice of framing or methods) and stiengths and limitdons of trese choice for
theirmode of appication. Furtherthe boundariethat delineate the scope of future potential in the
resulting scenarios (i.e., whiatture canditions and values aiecludedand excludegare rendered
invisible. This gapinfluenes the alienceand legitimacyof the scearios to realorld sustainability
challenges; for exam@) by introducingherisk thatscenarios are used in unintended\ere
inappropriate waysyr thatscenariosre missing cruciatonditionsor valuesi(e., more dminant
frames of thduture arereinforced while those considering more novel or marginalizegpestives
are cast asigeThis latter risk is particularly elevant under contempary demands tenrich
scenariodeyond the status quo tteflect the uniaie conditions of the 2stcentury for example, to
motivate thepursuit of deliberate transformatis to sustainabilityMoore et al. 2014; Patterson et al.
2017), help actors bld resiience to novel risks and disruptidkeys et al. 2019; Peira et al.2021)
or assess thehgterm impgications ofunsustainability, e.g., loss and damag@éschler aad Schinko
2016)

1.1.5 Opportunities: critical systems theory and semi-quantitative scenario analysis

This dissertation moves from the view that trassiglinary scenario practice offea
promisng avenue for making sense of complex and uncertain futurastairsbility science.
Additionally, | view the sociakcolodcal systems (SESkpspective as an important complexity
based lens for furtheringihpotentid. However, these pmising trend all grapple with persistent

ambiguity, and the lack of concepframeworks, and tools to operationalize ambiguity through
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reflexivity presentsisks to the salience and legitimacy of the outcomes of therobs&he resulting
research gagsbroader tlan can be addressed in a single dissertagmhfocus orexploring two
opportunities.

First, the field of operationaksearch has a mukdecade history grappling with theoretical and
practical aspects ofabiguity, offering opportunitiegor sustaindility science Critical systems
thinking (CST) emerged fromperational research to address divergence and conflicebetinst
wave (i.e, positivist, hard systems) and second wave (i.e., interpretivisgystéms)approaches
(Midgley 1989; Flood arl Jackson 1991; Jackson 2010F T appliessystems thinkingwhich is
compatible withthe sociatecological systems (SES)meective. Yet, i does so through a pragmatist
critique of the systems approa@atthews2006) moving from an episteatogical ideal of critical
awareness, emancipation, and plural{toodand Ulrich 1990; Gao et al. 2008) the process,
CSTgrapples with conceptuathallenges associated with ambiguity, such as theoretical and
methodobgical plualism (Midgley 1989, 892 Ulrich 2003) in addition topractical frameworks
that operationatie ambiguity through critical reflectian the subjectivity of sstem boundaries
(Ulrich 1983; Midgley 2000 This lens complements the work of syssetinkersfocused on the
ethicsandsocial mpacts of systems thinkif{gtroh 2015and development psiologists concerned
with the inner capacities required to break @ilimited mindsets and embrace ambiguigegan and
Lahey 2016)Yet, CST is distict in thatit addresses ambigyithrough &ocus on system
boundaries, presenting a unique opportutdtgenderambiguity explicit and operational 8tenario
practicefor sustainabity science Emerging research points to the promising lens offeredSiyfor
sustainability researcfe g., Helfgptt 2018; Rutting et al. 2022yet the use of CST conceptsd tools

is still marginal.

Second, sustainability science latksintegrative and holistic scenario methogsgjuired to
6opph 8cen amicanplgity and dambiguitylnstead, mosscenario methods require
implicit tradeoffs (e.g., due t@ractical constraintdhat reduce osidestepaspects oEomplexty,
and therebygnore the potential for alternative frames, iagnbiguity(e.g.,seethe Falacy of
Misplaced Con@teness, Whiehead (1967). Suc h pr o cteedig pidurebughlyl t o
rightwhich is required teo tfap enamgingdecisionsgoit t h e
contemporary sustainability challeng@®olaskyetal. 20D). For example, quaitative metlods may
be datanformed and reproducible but exclude drivef change or perspectives that cannot be

measured in quantitatvtermgGerstet al. 2014; Moallemi et al. 2021 onverselygualitative
7
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scenario rethods congler a wider range aforditions,but, at times, lack the systemadigproaches

and analyital insights promoted by quantitative methdBamirez and Wilkinso2014) Semi
guantitative scenario methodigve been applieid energy and climate chgeresearb andare

uniquely paitioned to &pose and reconcile some of these traffe For examplethe crossmpact
balances (CIB) methaabpliessystems theory to gerate interndy consistent narrative scenarios
from a network of interactingualitative and quantitativedrivers d change(WeimerJehle 2006;
WeimetrJehle et al. 2016Yhe systematicproach required to build the components of a CIB model
(seeSection 1.3.2) makeall assumptions about the trajectory of these different draveagteir
interadions explicit, faciltating a fom of reflexivity that may surface uniqgue complexities and
ambiguities in the context of application (e.g., alternative frapfidlse same sysm). Moreover, the
systemtheoretical approach of CIB has un@compatibilities with the SES perspége that hae yet

to be exploredAn opportunity exists to experimenittyv how such integrative and holisfiice., big
picture)scenariamethod canbe used to structure transdisciplinary processestékat compleity
andanbiguitys er i ou s | yenin ¢ h egna@&idpyactiGeaqreflect a wider range of drivers and
perspectives.

1.1.6 Dissertation purpose, objectives, and major contributions

The purposefithis dissertation is texplore these two opportunitieSecion 1.15) in senice
of a more reflexie ransdisgplinary scenario practice in sustainability scieridads dssertation is

manuscriptbased, with each manuscript focusing ae objective.

1 Paperl (Chapter 2)Boundaries of the future: A framework faflexive <enario
practice in sustainalitiy sciencgObjective 1)

1 Paper li(Chapter 3)Exploring big picturescenarios for resilience in sociatological
systems: Transdisciplary scenarianodelling in the Red River Basin (Objective 2)

1 Paper llIl(Chaper 4} Opeationalzing ambiguity in susinability science: Addressing

the elephant in the room (Objective 3)

Objective 1 (Paper 1) aims to contribute to reflexive scenario pratice in sustairability
science by making ambiguity explicit andbperational using thelens of CST'. The major academic
cortribution from this investigation is the Boundaries of the Futuaenework The frameworks a
novel synthesis of literatures thgtcharacterizehow key boundary judgments (i.e., choices that
delineate what is inclued or excluded from a system) imived in a senarioprocess influence the
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scope of future potentiaéflected in scenario outcomes, and 2) proptise degree to which ith
scope of fuire potential may reflect the dynamics of, andfnditions for, SE€hange.Themost
expansive choicander eaclboundary enriches scenarios with the conditions for tramsfve
changg(i.e., fundamental, systemic shifts away from erp$ystems; dé@sble or undesirable;
navigated or unintendedee Chapter 2 The pacical cortribution of the inveigation isthe
opportunity to use the Boundaries of the Future framlkews anexanteor ex posteflexive tool,
rendering each of then boundary jugiments as an explicit site of critical reflectiona scenario
proces. Doing socan improve the salieeand legiimacy of the scenario process, especially amid
demands tenrichscenariosvith the novel and potentially transformative ciimths of the21%
century. The 72 sociadcological scenarioase studies used torgmate theframework exhibited a
bias away fom these more expansive choicafirming the need to exgiment withintegrative and
holistic scenario methods like CIB (Gdjtive 2). Moreover, whil theBoundaries of the Future
framework aims t@perationake ambiguty through reflexivity it is still a reflection of the onto
epistemological and methodological origita of the study. Tis challenge of irreducible ambiguit
motivated and informethe use of CST to operationalize ambiguity intaimability sdience bgond
scenarios (Objeite 3).

Objective2 (Paper II) aims to explore the potential for the CIB methodo enrich scenario
practicefora) t he dev elgo pine(iteuimaymivedabd holistic)scenarios in
sustainability sdenceand b) river basins attempting to build resilienceto climate change This
objective was addressed throumbase studiransdisciplinary scenario modelling process in the Red
River Basin, a transbouad, river basin shared by the United States aauba@a, in arinershipwith
the Red River Bas Commissim and the International Institute for Sustainable Developriéiet.
scenarios exploré ig pictured (i . e . , i rsticksgenadds of @ irebasin dnden dirhaie
change by characterizingtfwe changasemergenfrom interactions kgveen diverg efforts to build
resilience and a complex, cressale SESThereaults surfacesignificant complexitiesind
ambiguitiessurounding efforts to buildesiliencen river basinsand affirm the potential for théIB
methodto generate uniquesights abouthe trajectory of SES&eflection upon the process revealed
howtheCl B met hod contri buted eng(ie topomsiderithg dymamiés b o u n d
of, and conditions folISES changahat were undexploredin the case studies ustmgeneratehe
Boundaries of the Futufeamework (Objective 1). However, ambiguity persisted through the

modelling process due to pras®rientedconstraints and underlying orépistemological tensns.
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This reflection motivatedand informedeffortsto operationéize ambiguity in sustainability science
more broadly (Objective 3).

Finally, through investigation of Objectives 1 and Br@ader bjective emergeddbjective 3
(Paper I1) aimed to explore how key conceptsframeworks, and lessons from CSTnay be
adapted to help addresghe challenges presented by ambiguity in sustainability science (i.e.,
including and beyond scenario pracice). More specifically, it aimed to establish 1) a holistic
conceptualization of ahbiguity and2) recommendations fdrow sustaimbility scientists can
operationalizahis conceptualization of ambiguity as a valuable means of addressing sustainability
chdlenges The major contribution of this investigation is an i@®nal definition & ambiguity
focused on the subjéeity of sysgem boundaries (i.ean emergent feature of the simultaneous and
interacting boundary processes associated with being, kiggwid iervening in complex systems)
and two recommendatiofar sustainabilitysdentiss to operationalize ambigtyi: 1) to adust the
theoretical orientation of sustainability science to consider the potential for and consequences of
theoretical incommensurabity and discordant pluralism, and 2) to nurture thigeive capacitiesfo
tranglisciplinary researchers twavigate pesistent ambiguity. CST literature and four case study
reflections including the transdisciplinary scenario process from Qivje 2 were used to develop
thenovel framework oReflexive Boundary Critiquo guidecritical reflection orambiguity at all
stages of the research procé&dse findings of this objectivean help sustainability scientists give

shape to and embrace higuity as a fundamental part of rigorous sustainabilityrsme

1.2 Literature and theoretical framing

The dominant boeisof literature informing the dissertation are depictedrigurel-1, under
categories of theoretical lergsearclpractice, and application area. Each body of literature is
summarized irBectons 1.2.1 b 1.23. The three bddsof literature that comprise ttibeoretical lens
(i.e., SES theory, transformation theory, and &€ granted the most attentiamd arefurther
elaborated as required for specific aspects of the dissertatRaprs |, I, and Ill. The bodies of
literature asociated with theesearch practicand theapplication areare not discussed in full but

are rather summarized tiumte he contributions of the dissertation.
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THEORETICAL LENS RESEARCH PRACTICE APPLICATION AREA

Figure 1-1: Dominant literatu res for the dissertation
1.2.1 Theoretical lens

1.2.1.1 Social-ecological systems theory

SES theonyaddresses the complexity of the futbgecharacteding linked human and natural
systemsas complex adaptive systelthevin 1998; Preder et al. 2A8). This theory diretty informs
Papers | and Il and is discussed in PapeFtbhman SES viewhighlevel system behavior emerges
from low-level processesfaelf-organization involving sociatcological interactions and feedbacks
betweemmultiple drivers across scal¢Bolke 2006; Rers et al. 2018 SESs can experience
significant changes as they fluctuate within a single stable state or move acrosddhiash
alternative states through et shifts(Mdller et al. 2014; Rocha et.&015) or & actors pursue
delibeate socialecological transformatior®Valker et al. 2004; Folke et al. 201The unique
characteristics of socigcological transfornten are discussed alongside other transformation
theories inSedion 1.2.1.2.

The SES perspectie characteres thernterplay of stability and change through soeial
ecological resilience or Oresil i enc(@olinglb78ki ngod.

Berkes et al. 2003p become a forwartboking approach focused ometunique capcities of SESs
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to pesig, adaptand transform in the face of unexpected and surprising cligotiee 2016) While
persistence, adapiah, and transformatiomay intuitively appear to act in tensiohgt
interdependencgemanifest throughkocialecolaical interactions aossspatialand temporal scales.
For example, the heuristics thfe adaptive cycle and panarchy, whidharacterize the continuous
cyclesof growth, conservation, destruction, and reorganization across Htatleharaerize change
in SESgHolling 2001) revealhow cycles of change at smallecales can revolt and change larger
cycles and how the accumulated memory at larger scalesfeahsahaller scalg@Valker et al.
2004; FilbeeDexter et al. 2017)An emerging fontier of SESresearch focuses owrtdiling the
capacities required for adaptation and transfaomatncluding system reflexivityMoore et al. 2018;
Folke et al. 2021)Through this dynamic lens, resilience thinking helps characterize how and why
efforts to build resilience to novel risk for exampe in river basins dealing with climate change,

interact withi and often encompassfforts to transform away from ttstatis quo.

The SES perspective also highlights the unique characteristics of cordghtivea systens
that introduce amiguity to thestudy ofi and intervention ifi complex sustainability challenges
(Levin et al. 2013; Preiser et al. 201Bpr example, SESare radically open as information, energy,
and matter are constantly exchangemssa permdde boundary betweehe system ad its
environmeniPreiger et al. 2018,2021) They are also constituted rela
behavior is determad more by the nature of its interactions than individual components, and these
interactions conect systems in nestéikrarchiesacross spatial anémporal scaleGunderson and
Holling 2003; Cash et al. 2006; Preiser et al. 20TBgse features rendire external boundgr
conditions as integral to system behavior as the systierure andnale it nearly impossibléo
decide vhich system components are inside and outside the sy&tamero 199; Preiser et al.
2018) Thus, these boundary conditicare dependent on the choices of the observer, who is also part
of the system theseek to undestand(Cilliers 2001;Prdser et & 2018)

In response to critiques oforemechanistic applications of the SES perspedtvg., Leach
2008; Cretney 20143ustainability sciencencreasingly drawfrom diverse domains cocial
science. fiismove to soial sciences deepekeowledgeab ut t he o6soci al 6 compon:¢
example by centering the role ajency(Brown 2014; Cretney 2014dhe link betweenaindscapes
and culturgMasterson et al. 2017; Sterling et al. 2QDbf)thepowerand politics that influence
effortsto understad and address environmental cri@gen 2012; Turnhout 2018Emerging social

science research focuses on various dimensibasbiguity; for example, novel frameworks are
12



weaving together diverdenowledg systemsfor an enriched picture GES changéTengo et al.

2014; Rathwell et al. 2015y hese efforts recognize tivesights offered by transdisciplinary

knowledge produain, while acknowledging the risks of cooption, reduction, and instrumentalization
of marginalizd knowledge systems uncritical processes of integratigiates et al. 2012; Rathwell

et al. 2015)

1.2.1.2 Transformation theory

Several approaches have emergech@raterizethe dynamics of, and conditions for,
transformativechangeas aespnsetocalls or d e | i loenatians tes Uisttraainmsabi | i t y o
(Patterson et al. 2017)ransformation theory, and in particular SES transformaisanpst
prominent in Ppers | and Il, as it directly informed the development oBbendaries of the Rure
frameworkin Paper | and the si@-ecologtal scenario framework that underpinned the
transdisciplinary scenario modelling process in Paperéingformation theory iess prominent in
Paper Ill, though it is compatible with the critiehancipatoy perspectivef CST.

Transformatio gpproachegan be broadly categorized as structusgstemic and enabling
(Scoones et al. 2020%tructurbapproaches offer descrip#, historical accounts of socially
organized ideological change (e.g., the Freregblution). Systemicapproachesnicluding theSES
perspective, address change in complex systems by analyzing how transformations emerge from
relationships between actoisstitutions, and ecological or technical varial{®mith et al. 2005;
Moore et & 2014) Enaling approaches, suassustaindility pathways, directly address therhan
values, agenciesapacitiesand framingseld by actorshat influencdarangormation(Leach et al.

2010) These three approaches provide distinct but commitarnyviews on tansformation.

Accordingto the SES perspective (i.e., a systemigagach), transformation occurs when
major changes to social or ecological variables ltasgsscale impacts and/or alter the dominant
feedbacks that govern the systévtoore & al. 2014) This type of transfenaion proceds through
three phasegreparing for change, navigating the transformation, and building resilietiversw
trajectay (Olsson et al. 2004a; Moore et al. 20IBhrough these phases, transformagorergs
through slifting interactions biveen individual actor agency (i.e., botteap) and system structure
(i.e., topdown) (Westley et al. 2013; Moore et al. 2014, 2048) requires an enabling environment
including institutional structures and cap&stfa experimerdtion, integration ofliverse knovedge

types(Gelcich et al. 2010; Sendzimir et al. 201€tyong multilevel socal networkgMoore and
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Westley 2011)andavalability of local resource¢Olsson et al. 2006)0ther systemic transformati
appoaches offecomplementary insighto the SES perspective. In particular, the fiebf
sustainability transitions studies hosts an evolving body of literature onngowe of sustainability
transitions from a socitechnical systems perspectiifRotmanset al. 2001 Rotmans and Loodth
2009), andmirrors aspects of SES transformation theory. For examnlktilevel perspective theory
characterizes socitechnical trasitions as emerging as niche innovations (i.e., actor agency) as
enteing the inwmbentregime(i.e., system struare)dueto changng selection pressurasthe
regime(Geels 2002; Patterson et al. 2017)

Critiques of systemic approaches to transforomateflectthose of the SES perspective more
generally Gectionl.2.1.1). These itiques centeranbiguity by questningwho governs
transformation, whose framings of transformation count, and how wins and losses in transformation
are distributed among taes (Smith and Stirling 2008; Leach et al. 2010; Blythe et al. 2CA1@m
this view, transformatbnis not a universafl desired edpoint or preess but is contested, value
laden, and subjective to a particular perspective. The STEPS pathways apimedyraddresses
this view by characterizing transformation as emergent frormtaections thatoccur within this
plural and politcal spaceStirling 2014) Emerging research in sustainability science draws from this
more critical view on transformanswhile maintaining the SES perspective. For exanipéeeira et
al. (2018b, 2@0) useexperimentbmultimedia scenarimehodstoc e at e 6t r aae$§ 6y mat i v
which are collaborative spaces in which actors invested in sustainability transfornaation c

experiment with novel ideas and practitesnotivate and inform action.

1.2.1.3 Critical systems theory

Operational researchensve a muli-decade history grapplinwith both theoretical and
practical aspects of ambiguity through CST. CST is a key theorietisalnderpinning the
Boundaries of the Futufeamework from Paper | and the opgondization ofambiguity in Paper
IIl. Just as sgtems approaches are usedinderstand complex SESs (and SES transformation) in
sustainability science, operational resmuses systems models to aid in complex implementation
problems. The first wavef ORused hard sstems models underpiedby experdriven positivism,
whichwas followed by a second wave of soft systems approaches underpinned by an interpretivist
persgective (Midgley 1989; Flood and Jackson 1991; Jackson 2@i9grgence and condt

between first aml second wave approad)in addiion to ambiguity surroundintipe boundaries of
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stakeholder engagement, led to the observation that understandingshifaipnd what constitutes

as Oi mprovementd may c h aoorglaes aré afjendiChurcbm@aml970)y when s
Thus Churchman 6 s pragmati st cr i t(Mathees 2006)auncheel athivlst e ms a |
critical-emancipatory wave called catl g/stems thinking (CST) underpinned by tenets of critical

awareness, emancipati, andpluralism(Flood and Ulrich 1990Gao et al.2003) Thus, the systems

perspective is compalie with SES theorySectionl.2.1.1), and the criticamancipatory lenis

compatible with transformation theorgéctionl.2.1.2).

CST explicitly grappd withthe conceptal challenges assotga with amhbguity, including
theoretical and methodologigaluralism and paradigm incommensurabilifidgley 1989, 1992;
Ulrich 2003). Theoretical and methodological pluralism attempted to reconcile debatebdinste
and secongvave system approachby recognzing that methodologies derived from different or
contradictory paradigms (e.g., positivist versus interpretivist) gfkd but partial and contextual
framings of a system. While desirable in thedrg t #ieabpragnat s mo s ur fviawmled as i n
picked and chose methodologies without knowledge of their theoretical offigjichgley 1992;

Bowers 2019)This was perceiwasa threat to the field, so critical system theorists soaght
appropriatamet-framework to guice systemists who wegpeaationalzing pluralism insystems
practice(Bowers 2011)The system of systems methodology (SOSM) is the first of such attempts,
guiding which type of methodologies are appropriate for the type of systensifhele complex)

and the relationship Ieen partigpants (i.e., unitary, pluralist, coercivigackson and Keys 1984;
Jackson 2019)This effort toward integration via agtaframework was criticized for several
reasons, including for its rigidity antb assmption of treoretical commensurdiby, whichrisks

masking ambiguityGregory 1996)

CST also addressed the need for practical frameworks to operationalize anthiguiii
reflection on the partial, provisional, and obserdependent nature sf/stemboundariegUIrich
1983; Midgley ®00). Accordng to Churchman, boundaries are social and personal constructs that
determine the limitsfdknowledge that are consigsl petinent for an analysi@Churchman 1970)
The framework of Critical Systems Higstics was propoed to guide reflectionpon boundaes
t hrough 0 b o Uirthal®8s; Utrich iarnd ReynokelH2010According to CSH, any claim
aboutasystemdepdsm a ref erence system, which is made u|
generatehe donmnant view & which facts and vaksare releant thereby indicating empirical and

normative selectivitfUlrich 1983) CSH includes a list of questions designetatdlitate boundary
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critique by revealing sources of motivation (e.g., what is/ot@gbethe purpose), sources of power

(e.g, who idought to be the decision maker?), sources of knowledge (e.g., what expertise is/ought to
be consulted?), and sourcedagfitimation (e.g., whiaworldview is/ought to be determining?).

Mi d gl ey ophilopphyd20@)xs s philosophy of kneledge for GST inspired by the process
philosophy pioneered Byhitehead1978) This form of process philosophy proposes a shifnfr

the contentof knowledge to th processof bringing knowledge into being, in fienular the processof

making boundary dgnents(seeSectionl.3.1).
1.2.2 Research practice

1.2.2.1 Transdisciplinarity

Transdisciplinarityis a research principle thamerged in respe tothe need for more open,
pluralist, and integrative knowledge production doli@sscomplex sustinability challenge$éCundill
etal. 2005; Cornell et al. 2013; Caniglia et al. 2020)e challenges presented by ambiguity in
transdisciplinary reseananotivated the contributions of Papers | and IIl, and key principles of the
idealtypical transdiscifinary research procsgirectly informed the methodology of the scenario
modelling case study in Paper $kegSection3.2for adescription of the idedlypical research

process).

The unique characteristics of transdisciplinarity hmiomise for addresing complexity and
uncettainty (®eSectionl.1.2), yet they alsoontribute to surfacing ambiguity and thus demand
reflexivity. Transdisciplinarity is dfinedasan integrative, reflexive, and methddven research
principle with three &y reguirements: 1¥ocusing on societallrelevan problems, 2) enabling
learning processes among researchers from different disciplines andtaithadside of academia
and3) creating knowledge that is solutioniented and socially robufitang etal. 2012; Brandt efl.
2013) This paragym is differentiated from multiand interdisciplinarity, in which disciplines work
together from within or between their individygaradi g ms, as it aims to fAtrans
boundaries using collaboratie@pradces, sharedonceptual frameworksand noveé methodologies
(Castan Broto et al. 2009; Kemp and Nurius 20T8)s high degree of integration, collaboration, and
novely isimportant for highlighting the complexity of sustainability challenges,tysirfiaces
ambguity through the diversealues ad perspectives of scientific anlilverseactors involved in
knowledge productionilhis ambiguity often manifests akallengeggablishing the reliability,

validity, and ns mcsdigplinay resbanckhutcoreeqlany et@lP012 Comell t
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et al. 2013) Addresing these challengelemands highly reflexive integration processes, yet the
power dynamis between dferent forms of knowledge (e.g., scientific over local knowledge, or
naturalscierces over soclaciencesfan make schreflexivity practically and dtically challenging
(Turnhout et al. 2019)

1.2.2.2 Scenarios

Scenarios have become popular toolsanticipathg and navigating change in sustainability
sciencgPeterson esl. 203; Baiet d. 2016) Scerarios are also usedrass thesciencepolicy
interface; forexample scenarios feature prominently in global environmental assessments like the
Shaed Socioecoomic Pathways for climate reseafgtiahi 2016) the Intergovernment&8cierce:
Pdicy Platformon Biodiversity and Easystem ®rvices(Pereira et al. 2020pand the United
Nations Global Environment Outlodk.g.,UN Environment 2019)The Boundaries othe Future
framework in Paper | focuses on scenario practice in sastéty science generallywhile the
transdisgblinary £enario modelling process in Paper Il generated novel scenaimasthe CIB
approachn a case study. As introdedin Sectionl.1.2, scenarios are often defined as coherent,
internally consistenand phausilde descriptios of the potential futretrajectories of a system
(Heugens and van Oosterhout 20@Jenarios were popularized in the lattef @0ntury through
work on sceario planning driven by the US Army and RAND Corporation, alongsidktairne
narative scenao development by Pat&chwarkz and colleagues in the Global Business Network
(Schwartz 1991)Various typologies of scenarios exigan Notten eal. 2003aMahmoud et al.
2009; Sharpe et al. 201&Yyith one popular typology diérentating between pradtive (i.e., what
will happen) exploraive (i.e., what could happen), and normative (i.e., what we want to happen)
scenariogBorjeson et al. 2006 The use bscenarios in sustainability science ranges across these
scenario typg which are developed tlough diverse methodscluding both quantitative models and
gualitative participatory processes conductiedasious spatial and temporal scal@erosRozaset
al. 2015a; Moallemi et al. 2021$cenarios are used to directlydmh pdicy and decision m@king,
facilitate socal learning, and structure transdisciplinary research meeg€Borjeson et al. 2006;
Miller 2007; Lang et al. 2012; Elsawahal. 2020Pereira eal. 2021) As discussed iBectionl.1.2,
scenarios have ba usd tostructure trasdisciplinary researcim whicha model is cgproduced
through engagement with collaborat{v&cBride et al 2017; Voinov et al. 2018; Moallemi et a
2021)
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Amid their rising popularity, scenario research and futures studies bawueciicized for a
lack of reflexivity conneting a £enario process to its outcomes and impact in the présgnt
Inayatullah 1998; Jasanoff and Kim 2015; &ele et h 2018) Moreover, the use of scenarios has
been criticized by scholars who bekethatscenarios sometimelack evidence, dowigy
uncetainty, do not adequately consider different timelines or perspectives, and lack transparency
(Dong et al. 2013; Reest al. 2013. While discussed only briefly in the contribution of Paper I, the
field of anticipatory goverance is beginning tadaress sme of these critiques from a governance
perspective. Anticipatory governance aims to conceptualize and facilitateepsos e @verronfy in fi g
the present t o s(kMaddermanetralc@Q) Andicipatoryfgoverancediterature
offersa critical perspective on these processexluding and beyond scenarib$or example by
critiquing the present politicanplicationsof anticipatory processéBoyd et al. 2015; Hebinck et al.
2018b; VevoortandGupta 2018; Gup et al. 2020and geemting novel methods for imagining and
navigating a wide range of futures in service of sustainability transforn{stéaoort et al. D15;
Mangnus et al. 2019, 2022Jhis literature also focuses on reflgty through the concepif futures
literacy(Mangnuset al. 2021) d e f i n e dcityacsdesigmand imptemgniprocesses that make
use of aillered0fh.at i ono

1.2.3 Application area

1.2.3.1 Water governance and resilience

The case study application of CiBatransdisciplinary senario modelling pragssin Paper |l
is applied to the area of water governance and resilience. A shift in water governance is required to
addresghe novel ugertaities and complexities introduced by climate change at a rigan bale.
Water governare is defined broadlgisthe social functions that regulatnd coordinatevater
developmen{Jiménez et al. 2020The dominant 19and 2@h centuy paradignof water
governance enabled rapid economic development but was lipyiteitb thinking, reactie
management of exteatities,and rigid control of variabilitfPahtWostl 2007; Baird and Plummer
2021) For example, largecale channels and daranabled agcultural and energy production but
were optimized for historical cliate vaiahility and may Ie brittle to climate lsarge (Altinbilek
2002; McCartney 2009; Giuliani et al. 2018h recent decades, various paradigms surfaced to deal
with these challengg such as Integrated Water Resources ManagdBientas 2008)the wagr-
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enggy-food-nexus(Berson et al. 2015andadaptive governancéFolke et al. 2005; Huitema et al.
2009)

Most recently, the resilience paradigialker et al. 2004; Fkk et al. 2@0) has been applied
to enable effective water governance under climbhsang (Baird and Plumme2021) From this
view, river basins are compleRESgthat evolve with and adapt to environmental change, and
outcomes emerge from sociatologichinteractions and feedbacks across scélRackstrom et al.
2014a; Walker 2020; Gisteret d. 2021) Various definitions of refience «ist, but resilience here is
drawn from the SES perspectiveegtios1.1.3and 1.2 ) and thencapaditywt@dapt dr
transform in the face of chargeparticularly unexpected change, in walyat ®ntinue to sipport
human we(Fdkdedeal 20160Baird and Plummer 202Bor example, water managers may
adoptadaptive rather than statitanagemenplansand processesptimizeinfrastructure for multiple
climate scenarios rathéran one, or use esystems fotheir natural capacitya buffer variability
alongside traditional infrastructu(@ahtwWostl and Knieper 2014; Faivre et al. 2017; Marchau et al.
2019.

While aresiliene@ paradigm may be effective for dealing with climate change, effoltsili
resiience in practice are copiex andcontested. Novel approaches mayigsved as riskyJeffrey
and Gearey 200@)nd must contend with the institutional inertia oheentionhapproaches
(Sendzimir et al. 2010; Mendez et al. 2012; Marshall aleadtafdra 20@). For example,
infrastiucture inancing mechanisms may be biased away from valuing thetéong systemic
impacts of resilient solution&azurko andPintér2022). Additionally, despite a shared language of
resilience, efforts to bld resiience hold [dden &nsions and tradeffs roded in divergent
perspectives and interests in the futflreach 2008; Helfgott 2018afFor example, questioras
resilience to wht and fowhom surface assumptions about what constitutes a desirable resilient
future, andhecods (financial andonfinancial) and degree of system transformation required to
achieve it. These challenges are particularly pronouimceantexts wheréuilding resilience may
require transformative changes that shift pathways towamfoundy new g/stem(Folke etal.
2016;Pereira et al. 2021)

1.3 Research design

The dissertation is situated within the paradigm of transdisciplindudtyg et al. 2012; Eandt
et d. 2013)as discussed iBectionl.1.2 and 1.2.2, which surfaces unige consider#ons regarding
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saliencecrediblity, and legitimacy across disciplinary and sciersmeiety boundarieg€Cash et al.
2005; Hansson and Polk 2018pnsequentlyhis dissetation is guided by efforts to achieve the
balance of epistemologicadidity and nethodological groundednasequired for rigorous
transdisciplinary sustaindity science(Haider et al. 2018)Epistemological agility here is defined as
flan undestandingof different ontological and epistemologicihndpoints and views as®multiple
discipline®d a n d sseabkin Sddtianlc3ul (philosophical foundations). Methodological

gr oundedn e s sthedeep uhderfstandireg dind akdllful handlxigt least one specific
methodological approach foath gathering, modelingnd/or analyso andis discussed iecion

1.3.2 (research methods).

1.3.1 Philosophical foundations

The philosophical foundations summarized able1-1 drew on he approach bidaider
(2017)and were guided by work byloon and Blackran(2014) andMoonet d. (2021) Broadly,the
dissertation is rootkin acomplexityworldview Complexity emerged from the systems approach and
has been studied from various gerstivegBateson 1979; Prigogine ance8gers 1984; Rosen 1991;
Cilliers 198; Levin 1999)A recen epistemologicabreak moved away from the restricted
complexity of this systems approach (i .e., study
toward generatomplexity (i.e.a compleity worldview, where any system is colap), drawing
attention to the relationsh between the whole system and its p&ksrin 2008; Preiser et al. 2018)
The dissertation addresses complexity from the latter viemapty through the dominant social

ecological systems (SES) perspectivesSectionl.2.11).

Theontological foundtionsof thedissertation span frofmounded relativisnto critical realism
(Moon and Blackman 2014Bounded relativism (i.e., multiplealities «ist for different social
groups based on experiences and cultopens up discusms alwut ambiguity andeflexivity in
Papers | and 1l to both epistemological amiologicalpluralism, encompassing a broad range of
onto-epistemological antheoretichcommitments tat may influence ambiguity in sustainability
scierce. In contrastritical realism (i.e., aereality exists but is unknowable in full, so all knowledge
is limited (Bhaskar and Hartwig 2016; Cockburn 202&¥ers grounds to valate therntegrated
scenario framework and scenariogebdeveloped in Papet and Il, respeively, while

acknowleding the presence of multiple interpretations of (unknowable) reality.
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The epistemological foundations of the dissertation were braadbtructionst, in which
meaning is generated throughiaterplay between thgubject and obj of knowledge, i.e., ithe
interaction between the observer and the obsdMedn and Blackman 2014Paperd and Il adopt
this orientation in their appliciain to change/liberate(Moon & al. 2021)the field of sustainability
scien@ by exploring oportunities to operatiorieze ambiguity through reflexivityMore specifically,
Papers | and Il adopt the critieaiancipatory lens gfrocess philosophfyom ciitical sysems
theory(Sectionl.21.3), which emerged from a pragmatistticiiie of the sygmsappoach
(Matthews 206). Process philosophy shifts focus from toatentof knowledge to th@rocessof
bringing knowledge into being, in particular thecess of makg boundary judgmeni{Midgley
2000. This lens connects the olpger and the obseed through the same lan(.e., the process of
making boundary judgments), which is appropriate for a complexity worldhatwiews knowledge
as partial and pwisional(i.e., due to the dynamics of complex adaptive systems) andesituat
observers asaut of the complexity the seek to understand. Moreover, process philosophy allows for
methods derived from different pargdis (e.g., positivist versus interpxési) to co-exist without
contradiction(Midgley 200Q Jackson 2019)

Paperl adopts aonstuctionist orientation n its application to simultaneousiynderstandhe
future of the Red River Basin, and alsakange/liberat§Moon et al. 2021h yopenh g up 6 t he
future to diverse perspectives and drivers through the uspasfeularmethod. Inspaining these
two mdivations for acquiring knowledge, Paper Il adopts a broadlgmatistiens,which takes
seriously the idea thatitisi mp o eppéhénd (ndlc ont ext ual ly) the whol e
(Churchman 1970; Matthews 2006 all necessary ggoaches are requireith address a research
problem(Moon and Blackman 20147 his stance &wed for a combination of methods (e.g., semi
structured interiews literature validation, workshops, etc., Saxtionl.3.2) to be used e

transdisciplinanscenario modelling pocess.

Table 1-1: Summary of philosophical foundations of the dissertation

Worldview: Complexity

Chapter Paper | Paper Il Paper llI
6Boundar i | 6 Elbrmngbig picture 6O0Oper azing o
futureo scena i 0s 0O ambiguit
Ontology Bounded relativisma A Critical realisma A Bounded relativism
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Epistemology Constructionism

Application Critical-emancipatorya A  Pragmatism a A Critical-emancipatory

Methodblogy Abductive
Methods Process of abduee Transdisciplinary Dialogue among co
inquiry in literature scenario modelling in | authors

the Red River Basin

1.3.2 Research methods

This disertation is underpinned by an abductive mode of inquiry. Abduction isededin
i nf e rtreebest explanatianandtends to be used at the stage of hypothesis formulation and
testing and theory developmdh¥alton 2005) Abduction was approgie beause the dissertation
was exploratory and involved navigating betwewtudive and deductive adesof inquiry as
required, both within each chapter (e.g., Paper 1) and across the dissertation. The research design
included three components corresgioig to Papers |, Il, and Ill. These components are described in

full in eachof therespective chapts.

13216Boundarifesarefd fhem a process of abductive i

Objective 1 was addressed through a process of abductive inquiry in litehayee2,
Paoer [). This process began with a hifgvel assumptiortha emerge throughreading wietly in
relevant literatures:ritical systems theory offers an appropriate theoretical lens for reflexive scenario
practice in sustainability scientierough its focu®n boundary judgment&ollowing this
proposition, asearchprotocd genera¢d 9 abodyof semnalliteraturein sustinability science (i.e.,
the dynamics of, and conditions 8ES changandtransformatiohand scenario practicandb) a
list of 72 saial-ecological scenario case studi@s.inductive reviewof the £minal lterature
gereratedwelve provisional bouttary judgments in an initial frameworKo be included in the
framework, the boundary judgment m(} directly connecto (implicit or explicit) choices in the
design ofascenario proces$?) apply tonearly exery scenarigprocesdo justify inclusionin an
integrative guiding framework (i.e., noting that critical systems theory highlights how additional,
contextspecifc boundary judgm@s will also be required in each unique caaejl(3) deimit the
scope ofuture potatial in a way that may reflé¢he dynamics of, and/or conditions for, SES change
(including transformation). Then, these twelve provisional bounddgments were sl as themes

for deductive codingf 72 sociatecological senariocase stui@és The bomdary julgments in the
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framewak were refined and validated using the coding of the case studies. An additional step beyond
the framework developmeapplied descriptig statistics to the case study coding to indicate common
Boundarieof the Future in sceario cae studies to date.

1.3220Bpi cture futuresd6é from transdisciplinary sc-

Objective 2 was addressed throughamsdisciplinaryscenario modelling process in the RRB,
in partnership witlthe RedRiver Basin Commissn and e International Ingtite for Sustainable
DevelopmentChapter 3Paper Il). The RRB is part of the Hudson Bay drainage system, covering
pars of Minnesota, Sah Dakota, and North Dakota, before meandering northveard f
apprximately480 km intoLake Wimipeg in ManitobgRedRiver Basin Commission 2005; Leitch
and Krenz22013) Climate change is expected to exacerbate existing climatic \ityialpid its
implications in the regio(Prairie Climate Centre 2013; Rasmussen 28&8trandand Mcphersn
2018;Shrestha et al. 2020)

TheCIB scenario method was used to structure the scenario modelling process. CIB projects
internally consistent scenarios from a natkvof interacting qualitative or quantiteéi drivers of
changgWeimerJehk 2006; Kosow and Gaer 2008 The CIB maleling process begins with
determining a set afescriptors which are the most important andcertain drivers of change
influencing thefuture of a system. The uncertainty otkalescriptor is repsented by amall
number (i.e.1 to 4) ofvariants or mutually exclusive outcomes. In CIB, a scenario is made up of the
selection of one variant feach descriptor. The systemic interactibetween descriptors are
determined by ausideringinfluence ydgmentdetween variants. Thegadgmentsare the diret
influences of the selection of a variant from one descriptor on the selection of a varraanbther.

A software like ScenarioWiza@VeimerJehle 2021js used to calculatine impact balancesif
each possile scenan to detemine which scenarioareinternally consistenfi.e., selfreinforcing and
stable) olinternally inconsistenti.e., transient or unstable). Scenarios thatiarernally consistent

are considered plaible by many CIB angsts(Schmid-Scheele 2020

The scenario modellingrpcess followed the steps of an idégpicd transdisciplinarystudy,
which moves through dalborative problem framing, knowledge-caeation, and (re)integration of
the knowlede (Lang et al. 2012)Prior to CIBmodelling, consultéon with partners hekedframe the
purpose of the scenarios, which was to address the issue of resilience tafida@ilsughts tdie

year 2050. The scenanwodelling process was guided by an SE®ifework, which cateit® the
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strudure of CIB by depiting the future of alsESas emerging from sock&cological interactions
across scales (i.e., river basin and glpaad between thgystem structure and actagency(Walker
et al. 2006 Scholes etl. 2013; Reyers et.&018) Efforts were made to ease the framework
pronmpted consideration of more transformative outcomes where possible. Development of the
scenaris began with a round of sesstructured inteviews with experts and apion leadersn the
RRB (n=34), whib were indudvely coded multipldimes to generate thmodel descriptors and
variants, and to indicate potential influence judgments. A second ofumigrviews (n=11)
confirmed these judgmés. Significant uncertaiptand ambiguit in the influence jugments was
addressed through litature validation andersitivity analysis, which followed a similar protocol to
Schweizer and Kriegld2012) Theresulting scenario analysis produced eigieinsrios that were
robust (i.e., to unctainty in the model assumptionand internallyconsisent (i.e., seHreinfarcing
and stable configurations of the system). Three-teear strategies were tested for their systemic
influence orscenario outcome3he results of the process were translated into narratives arad vis

art, which were pesentecnd discussed with gagipants in a debrief workshop.

13230 0per ati onal ifrom diaipgua amwrggaiauthoysd

Objective 3 was developedongside a groupf@o-authors assembled during a research visit at
the Stockholm Rslience @&ntre Chaper 4,Peer Ill). A proposition emerged through reflection
during the development of Papéi@nd Il and the associated review of key literature 9T @nd
sustainabiliy science (i.e., transdisciplinarity, soe@dological systemshange, andransformaion).
Namely, thatkey concep, frameworks, and tools fro@ST may be apmiable beyond th use of
scenariogo help operationalize ambiguity in saimability scienceThis proposition was brought to
the group of caauthors for a s@ées of dalogues thaiteratively and reflexively cewfrom
researcherso6 indi vi du adaddkional relevard Ijeeature. Mok firstx per i enc e
dialogue orieted all ceauthorgo key literature and clarified the process moving forward. The
insights andecommendetiterature from the first dilmgue were synthesized into three areas of
sustainability s@nce that influence, or are influenced by, ambiguityrdmings produced bgiverse
research paradigms in transdisciplinary research, 2jriggnieldby actors wihin a lesearch context,
and 3 the onteepistemological and ethical framing held by arivitthal researcher. Each @uthor

was asked to read onetwo key papers ahbring reflections to the next dialogue.
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The second dialogue folved a stuctured disussionabout these three ased interest. First,
co-authors explored the three areasudtainability science that influence, and are influemged
ambiguity fromthe first dialogue, which helped to identify a common stance amwagthos,
clarify key tensbns and identify misag areas of literature. Then, eachaathor shared their
reflections on the assigned readings. Finally, eaehautborreflected on a pasr current case study,
guided by frameworks from CST (e.g., bdary critique, boundar margiralization). The resutd
the second dialogue were synthesized into a proviscamadeptualization of ambiguity, and several
key insights fom CST that may e operationalize ambiguity in sustainability science. This was
shared withco-authors ¢ launcha third dialogue, with focused on identifying unresolved tensions
in the contribtion to date. These unresolved tensions were placedigtasdion documenthere
co-authors contributed their written thoughts. All contribng werethen syntheged inb the first
draft of amanuscript. This draft manuscript was discussed in a faliallogue and refined through

subsequent meetings and asyionious communicain among ceuthors until completion.

1.3.3 Ethics and positionality

Thefieldwork for the transdiscipinary scenario modefig study in Paper Il waseviewed and
received ethics cleamae through a University of Waterloo Research Ethics Cataeyistudy no.
43193, which included informed participant consent. In additiondéqtiotectbns offerecoy these
ethical formalitiesmy own motivation and positionality have ethical implicati¢imst should be

acknowledged.

This dissertation was motited by a normativetance: that the existing global trajectory is
deeply unsustainabland unjst, and enghing the way we engage withéfuture (and ambiguity
therein) can and should make a diffieace. While this normativity may be obvious for a PhSacial
& Ecological Sustainability and a problewrientation is routine in transdigtinary research, the
choice b engage with certaiproblems and not others, and to put faith in impact throwglemic

institutions (which have a strong colonial lega@gn be ethicalljraught.

My positionality as a white, woman, settler Canadiagjregerturnedtransdigiplinary
sustainability scietist situates my role in the contribution of this dissertatiad in academia more
broadly. My strength as a reseanches in my bridgng role, which is fluent in thdominant
disciplinarylanguageandperspectie of my ealy training while caring deeplaout and gesturing

toward the marginalizedet, to aproach6 t h e ffomn this plaeeof relative privélge carries an
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ethical respnsibility to recognize and address the historical pgfaflwelkintentioned researdars
whoinadvertently reinfore datus quo injustices by nature of their presiSteow 2018; McGuire

Adams 2021} i.e., transdisciplinaritgituates me, the researchas not only analyzing but

intervening in systems. | caat claim to haveavigated thse tensns perfectly, but leaned a lot

and attempted to address this omnipreséart Oel eplt
demonstrations of refkdvity in doctoral research for sustainabil{g.g.,Haider 2017; Macdonald

2019; @nzdez Garéa-Mon 2022)inspire dhers to reflect upon and lean into the irreducible

ambiguity inherento research about complex sustainabitibhallenges.

1.4 Organization of the dissertation

This dissertation is comprised of fiehapters and is mascipt-basd. Chager 1 is the
6l nttom@ utchat introduces the rationale, purpose a
background methods, anthjor contributions of thdissertation. Chapter 2 is Paper |, titled
6 B 0o u n dfahe futere: A fmmewak for reflexive scenario practicesus t ai nabi |l ity sci e
manuscript develops and validateseflexive framework for scenario practicesimstainability
scienceChpt er 3 i s Paper | | an denariss far redibhceindsocAllEX pl or i n ¢
ecolgjical systems: Transstiiplinarycross mpact bal ances modell ing in t
manuscripexplorestig pictured(i.e., integrative and holisticdcenarios of the Red River Basin
under climate change thrgh a transdiscimary scenamd moddling process and exples the
potential for the CIB method to surface diverse perspectives and drivers of change. Chapaped is
Il and i s onralizihnglamlguity i@ pustainatilify science: Addressirggalephant in &
r o o. i@ nanuscipt explores how kegoncepts and frameworks fro@STmaybe adapted to
conceptualize and operationalize ambiguity in sustainabilignee.Finally, Chapter Ssynthesizes
the significant and original contributions todwledge made ithis dssertdion. This includes a
reviewof the purpose and objectives, a summary of key research findingseflections on the

strengths and limitadins of the research.
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Chapter 2

Boundaries of the future: A framework for reflexive scenario
practice in sustainability science

2.1 Introduction

Scenariosre increasingly popular tools for anticipating and navigating change in sustainability
sciencgPeterson et aR003; Bai et al. 20165 cenarios areften defined asoherent, internally
consistent, and plaus#tiescriptions of th potentiafuture trgectories of a systerfHeugens and van
Oosterhout 2001)The use of scenarios in sustainability science ranges from exploraiyedsible
futures) to normative (i.e., desirable futures), and can be useddttydinform policymaking or
facilitate ®cial learning(Bérjeson et al. 2006; Miller 2007; Elsawah et al. 2026xeira et al. 2021)
Scenarios are developed through dieemetlods, including both quantitative models and qualitative
participatory proceses conducted at venus spatihand tempaoal scalegOterosRozas et al. 2015a;
Moallemi et al. 2021)Theyare also used as sensemaking tools to facilitate trariiscy (i.e,
problemoriented and integrative) reseaftlang et al. 2012)Emergirg aoplicationsalsohelp
participants imaginand experiment with novelty to build commitment and motivation for deliberate
transformatior(Butler et al. 2016; Shpe et al. 2016; Mam and Milkoreit 202Q)

Amid their rising popularity, scenarioamtice in sistainability sience grapples with the
ambiguity (i.e., existence of multiple valid interpretations) inherent to the future of complex
sustainability challenge This ambiguity aabe understood through the so@ablogical systems
(SES)perspective which has becomedominant lens of inquiryri austainability science. The SES
perspective views the future of linked human and natural systems as emergentfigexand
crossscak socialecological interaction@-olke et al. 2010; Preiser dt 2018) From this lens,
ambguity stems fromthecople xi ty of SESs (i .e., fAwe cannot Kknc
(Midgley 200Q Cilliers 2002) and their high degeeof future opennegse.,important conditions are
not allmeasurable and testappeoducingboth uncertainty asthambiguity(Bell 1997;Capenter et al.
2009; Elsawah et al. 2020)his ambiguity persists amid the diverse perspectives and value tonflic
of scientists andctors attempting to understand and intervene in these sy§tentswicz and
Ravetz 1993; Raivell et al. 2015; Haideet al. 2018)

Scenario practice for sustainability science currently lacks the frameworks and tools required to

effectively expose andddress this ambiguity. In pelar, scenario research and figsi studis
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have been critizgied for a lack ofreflexivity, e.g.,critical reflection regarding how the design of a
scenario process influences the scenario outc@imastullah 1998a; Jasaff and Kim 2015;
Scheele et al. 2018Anticipatory governancetératureresponds to this itique in part by

concepualizing and facilitating processe of figoverning in the present

(Muiderman et al. 2020)This research oftefiocuses orthe political implications of anticipatioand
how to use theuture to make bettaefecisions in th@resat (Boyd et al. 2015; Hebak et al.2018b;
Vervoort andGupta 2018; Gupta et al. 2020 also addresses theead to develop futuresditacy,
i.e., the capacity to effectively utilize processes of anticipdhtitler 2007; Gugerli2010) which
includesfireflexivity regarding different attitude t o wa r d (Mahgauset al 20@21L) Yeetdit
does not yet offer practicahd holisticframeworks that can be operationalized to guide more

reflexive scenario praice in sustaability science.

The lack of practical and holistiframeworksto operationalize ambiguityroughreflexivity
presents risks to ¢hsalience and legitiacy of scendo practice insustainability sciencéNo single
model or method can recalecthe diverse domas, scales, and persgives implicated in complex
sustainalhity challengegSwart et al. 2004Carpenter et al. 2009; Bai et al. 2016; Verburgle

2016) Consequently, gnscenario process offers a partial framing of the futuaeftitcuses attention

on what is most releart and is contingent on how the scana were produce(lurnhout et al.
2019. For example, scenarios used in global emrimental assesnentgRiahi 20L6; UN
Environment 2019; Pereira et al. 202@i¢ adoptedaioss research commities asusefulnarrdives
of the global futuré O 6 Net al. RA20; Bakkes et al. 2022; Kuiper et al. 2022} in all cases, the
research ammunities develping the scesrios acknowledge they have limitations and arekimgrto
enich them with a broder and more inclusivaet of future conditions and valu¢Rothman et al.
20009; O6 Nei | | et al . 2020; R)eWithoutrefexivéyt scesmtio.
users are left without the means or motivation to ctlifiazflect on thénfluence ofsubjective
choices made in thdesign of a sario development procegs.g., choice of framing or methods)
and thestrengths andrnitations of tlese choices fiotheir mode of application. Further, the
boundarieghat delneat the scope outure potential in theesulting scenarios (i.e., whatture
conditions and values aimcludedand excludepare rendered invisibl&his gapmay limit the
potentialimpactof the scenario process on reabrld sustainabilitychallengs(e.g., if scenads are
missing importat conditions (Scheelet al. 2018 and leaves scenarnocesses vulnerable to the

powerdynamics between frames (emgre dominant femes of the fiure are considered neakand
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objective, while novel or maigal frames are casis political and subgive (Turnhout 2018;
Turnhout et al. 2020)

Effortsto enrichscenario practiceeyond dominant frames of the future pagticularlycrucial
for navgating novel and disrdjwe SES changen the 2% century The unprecedentedae of
anthropogenicmpact on the environment is increasing the potential for nonljrieaversible, and
disruptiveSESchanggRockstrom et al. 20Q0%teffen et al. 2015Keys et al. 2019)Biophysical
baselinesre shifting in wayshat can no longdve predicted sing higorical data(Milly et al. 2008;
Polasky et al. 2011; Marchau et al. 20IFBCC 2021) Moreover, global trade, famcial, and
communicatia systems arprogressively more congx and hypercorected yet homogenized,
increasing the potdial for novel risksand surprise eventgéyoung etal. 2006; Liu et al. 2013;
HomekrDixon et al. 2015; Keys et al. 2019}hese and other conditions challemigelitional méhods
and metrics for nderstanding thuture (Bai et al. 206; Verburg et al. 206). Further, actorsra
responding directly to call®f deliberate transformations away from the unsustainability and
injustice of the status quo O 6 B r ileUmite@Natbns 2015; McPhearsonat 2021) Imaghning
and navigating diberate transformain is thought to denmal more pluralist and imaginative
scenario processes than are currently nr@as(Pereira et al. 2019, 2021; Moore and Milkoreit
2020) A lack of reflexivity presents the sk that these tresformative changesoth desirable red
undesirableare excludd from scendo processes, reducing their salience for addressitigeitury

sustainability challenges.

Critical systems thinking (CSffers a unique epistemological lelmsmake ambiguity
explidt and operatind through reflexvity (Vervoort et al2015; Helfgott 2018b; Rutting et al.
2022) CST emerged from the field of operational research upon the recognition that understandings
of a system and recommendations for iny@ment may change whéoundaries araltered
(Churchmarl970) These observatis led to the development of a philosophy of knowledge that
advocates for critical awar eneaew pgrspectwe),, refl ecti
pluralism (i.e., erracing diverse persptes), and erandpation (i.e., ebvating marginalizedrdess
powerful perspectivegflood and Ulrich 1990; Gao et al. 2003; Jackson 20M8} ideal reflects a
pragmatist critique of earlyystems approaches (i.e., that assunrexikedge could be objeee and
compehesive) with the iew that knowledge imevitably contextual, partial, and contingent
(Matthews 2006)In practice, CST focuses attention on boundary judgments that delinesdtes wh

included or excluded from a systegenerating a dominamiew of whid facts or valueare
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considered relevarulrich 1983; Midgley 2000UlIrich and Reynolds 2010Process philosophy
takes this perspective further, viewing reality and knowledgeaiced through this comtuous
procesgMidgley 2000.

This study aims toontribute to reflgive scemrio practicén sustainability science by
developing a framework to malkenbiguity explicit and operational using the lens of CST. The first
objectiveis to develop a reflexive&r me wo r k  ( ariesof the FdtuBed u i) dhardcterizes
how key boundary judgmeésinvolved in a scenario process influence the scope of fytorential
(i.e., futureconditions and valugseflected in scenario outotes, and 2) proposes the degree to
which this scope of future patial mayreflect thedynamicsof, and/@ conditionsfor, SES change.
Importantly, the latter propition is based on existing theoretical literature in sustainability science,
noton empircal studies that evaluate a scenario process for its abilitytitipate ealworld SES
changeor produe reatworld impacts (e.g., to motivate sustainability stormation). Moreover, the
framework is normative in that the most expansive choice umaddrmundary judgment may enrich
the scenario process in ways theftect he dynanics of, andcondiions for, trangbrmation Here,
transformation is defined disndamental, systemic shéfaway from existing systertizat are
desirable or undesirabéndnavigated or unintendghapinlll et al. 2010; Moore et al. 2014 he
second objectivas to agply the frameworky analyzing sociakmlogical scenario case studies
against the boundary judgmits in the framework. This process validated the bounddgynents in
the framework and revealed common Boundaries of the Futureerstiadies to dateffering

reflectionsfor future research.

2.2 Methods

The framework was developed, applied, and val@l#tieough a process of abductive inquiry.
Abductive inquiryi s def i ned as fAdinference to t heetageefst
hypothegs formulation and tdig and theory devefonent(Walton 2005) A process of abductive
inquiry was appropriate becauseveloping and validatindpe frameworkequired reflexively
navigaing backandforth between inductive (i.e., frospecific observatias b general conclusng
and deductive (@., from general information to specific conclusions) modes of reasénirther a
process of abductive inquiry @pledthe iterativemethodobgy requiredto a) integratea range of
disparatditeraturesinto an operational framewd (i.e., synthesize lib theoretical and case study

literature that is todispersedor a highly systematic, purely inductia@proach b) structurehis
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synthesisn a way that exposes the underlyiyeg oftenunacknowledged boundachoices that
influencescenario practice for sustainability scieffice., throughthe lens of boundary judgments
from CST), and cdffer a normaitve stanceon how boundary judgments can better reflect the future
conditions relevantdr sustainability sierce (i.e. to proposethe degree to which different judgments
reflect thedynamics of, and conditions for, SES change and transformatithile such anabdictive
process introducebe potential for researcher subjectivitywas neessary for the reard

objectives ad wasconducted with reflexivity and efforts to reduesearcher bias.

The abductive procegBigure2-1) began wih ahigh-level conceptuabssumptionwhich was
thatcritical systems theorgffers an appropaite theoretal lens Pr reflexive scenario practice in
sustainability scienctrough its focusn boundary judgmen{Section2.2.1). These boundary
judgmentswere consideredctive sites of judgmemequiredin a scenario procedisatdelimit the
scopeof future ptertial in the reaulting scenariosThe framework was then developed through
severabkteps $ection2.22to 22.5), guided by the conceptuadsumgon. (1) A search protocol
generated) a body ofseminal literature in scanio practice andustainabilty science,ard b)a list
of 72 socialecological scenario case studi€y An inductve review of seminal literature in scenario
practice and sudgtaability science generateédde boundary judgments in the initial framewdi®
This initial framework waspgied through deductive codingdf 72 socialecological scenario case
studiesusingthese initial boundarjudgmentsas coding themeg4) The boudary judgments in the
framework were refined and validated using the codfrthecase studidsom (3). 6) An additonal
step beyond the framework developmeBe¢tion2.2.6) applieddescriptive statistics to the case study

coding from (3) to indicateanmon Boundaries of the Future in scenario case studies to date.
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2. Develop the framework 4. Validate the framework 5. Analyze the case studies
Inductive review to generate initial Cading from (3) used to refine and Descriptive statistics of coding
boundary judgments validate boundary judgments from (3) to identify trends

| | |

Reflexive
framework
for scenario practice
in sustainability
science

Seminal literature Case studies [ BN
Key trends
72 social-ecological scenario case in case studies

studies

Social-ecological systems,
transformation, scenario practice

la. Search protocol 1b. Search protocol
Generale relevant body of literature Generate relevant case
studies

3. Apply the framework
Deductive coding of case
studies against initial boundary
Jjudments

Figure 2-1: Process of abductive inquiry used to generate the reflexifeamework for scenario
practice in sustainability science

2.21Criticalsyst ems t heory and the &édboundaries of the

The process of abductive inguwas underpinnedtly a critcal systemdens. h particular,
Oboundary criti gu e 8sphilssopaynviewipgpdalityaradtkriowledgeas pr oc e
produced through thegcess of making boundary judgme(itidgley 200Q. Thus, the conceptual
asumptionthat informel the deviopment of theframework (i.e., thatritical systems theory offers
an appropriate theoretical lens for reflexiversario practice in sustainabilisgiencehrough its
focus on boundar y jBouhdamesbiheRu)t u(Figui@-2),miaoadepted as 06
version of tke popularfutures congVoros 2017) According to this view, scenarios are developed in
the presen The scenario process involves boundary judgments that delimit the sdapegef
potentialreflected n theresultng scerarios. These boundary judgmeats active sites of judgment
that mplicitly or explicitly determine what is included and excludiexin the analysis and generate a
dominant view of which facts or values amnsidered relevanFuture ptenial beyondthes
boundaries is marginalized or unknowihe development of the fraework considered both fikst
order judgments (i.eg b o0 u to bts e ¢, an@ sddnarder judgmentsvhicharethe content that
gives riseto these judgments.e.,about th e  éne ) @lidgley 2000, without differentiation to

ensure both were represented.
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Figure 2-2: Conceptualassumptionthat guided the development of the reflexive fram&ork for
scenario pactice. Boundaries ofthe future are generated by boundary judgments made
through the scenario process, which create the scope oftite potential reflected inthe
scenarios. The dotted black line offers an example.

2.2.2 Literature search protocols

A two-partsearctprotocolgenerseda long list of seminal literature in scenario practice
(Group A) and sustainability science (Groupf@)the inductive review. Grouf literature was
retrieved from Scopus and Google Schaldor to December @21in the EnglisHanguageonly. The
primary seach terms weracenarid OR foresightOR futuresOR anticipatory governancAND
sustainability(OR sustainability scienc®R sustanability research. Upon an initial search, the
databasereturneda highlydisparate and wideanging &t of literaturethatmentioned the term
fiscenar i oadeduatdy fodusndhe nse bf scenarios as a research practice. Thus, the
search protool was adapted to return more targeted and relevant literature for sqeaatice by
combining theoriginal termsin different ways, adding additional keywords to the initial seéeai,
scenario develdpOR scenario analysOR scenario plaf), andby scanning the reference list of
reviewpapers that were already selectedsTéd to a more érative garchprotocd than would be
required for a systematic review but was approgtiatfind therelevantiterature. Each search was
sorted byl Ghed eVvCancaet i on (high to | ow)ispf and
each searctvere revewed.The indusion criteria were a) the paper focuses on the use of scenarios a
a research practice, either theoretically or methodologijcatigh) the paper is a seminal framework,
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commentary, review, synthesis, or highited case study @., not ahighly specalized nethod or
case). The search continued until liseof literature was as close to saturation as would be feasible
for the reviewA more comprehensive description of the search protocol asidohliterature can be
found inAppendix A

Group Bliterature was retrieved thrgh four distinct categories of searches on Scopus and
Web of Science prior to December 2021 in the Engéislgliage only. Category 1 retrieved general
literature that addresst®e dynanics of chage in E£Ssandwas found enply using the ternmsociat
ecologica system. Category 2 retrievetiteraturethat addresseasansformation from an SES
perspective using therms gocialecological systemAND transformat®. Categoy 3 was includd
beause the SES apm@ohis one of multipg approaches to trasformation(Scoones et al. 202a@nd
may be missing important components relevasomal dimensions of transformati@andambiguity
(e.g., diverse perspectives of actorgramsformation)Stirling 2014; Blytheet d. 2018) This
literaure was retrieved from the results of Category 2 searches, and by conducting additional searches
including transformat AND (sustaindility OR "socialecological systett) ) AND critigue OR
politic* OR emandpat*). Finally, Categoy 4 addresses unintdedtransformations in SESs beyond
thosecovered in Category &ndwas found using the searchmbinationg socialecological
s y s t AND*Aathropocengsociate c 01 o0 gi ¢ aAND 1y es d Fe i $o@ialemlogical
systerh 0 A hppingfpoind AnthropoceneAND risk; complexityAND risk). The results of each
search were sorted in order of Ilitéra@ure)andhe tiileyand Hi g h e s
abstract of the first 10@sults were reewed The inclusion cteria were a) the pa&pfocuses on the
dynamics of, and conditions for, SES change f@ricansformation) and b) the paper is a seminal
framework, commentarygeview, synthesi, or highly cited case study (i.e., robighly speciated
method or casepA more comprehensiveedciiption of the search protocol and a full list of literature

can be foundn Appendix A

An additional search protocol generated adfstase studiegsedto validate the framework.
The probcol involveda sard protocol using Szpus Web of Scienceizoagle Scholar, and Science
Direct to gather a wide range of int@nd transdisciplinary cases. An initial search query generated
literature with the fdlowing terms in their title, abstractt keywords:scenaio*d A NsDcialf
ecolgicad OdRciofecobgicald OMRImdhnaturald  OWRIMdRenvironmerd  OdgRcioi
environmentad OWRmda@nandnaturdl fr om t he year 2@OBugust02l he t i mi

in the English languagé second seah further refind teems inanattempt to atchscenariespedfic
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case studieshat might have been missed in the initial seatuls search included the terrifature

scenari o*" OR 0 sficsecneanra roipoa adaeDiRe*lds ©O®Rnari o pl an*o C

AND i s-ecdogicaldb OR fesolngciadO® @ huateald RO i h wermavni r onment 0

OR fnAseocviior onment al 06 OR ThehBiosphere Fatured portahvas used las an

additional source afases t udi es, as it ai msofdodatebobgichlstendiria gl ob al

case studis b support themeging community ofp r a c¢ (Stoaktmlh Resilience Centre 2020)

The abstractandi t | e of the first 100eo0eandtS8SDasbetef
were evaluated using thregclusion crieria 1) the case study nstike the primaryocus d the paper
(conceptually and methodologically), 2) the scenarios must cdméinsocial and ecological

elements, and 3) the study stibe in an inter multi-, or trans disciplinarity jounal (i.e., toavoid

studies representinasingle discipihe). Most case studies were journal articles, but a handful of case
studies from th@&iosphere Futures portal in grey literature were alstuded.The list of 72 case

studies that resulted fromistsearch isncludedin Appendix B

2.2.3 Inductive review to generate boundary judgments

An inductive review of the literature identified boundargiggmentsj.e., choices that delineate
what is includedr excluded from the scenaride review began with @uctive codig of the
literature on saeario practice (GoupA); i.e., the list of codef.e.,bounday judgmentsemerged
from and evolved through the coding proc@dssreview of Group A literairegenerated a tentative
list of codeswhich was then used as a stay point for areview ofliteratureon SESchange(Group
B) through which the codes (i.e., boundary judgmestatinued to evolve. To be included in the
framework, the boundary judgmtemust(1) directly connect to (implicit or explicit) choices in the
design ofascerario procas (2) apgy to nearly every scaario process to justify inclusion in an
integrative guiding framework (i.e., noting that critisgstems theory highlights tvoadditional,
contextspecific boundary judgments will also be reqdine each uniquease) ard (3) delimit the

scope d future potential in a way that may reflect the dynamics of, and/or conditions for, SES change

(includingtransformation). This reviedeveloped a provisional framework of twelve boundary

judgments.

2.2.4 Deductive coding of case studies to validate the boundary judgments

The 72 sociakcological scenario case studies were deductively coded using the boundary
judgmentsgenerated from the indtice review inSection2.2.3as themes. The codingas conducted
35
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in NVivo in two round. First,each studyvas co@d acading tothe 12 boundary judgments on the
provisional frameworkThis codingnformed a revision of thprovisionalframeworkby 1)

exduding judgments that were not relevant to all case2aadjustingudgments thatid not refect
the ful scope ofdimensionslong the axis of the judgmerithe discarded judgments included the
type ofbaselinescenario (tstorical; novel) and the deze ofsociatecological interdependency
(separate; linked; eevolving). The former vas discardd becaustew studiesmentionedany
baseline at all, and the latter was discarded because it overtapsaghificantly with thesocialt

ecological complexitjudgment

The case studies were coded a second time againishtpelgments in thénal framework
and he codsfor each judgnent werehenrevisited to validate the placement of each choice along
theaxis For some judgments, this step involved reingrto literature (and in isolated cases,
retrieving additional literure; seeApperdix A) to further valdate ths gdacementAdditionally,
many studies did not explicitly state all 10 bounesbut could be interpreted. For example, if a
study did not state aapistemological lenbut synthesizedualitative and quantitave datainto one
commonset of scearios, it was considere& r i t i c al realisto. While
subjectvity in these interpretations, there may be smaligins for alternative interpretations.

2.2.5 Descriptive statistics

The final codingof the 72 casstudies wasisedto idenify keytrends in scenario case studies
to date (i.e., common boundaries of the fejuTo do so, &h boundary judgment was transthilto
a categorical variablayith the multiple choices under each judgment.ieeltdce was reresented
by 1, 2, or3 depenting on its location on the framework (i.e., most expansive choices reflecting
transf or mat i on Theaveegedadraehédboundary jadgnient across the case studies

was determined to reve@énds

2.3 Results

2.3.1 Framework for reflexive scenario practice in sustainability science

The final framework is depicted iFigure 23. The ten boundary judgments are clustered
under three &tegories 1) framing, 2) methodology, and 3) system chaimatten. These three
categoriesindthe ten boundary jdgmentsare active sites of judgment in a scenario process,

delimiting thescopeof future potential irways that mayeflect the dynamicsfpand/or conditions
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for, SES change. Each boundary judgmenlepicted as an &xon the rdarchart,with the
outemost cloice as reflecting the dynamics of, and conditions for, transformation (fbhe).
boundary judgmentare eah discussed in detaitl Section2.3.2 and suggestions for how the

framework carbe operationalized tiacilitate reflexive scenario praacte in sistainability science is
discussed irsection2.3.3.

Purpose .
Framing

Normativity
Puossible/

diverse

futures
Linked 4
J Visionin
fast and slow ¢
Plausible Epistemological
futures lens
Slow, Strategic
long-term Constructivist,
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Single, R Neutral Crlléﬁ:;:sgﬁ;
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Figure 2-3: Boundaries of the Future; the final reflexive framework for scenario practice in
sustainability science. Eachaxis on the radar chart is a baundary judgment. Choices moving
outward from the center of the framework are proposed to have the potentidior increasing
consideration of the dynamics of, and conditions for, SES change. €outermost selectiorhas
the potential to reflect that of transformation.
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2.3.2 Boundary judgments

A description of each boundary judgment follows. This description includggstifecation
for andimplications of each choice along the axis of each judgfientinthe propose order of
increasingconsideration the dynamics of, and conditions for, SES change). The description also
includes the number of case studies cddeshch choice under @gjudgment. Appendix C includes
a table thaoffers a comprhensive summary dfis sectionwith morecitations andAppendk D
includes the full case study codifay each boundary judgment.

2.3.2.1 Category 11 Framing

2.3.2.1.1 Purpose

Thepurposeof a scenario processits overarching objective. The purpose can vadely
and is highly ontextspecific, butit broadly determines th mostimportant criterion for evaluating
which scenarios are included in the analysis. Thadedre exploring 1probablefutures 2)
plausible futuresand 3)possible/diverse futureSaenarios framed to asss prohble futuregi.e.,
likely to happenhasedn current trendév/oros2017) are often used for formal planning and
strategy development and to analyze or mitigate figksderman et al. 2020)These scenarios are
viewed as scigifically credible,as prolability judgmerts areusually basedmohistaical data or
expert judgment and are compatible with a range of quantitative decisiofRoalssevell and
Metzger 2010)However sud scenarios exclude future conditions that aneverifiable accordig
to these traditind sciertific metrics(Pereiraet al. 2007; Wiek et al. 2013yor example, these
scenarios would exclude nowal surprising conditions for which historical das unavailable or
science is uncertain, suchtagnovel SES dynamics exgenced as EartBystems are yshed past
critical tipping points(Rocha et al. 2015; Keys et al. 20®)he innovative practices, ideas, and
perspectives that contribute to tsformative changéBiggs et al. 2010; Bennett et al. 2016hus,
scenarios fimeal around prbalility metrics at leaspartidly reflect the view of 20tkcentury natural
resource management in which ecosystem resptm$eiman intervention can beeglictel and
controlled(Dietz et al. 2003; Westley et al. 2010nly two of the 72 a% studies riéected this
purpose. Foexampek, Song et al2021)use land use change predictions derived from a spatial

temporal evaluation model to inform adaptation andgformation planning in South Korea.
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Scenario processémmed to explore plasible futureqi.e., could hppen baskon exsting
knowledge (Voros 2017) are often used to build up societal preparedness and capacities to navigate
uncertanty (Peterson edl. 2003; Muiderman et al. 2020)he scenarios maintagtientific
credibility through evalaions of plasibility via intemal consistency or expert judgment, thereby
including a wider scope of complexity and uncertainty and novel drivers of clfaciyeeizer and
Kriegler 2012; Bhave et al. 20L8These broademetrics of plausiliity includesconditions forwhich
probability judgments may benavailable but an st i | | be ev(®drarametad as noc
2007; Wiek et al. 2013}hus potentially pening up scenarios to greater novelty in SESs. Still,
plausibility is a contstedand undeheaized term(SchmidtScheele 2@0) and subjective plausibility
judgments may exclude novel or counterintuitive phenomenay-Bixt of 72 case studies reflected
this purpose. For example, four qualitative trajectane2070 in the Yamahwaershed in
Wisconsin, USA vere combired withquantitative time series to assess changes to ecosystem services

under different sociaécologtal conditiongCarpenter et aR015).

Scenario processes framed to explore possiblesdivietures (i.e., mig hgopen basedn
future knowkdge(Voros 2017) are often used to evaluate robustness to a wide scope of uncertainty
(Lord et al. 2016and to mobilize actors to eweate nes futures(Bourgeois et al. 2017; Moore and
Milkoreit 2020;Pereira et al. 2020aBy rejectingmetics of prolability ard plausbility and instead
focusing on scenaripossibility anddiversity, these scenarios may reflect the widest range of
potential SES ltange including transformations that diverge signifigainbm the presentor
example, thg may considethe outcones of moe experimental, creative techniques for modelling or
imagining the @iture(Vervoort et al. 2015; Bendor et al. 2017; Merrie eall8) While such
processes broaden the scope of fifpwtential, there nyabetradeoffs in reproducibiity and
perceivedcredibility and conpatibility with other scientific processes. Eight of 72 case studies
reflected this purpose. For example, Reret al.(2018a)use creative participatory futuringéart to

imagineradical,but desirale futuresin southen Africa.

2.3.2.1.2 Normativity

Thenormativityin a scenario process is the degree to which the degyraljithe scenarios is
considered, includin 1) neutral 2) strategic or 3)imaginative Framing scenars as neutral exples
a rangeof futures without cosidering treir desirability. Such scenarios can be used to identify robust

options(Brown et al. 2016dr discuss whether planned strategies enabled or constrained by
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scenario outcomg®ohensky etla2011) This apprach may beappopriate for manycerario
studies, but the normative aspects of the resulting scenarios may be underrepresented or
underdeveloped. Forty of the 72 case studie® not explicitly normative. For example, Plieninger
et al.(2013)use scenarmto assesthe impact of possle drivers d cultural landscape change on

ecosystem services in a biosphere in southern Germany, with little consideration of desirability.

Strategic scearios can enrich the scope of normative condgidsuch processerteer idenify
desirable objectiesand stréegic pathways to achieve them or evaluate the implications of strategic
options(Robinson 2003; IPBES 2018)hile such senariosare policyrelevant and actionable, they
may favor incrementar adaptive actias excludirg the longefterm, mae radical onditions that
may reflect or motivate transformative charflyeaniec et al. 2020 Twentytwo of 72 casatudies
reflected this sope of normativity. For example, Palacidgundez et al(2013)downscale the
Millennium Eceydem Assessment starios to deelop plausible futures for ecosystem services and

wellbeing in Biscay, Spain, lowed by a backcasting process to identify mamagnt options.

Visioning scenarios can enrich the scopeaimative conditionsurther. Theescenarios are
lesscorcerned vith a clear connection to netarm strategy, focusing instead on imagination and
creativity (Wiek and lwaniec 2014; Pereira et 2018a) Suchprocesses are rootedthre view that
imagiration(e.g., Milkoret 2016; Galahss et al. 2018; Moce and Milkoreit 2020)and visions o&
Afgood | ifed can be i mportant | eyYChanet@le202900i nt s f or
though this link has yet to be clearly established empiric&iijl, the potentibof visioning is
informing the deelopment ofa range of new the@$ and methods that focus on scenario creativity
and desirability over scientific reproducibiljtyith theaim to inspire and motivatée scientistsand
actors involvedn scenario developent(Bennédt et al. 2016;Waniec ¢ al. 2®0; Moore and
Milkoreit 2020) Ten of 72 case studies reflected this scope of normativity. For example, the Seeds of
Good Anthropoene (SOGA) method was used to imaginérdbke futures in whih promising seeds
of potentidin the presnt becae mainstrean in southern Africaand northern Europ@ereira et al.
2018a;RaudsepgHearne et al. 2020

2.3.2.1.3 Epistemological lens

Theepistemoloigal lensis the theory of knowledge that distirighes what constites a valid
belief, andthus determines howmultiple pergectives are integrated in the scenario process. Diverse
epistemological perspectives are relevant in sustainability sojptoz and Blackman 2014; Moon
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et al. 2021)but can boadly range across ppsitivism,2) critical realismto 3) construcivism

Scenario processes framed with a positivist epistemological lens are-efperted and model

driven, and the scenarios attertppteflect an objective realitfvervoort et & 2015; Carlsen et al.

2017). These eenarios réect the view of thosedvocating for more neutral and transparent
approaches to scenario developm@arisenetal. 200 gdnd al i gn wi t h Sroost ai
in natural science@olling 2001) Suchscenario processesad integraton and/ordiscard any
perspectiveshat areincommensurate with the more dominant vidwrnhout et al. 2020¥or

example, local and Indigenous kmedge is considered impant for understanding lorAgrm

change in SES&Armitage et al. 201, Lam et al2020g butwou | d b e r egqdemtifitcedd a s

(Martin 2012) A positivist lens may also oversimplify the social components of SESs and undervalue

the role of pluralisnfLeach et al. 2010; Brown 2014potentially perpeaiating topdown, comnand
andcontrd views oftransformation(Stirling 2014; Blythe et al. 2018)Thirteen of 72 case studies
reflected this epistemological lens. For example, Le €2@lL0)use a Land Useymamics Simulator

to evaluate the implicatioraf policy interventims in a mountan watershd in central Vietnam.

While not dways explicit in scenario processes, critical realism is emerging as an appropriate
underlying epistemology for sustainabilityiesece(Preiser et al. 2022; Cockburn 2023geario
processes frandewith a critical realistiens integrate multipleerspecives to gain an enriched
understanding of the futu(€ockburn 2022)This integration is possible because critical realism
viewsall knowledge as eternally incomplete, but apjmations of truth g required fodecisive
action (Groff 2004; Wesetal. 2014; Preiser et al. 2022 his stance aligns with calls for integrated
knowledge systems to address compdacially relevanproblems(Cundil et al. 2005; Cornell et al.
2013; Caniglia et al. 2B0). For examfe, the Stoy-andSimulation approdtuses galitative
narrative scenarios as inputs into quantitative mg@ddtmamo 2008) implicitly assuming that both
gualitative and quatitative models contribute to an enriched pietof reality. Thidens enriches
scanarios wth multiple perspectiveand interests in SES change and transformafitneiser et al.

2018; Cockburn 2022However, it may exclude highly novel or discordamierstandings of SES
change and a truly critic@mancipatory lensrotransformatin, becausthe @i nt e g rimetd o n
of critical realism does not directly address the power imbalance between different perspectives
(Klenk and Meehan 2015; Cockburn 202Thus,critical realism does not addraberisk of co

optation,reduction, ad instrumeralization ofmarginalize perspetivesthrough integration with
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more dominant perspectivésoue and Moreira 2016; Mazzocchi 2018; Turnhout et al. 2G20}y
eight of 72 case studies reflected this epistegiocal lens.

A scerario process nderpinnedy a constructivist, plalist epstemological lens views
knowledge as subjective and constructed through experi®tomn andBlackman 2014)A
constructivist lea not only accommodates multiglerspectives butanembrace disaolant views
tha cannot beeconciled(Gregory 1996Vervoat et al. 2015) These scenario processamluate
each source dfhowledgeaccording to the criteria of its own knowledge sysferg., Tengo et al.
2014) and may avoid integration entiraly emphasizelpralism and disordance(Vervoort et al.
2015). Such processes may generate transformative scenarios that would be rejected under more strict
evaluations of objectivity and consars, such as those developed using novel experimental methods
(Mangnus et al. 202 %ereira £d. 2021) Further, byerablinga more criticalemancipatory lens on
scenarioglnayatullah 1998a; Scheele et al. 2018)i . e . , fithe futfreeden cannot
without a criti gqu éugedi DiD)thsilemsanmaymable@ mar aitical-v e s 0
emancipatory iew on ransformatior(Stirling 2014)andallow for delibeation and learning as
multiple framings are exposed and negotiated throughepses of transformatigRereira et al.
2018b, 2020a)or example, the reflexivénterventiaist scenario typology ghlights the importance
of engaging with multiple epistemologies in mudtitor scenario developmeiwilkinson and

b

Eidinow 2008) andthee x pl or at ory fr amewor k of ne&fereceratomak i ng o6

analsis, explidtly building out scenapsas aternative worlds rather than different narratives of the
same world, thereby avoiding attempts at consensus thentglogical agncy(Vervoort et al.
2015) Eleven of 72 case studies reflett this epistemologal lens.

2.3.2.2 Category 2 i Methodology

2.3.2.2.1 Knowledge type

Theknowledge types broadly defined as the dominant form of knowledge that is included in
the scenario process. This judgnt differs from thepidemological lenswhich defines theriteria
by which these knowledeinputs are evaluatedd how rultiple perspectives (within or across
knowledge types) are integrated. The knowledge type can inclsdéehjific 2) other(eg.,
experiential, Indigenas, local, practitioner, etcand3) multiple. The choce to infom the scenario
process ealusively with scientific knowledge is common and holds legitimacy in many disciplinary

academic and policy contextgerburg et al. 2016)These scenarios can include a wide range of
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future SES condons that can be gntifically gudied and modelled gtticularly as sustainability

science becomes increasingly systemic and integrgiiash et al. 2003; Clark and Harley 2Q020)
However,sdentific knowledge has a legacy of reductionism that dedls @amplexity by breldng it

down into understandable gaKHolling et al. 200Q)This tendency is limiting when trying to address
complex SES dynamics thiatiplicate interdependencies acrosales and disciplineSwart et al.

2004 Miller et al. 2008 Tabara and Chabay 2B1Cornelletal. 2013) Moreover, senariosthat

favor scientific knowledge over other knowledge systems risk reinforcing dominant narratives of the
future, masking an entied understanding of complex SES change and the plurahfyarand
interestanvolved indeliberatetransfomation(Blythe etal. 2018) Twenty-two of the 72 case studies
were developed with scientific knowledge only. For example, the Land Use DynamidsitSr

developed by Le et a2010)draws exclusively from scientific knowleeg

Alternatively, scemrio processesan drawexclusively fom other types of knowledge. Such
processes broaden dominant, scienased narratives of the future with alternatinderstandings of
SES change; faexamplewith Indigenous knowledge that degpéd throughexperimenation and
adapation over long perids (Armitage et al. 2011; Tengd et al. 2014; Rathwell et al. 2848)
experiential practitioner or local knowledt®t is derived from integrative realorld experience
(Cundill et al. 2005; Reeaind Aberndty 2018) These knowledgg/pes a@e often margialized from
research and policy processes, introducing challenges associated with perceived legitimacy and risks
of cooption or further marginakiion by more dominant forms of knowledge. Ybéytalso ofér
uniqueperspectives gardingSES change, oluding transformatioOcholla 2007; Bohensky dn
Maru 2011; Lam et al. 202Qdjurther, such scenario processey tetter address the subjective and
normative aspects that produce divergent frgy® and irgrests indeliberate trasformaton (Leach et
al. 2010) Twelve of 72 case studies includedl, practitioner, or Indigenous knowledge exclusively.
For example,a@searchers eproduced scenarios with Indigenous Arctic communities to explore
divergent pattvays towad a desirabletfture inthe face of gcio-environmental chang@alardeau et
al. 2019)

Finally, scenarios can be purposefully and systematically infdroyeboth scientific and other
forms of knowledge, aligning with the transdisamglry turn é sustainility science(Tabaraand
Chabay 203; Cornell et al. 2013)Doingso enriches the scenario process with the benefits of both
scientific and other knowtige typegMiller et al. 2008; Tengo et al. 2014Jhe resulting scenarios

may dfer an enrched undestanding of SEShangeas new insigts surface through the process of
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exposing complementarities and dissonances between knowledgéRgterson et ak003; Bennett
and Zurek 2006; Rathwell et al. 2015; Lam et al. 202@d)the fural framirgsand inerests of
diverse knowedge holderamplicated in transformatiofStirling 2006; Leach et al. 201G )lowever,
such scenario processes introduce impotansiderdion and risks associated with knowledge
integration; se¢he epistemolgical lensbourdaly judgnment. Thirty-eight of 72 case studieacluded

multiple knowledge types of knowledge (i.e., scientific and other).

2.3.2.2.2 Participation

Thepatrticipationbounday judgmentindicates the nature and purpose of the inclusion of non
expert paticipants in tle senarioprocess, whicltanrange across Ijone 2) forknowledge inpyt
and 3) forengagement and learninghe choice to exclude any nerpert participantsan be
perinent for some scenarfrocesses thaesve an important purpose snostainabilitysdence.
However, the rsults are limited tole scope of future conditions understood and deemed relevant by
experts, excluding the knowledge, interests, andegaheld  more diverse participan(sazeyet al.
2020) These scenarios mayclude SES chnges noteasily represeardin expertdriven ocesses;
seeknowledge typandepistemological lengidgments for examples. In such process, actors remain
without any role in the development of scenatiogt may be relevant to thefrnstan 2019)
Fifteenof 72 @se studies didotinclude particiption. For example, Shoyama et @019)map land

use change scenarios to assess changes to biodiversity andemeagysices in Japan.

Alternatively, many scenario processes include-expet participantsto input knowledge into
an expertdriven proces(Moallemi et al. 2021)This form of participation can enrich scenarios with
diverseunderstandings of and exparaes with SES change, surfacing feedbacks and surprises not
easily representdd dataintensve models(Bennett et al2003; van Vuuren edl. 2012; Lord et al.
2016; Verburg et al. 2®@). However, participants are not included in the ongoing refledtemation,
and learning that occurs through the research process, so th@sfidpee condtions andsalues are
still limited to those cosidered relevant by expefReed et al. 2013; Moallemi et al. 2021)
Moreover, simply consulting actors may resaltokenism or instrumentalization of their perspective
for the gain of expés (Arnstein 2A.9) andparticipant seletion can reinforce poer dynamics if done
uncritically (Morgan 2014) Futher, tie transformative potential that occurs through partitipan
learning is limited PahtWostl et al. 2013; Pereira et al. 2018birty of 72 case studisincluded

participationfor knowledge inputFor example, Baggio et dR016)use surveys to collect inputs for
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a network model that projects scenarios of changesource abundance and shifting cultural
practices.

Scenario processamninvolve highe degrees b participationasnonexperts are ebedded
through the research process, enabling scenafpoamhuction and learnin@Robinson 2003;
Wilkinson andEidinow 2008) This form of participation not only enriches scenarios with diverse
understandingsf and exeriences witlBESchangeput it canalsofacilitatethelearning and
experimentation required twelp actorgsnanage complex SES behavidrmitage et & 2009; Biggs
et al. 2012@andcontribute taransformative learning by chahllging paticipants to question dasting
assmptions and paragims about the futur@PahtWostl et al. 2013; Pereira et al. 2018b, 2020a)
These processes also delegate more ptovgarticipants through greater ownership and partnership
in the scenario @cesgArnstein 2019). Twentyseven of the 722 case studies imved nonexperts for
participant learning. For example, Bohensky e(2011)co-produced exploratory scenarios fhe
ecotourism industry in Milne Bay, Papua New Guinea, measuring changexaptiorbeforeand

after the senaro process to demonsteparticipant learning.

2.3.2.2.3 Formalization

Theformalizationjudgment is the degree to which input assumptions areifjedrar codified
into a formal structure or model in the scenario process.jlitigmentrangesacross 1high, 2) low,
and 3)combined A high degree of formalization impliesgaiantitative scenario process, usually in
the form of a model. Highly formaléd scenarios provideansparency and analytical rigor to the
assumptions uratlying thescenaiios, and the aility to reproduce and valida system behaviour
improves(Moallemi et al. 2021)Such scenarios offer a high level of granularity and may sitiac
emergent and neimtuitive outcomes of sociacologicalinteractions ad feedbacksha can be
codifiedby thechoen method. Howeveguantitative models can become specialized and difficult to
reconcile across other models and epistemold@ess et al. 2014; Verburg et al. 201&urther,
they exclude any future conditis that aréncompatible with thechosemmethod, and for which
appropriate theory and data are unknown. Consequently, the results mayedddviasd
computable, measurable,ance st abl e aspects of a system, excl ud
(Carperer et al.2009 andthe messy, mergentpropertiesof transformation(Sharpe et al. 2016;
Pereira et al. 2018bMoreover, the quantification processes may exclude importaiaf,soc

technological, cultural, and economic drivers of change that areuttitio quantify yetareexpected
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to dominde 2lstcenury changdGerst et al. 2014)Twelve of the 72 case studies were highly
formalized. For example, Norman et @012)evalude possible land use change scenarios using a
spatially explicit model.

The doice to deelopscenaios with a lower évelof formalization usually implies the use of
gualitative narrative methods. Such scenarios include any future conditions that cacdm@ualized
gualitatively, potentially including some conditions that atelwded fran highly formalized models;
for example, dfficult -to-measure social or cultural drivgiGerst et al. 2014)Qualitative scenarios
may also enable consideration of maliverse perspectives amdrisformative future conditions that
surface thragh creative métods. For example, scenarprocessesising integrative media and art are
used to imagine transformation and facilitate transformative lea(@Gialjfassi et al. @L8), see
participationjudgment. However, these processes rely on btoadptualizations ad assimptions
about systm kehaviorand human agency, so they may be associated with higher uncertainty and
lower granularityBerkhout et al. 2002; Swart et aD04 Carpeater et al. 2009; Moallemi et al.
2021) Moreover, qualitative srarios rely on bhbman intuition to selectritical unertainties, which
may be fallible and thus exclude counitguitive and emergent conditions of complex SESs
(Peterson et aR003; Ramirez and Wilkinson 2014; Bai et al. 2018)irty-six of 72 case stdies had
low formalization. For examplemanyscenarm processes used the Intuitive Logics method to define
and combine key uncertainties and predetermined elements into nascatiagiogSchwarz 1991;
Kosow and Gal3ner 20D8

The choice to combine ¢iinand low levelf formalization (i.e., galitativeand quantitative)
enrichesscenariosvith future conditions that are better understood using both qualitative and
guantitativemethodqVerburg et al. 2016; Moallemi et al. 2021; Pereira et al. 2@2it)example,
the pgular Story-and Simulation agproachusesqualitative narmtive scenarios as inputs to expert
driven integrated assessment modKlsk et al. 2006; Alcamo 2008Alternatively, emerging semi
guantitative scenario methods like morphologaralysis(Zwicky 1969; Ritchey 2006; Lorabt d.
2016 andcrossimpact balance@VeimerJehle 2006§levelop consistent scenarios from diverse
gualitative and quantitative driveo$ change. Twentjour of 72 @se studies linked high and low

levels of fomalization.
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2.3.2.3 Category 31 Characterization

2.3.2.3.1 Drivers

Thedriversare the dominant part of the system from which change is assumed to occur in the
scenario process. These includedp) down(structural), 2bottontup (agency), and Jrosslevel
Many scendo processefocuson structural drivers, vaich are outside of direct human control
(Schwartz 1991; Lempert 2008uch scenarios characterize thedogn drivers that influence S
change, such as critical uncertainties thédrim efforts to buildesilierce in SES¢Peeron etal.
2003)or thestructural conditions that can enable (e.g., social networks and experimentation) or
constrain (e.g., rigidity) deliberate transfotioa (Olsson et al. 2006; Gelcich et al. 2010; Semar
et al. 2010) However, tlese scenarioscelude he bottoraup proesse that produce emergent
outcomes in SES4$.evin 1998; Reyers et.a2018) Further, they exclude the conditions for
deliberate transfonation, which emerges from the interactiormizn the system structuand
bottom-up actoragency (Westley et al. 201; Mooreand Westley 2011 Moreover a focus on top
down change may generate scenarios that are not rooted in the local realitiestidhehare meant
to be appliedPereira et ak021) Thirty-one of 2 casestudies focusedntop-down, structural
drivers. For example, Ruilallen etal. (2015)define climate, policy, and soe&conomic horizons

in various countries to the year 20@0frame discussions about local adaptationomsti

Alternatively, scearioscan emphasizeditom-up change and drive that actors have agency
to control. This choice characterizes thedlewel interactions that influence SES change, reflecting
the viewthat highlevel SES behavior emerges from baottap interconnectivityand sdl-
organization(Levin etal. 2013; Reyer etal. 2018) Consequently,&ch processes may characterize
the dynamics ofleliberate and unintended transformation, such as whenlyindetow-level drivers
reach tippingpoints andlip an SESnto a newsysten state(Mooreetal. 20L4; Rocha et aR015;
Bennett et al. 2016; Filbdeexter et al. 2017)urther, the focus on human agency reflects the
important social dimensions of trsformation(Moore and Westley 2011; Westley ¢t2013; Lam et
al. 202Db) and may enale amore criticatemancipator view on transformatiorsuch as
highlighting the plural and contested nature of transformédtieach et al. 201Blythe et al. 2018
and generatingcenarioghat arerootedin local realities angractical ation (Pereira ea. 2021)
However, thdadk of constraining influence of tepown (structural) condition&@.g., social

ecological taps; se€arpenter and Brock 2008; Chapiinet al. 2010)may not reflect realvorld
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SES behaviour. For emgle, the RESORTES board gaefacilitates discussiaitha forecast land
use and agrforestry planning by focusing on individual lande decisions and collaboration
(Andreotti et al. 202Q)and the SOGA scenario method facilitadgzarticipatory process which
acors envision ditures in which smalscde seeds are in their mature stgfereira et al. 2021)

Considering both topown and bottorup drivers enriches the scope of futuregmtial. This
choice refled the understaitg that future changie SESs invales interactig drivers and
feedbacks erossvarious domains and levelSwart et al. 2004 including resistance from the
existingsystem structur@Carpenter and Brock 2008e&dzimir et al. 2010)urther, it reflet how
deliberate transfonation emergs from the iterplay of structure andgeng (Westley et h 2011;
Moore and Westley 2011Twentyfive of 72 case studies linked bottamp and topdown drivers.
For example, Kbede et al2018)explore crosdevel interactions by combining global clinate
change samalio and shared socieconomt pathways (i.e., tegdown drivers) with four adaptation

policy trajectories (i.e., bottomp drivers).

2.3.2.3.2 Social-ecological complexity

Thesocialecological complexitis the dgree of complexity (e.gunpredictaliity, and
emeagence) that is assumed influence change within the scenario process. This judgment ranges
across 1jow, 2) moderate or 3)high complexityA low level of conplexity assumes scenario
trajectories antheir outcomes are pradable and hear, reflectigthe view of 20thcentuy naural
resource management in which ecosystems exist in one stable state and respond to human
intervention in lineaand controllablevays(Dietz et al. 2003; Westley et al. P} Reyers et al.

2018) These scenarsthusassune thatenvironmental chage can be governed without reference to
broader systemic connectivity or biophysical linflRockstrom et al2009 Renn et al. 20,

Wedley et al. 2011; Helbing 2013Fonsequently,enarios generated from thisachcterization

exclude the complex, emgent and more unpredictable dynamics of SESs. For example, they cannot
consider thentertwined sodil-ecological interetionsand feedbck effects that produceften
counterintuitive outcome@elbing 2013; Mooreteal. 2014; Bachet al. 2016; Reyerd al. 2018)

Further, the assumption thatystem has one single equilibrium excludes potential for tramsfion

into new systenequilibria (Crépin et al. 2012; Mooret al. 2014; Rocha et al. 2015; Biggs et al.

2018; Tabara eal. 2018) Twelve of 72 ase tudies reflect this perspective. For example, four

scenarios were developed by considering two drigkchangd appropriaténstitutions and
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collaborative actioii to explore the future of water in Bangaloiredia (Poonach and Kodugant
2018)

A moderde degree of complexity assumes scenario trajectories are considered linear, but their
outcomes and ingets are considered ergent and unpredictable. Thus, the segios set the context
in which complex SES betimr can be eglored. This approacpattially enriches scenarios with the
complex dynamics of SESs, because although scenario trajectofiieearand prediable, the
sociatecological and crosscale inéractions that occur withior as a result ahosetrajectoresare
addessed(Levin ¢ al. 2013; Folke et al. 2016; Biggs @t 2022) Forty-two of 72 case studies reflect
this perspctive. For example, Goguet et al(2021) evaluate the systemic resyme of shellfish
aquaculture in the Normasereton Gulf in Franceto relatively straigtforward perturbatin scenarios

of environmental change.

Finally, a high degree of complexity chaterizes the scenari@jectories theselves as
emergent and unpredéble. Such processes engage directly withtinieed socialecdogical
elements andeedbaks that prodoe change in SESkevin et al. 2013; Preiser et al. 2018; Biggs et
al. 2022) For example, they may nsider potetially transformative changes thate more likely to
emerge in the presence of ipile interacing social and ecologicalrivers than individual drivers
alone(Westley et al. 2011; Lade et al. 2013; MooraleR014;Rocha et al. 2015Fighteen of 72
casestudies reflect this view. F@xample, Hanspach et 014)show how SES tjactories ardi () 1
shaped by their spific historical contexts, (2) influenced by external drivers, and (3) modified by
internaldynamis 0 by e v al elapménntgectdnies mayateamnge in the futurased on a
combination of changing SES dynamissgial condibns, and natural capitbundes.

2.3.2.3.3 Spatial scale

Thespatial scalds the type of spatial dimension used to measure adg shenomena in the
scanario proces(Gibson et al. 2000Cash et al2006) Spatial scale selection can besitjgle,social
scale,2) single, biophysical@le,or 2) multi- or crossscale The selection of spatial scale is
complex and subjective, asadjal scales can be deéd and organizkin severalways(Cumming et
a. 2006; Biggs et al. 2007; Audouin et al. 201Senario preeses conducted atsirgle cale allow
for a focused analysis. In particular, single scales that are compatibltevititode of social
orgarization (e.g., goverance; local or federal) inclaecconditions compatible with the governance

conextbutmayexclude ecological gnamicsthatfall out of the administrative boundalzpstein et
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al. 2015) Thus, in contexts with scalemismatch (i.e., Wen scale of environemtal change and
social organiation are not aligneds singlescale boundargan meanhatimportant components of
the SES are los{Cumming et al. 2006; Folke et al. 200Tywentysix of 72 case studiese asingle
scale reflectinghe modes o$ocialorganization. For example, Héques et al(2015)selected a

national scaléo analyze watemanagement challenges England and Wales.

Alternatively, aligning a single scale to the biophysical s@alg, river catchmenmountain
range) enriches scarios with a wider scope of dogical dynamicgEpstein et al. 2015which my
be more comatible for capturing SE8hange. This choice is predominant in many sectors such as
water, which advocatesifa watershedor catchnentscale management approd€ohen and
Davidson 2011; Falkenark et al. 2019aHowever, if the biophysicdloundary is ot compatible
with a govenan@ contex{i.e., a scale mismatclumming et al(2006)), scenarios may be
disconnected from policy pcesses and difficult to linfo action(Epstein et al. 2015 wentyfive of
72 case studies use a singliephysical sck. For example, Frankliet d. (2019)develop a holistic

model b study sociakcological drivers of change the Kenai River fiséries.

Scenarios that move beyd a single scale to link migte spatial scales enrich the scope of
future potential (e.g.local to national; watshedto global). Multiscale assessmerftxus on two or
more scales without systaically linking them, wviile crossscale assessmentsdéground the
interactions beteen then(Scholes et al. 2013This classificabn has also éendescribed as
Al ods wirght | y o -stalescerarib@igys ét &1.i2007)Such muld and cros-scale
scenarios refladhe knowledge that SESs drnighly influenced by complex ossscaledynamics; for
examplethe panarchy hgistic showshowtransformation at loer s@ales may maintain resilience at
higher scales in the face of exogenous streshack(Holling 2001; Gé&ich et al. 201Q)They also
acknowledge that SESs are isasingly globail networked and teleonnected eross scalefLiu et
al. 2013; Verburget al 2016; Keys et al. 2019However, multi and crossscale scenarios encounter
challenges including misatches between soeazonomicand biophysical scales, diffitty
reconciling scenario drivers, loss of vadat alternéive scales, and ambigyitegarding how scales
are delineate{Cash etl. 2006; Biggs et al. 2007; Schweizerd Kurniawan 2016)lwenty-one of
the 72 case stuels are multior crossscale. br example, Allan et a(2022)link global Shaed
Socioeconont Pathways to locascak drivers as part of an assessment of ecosystem services and

livelihoods in coastal 8ngladesh.
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2.3.2.3.4 Temporal scale

Thetemporal scalés the ength of the temporal duratiased to neasure and study
phenomena in the scai@aprocess. Misranges across st 2) slow, or 3)linked Short to medium
time scales (i.e., a few years to two decdéghlight fast cyclesf change. These scenaridiga
with political and manageemt timescales, potentially facilitating a lirtk action(Elsawah et al.
2020) Furtrer they allow for a higher temporal resolution that canldudeshortterm innovatbns
and experimentatiotmat may contribute to trar@imation(Holling 2001; Westleet al. 2013)
However, they exclude slower, lger cycles othange in SESs and tiraggedecosystem responses
(Adrian et al. 2012)thus masking thslow variables anteedbacks that ihienceSES behaviour
(Biggs et al. B12) This presents the riskahscenario users may attribute the impactsooi-s
changingunderlying drivers of SE8harge to fastechanging proximate drive(§ilbeeDexter et al.
2017) Twentythree of 72 case studieseua short to medium time scakor example, Martinez
Sastreet al.(2017)use a time scale of 2030 to evaeiaow land us change scenarios affectiltural

ecosystem services relied upby Mediterranean communities.

Under bnger tempral scales (i.e., twoetades or morefuture conditions havenore time to
diverge from the present. For example, scenariag consider th longterm preparationhmsethat
precedes a sdén transformation triggered by a cri@dsson et al. 2004b; ElsaWwaet al. 2020pr
slow-changim ecological dwers that mayrigger regime shift§Dakoset al. 2015; Ellis 2015; Dol
and PomereLankao D16 FilbeeDexter et al2017). However, these processes offer a lower
temporal resolution ahmay underemphasize thae of shorttermnovelty and experimentaiti in
transform&ion. Twentyseven of 72Zase studies use a longerm, multidecade time hizon. For
example, Mere etal. (2018)use science fiction prototyping tievelop radical cean futures over
time scales from 2050 to 2070.

Linking fast and sloviemporal scalesan focus on discrete scales (i.e., loosely linked) or
systeme interaction@aoss scales (i.e., tigly linked) (Scholes et al. 2013Poing so enriches
scenarios toansider the complexityf(SES change, including cressale interactios (Holling 2001,
Falkenmark et al. 2019byightly linked temporal scales iragicular refectSES dynamics, such as
howfast cycles of change in the panarchy framework can revoinélndnce slower cyclesnd how
the accumulated emory of slower scak can enable anhibit these faster scalé@dolling 2001,
Allen et al. 2014)However, linkng scales is challengindueto incomparable data and results at

different scalesand the ptential loss of scienti€ credibility when translating one scale two#her
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(Doll etal. 2002; Biggs et al. 2007pix of 72 case studies link femtd slow tempial scales. For
examplewaniec et al(2020 combine shorterm (5 years), mediuterm (20years), and longerm
(2060) strategic scenarios to develop desiralilee pathwayst the Central Arizon®hoenix Long

term Ecological Research hin site.

2.3.3 Operationalizing the framework

TheBoundaries of the Future framework can facilitate a reflexoanario practice in

sustainability science by making each of the bemndary judgmets an explicit site of critical

reflection throughout the designd implemetation of a scenario pr@ss.This critical reflection

should consider which choice undecledoundary judgment imost suitable for the desired

outcomes while dmowledging pratical opportunities and constrainfable2-1 summnarizes the ten

boundary ydgments and key questiorisat can be asked to facilitate thigical reflection. These

guestions are writteim both thefisd andfioughtdo modes as pe CST(Ulrich 1983)t h e
reflecsthe current statef the system o process, andit e

improved statéi.e., the ethical stane
the two reveals contésd value judgments between stakeholders or unresolved boyundgmyents

(Jackson 2019) These questins $iould be consided throughout a scenario process (i.e., leefor

ii so

A 0 u gebetlectsa desired or

f r om whudgment is hageTlieidifedbence between

during, and after) teurface emerging considerations and facilitafeexive learmg.

Table 2-1: Guiding framework for operationalizing the Boundaries of theFuture framework to
facilitate reflexive scerario practice in sustairability science; more detailed explanations ofach

judgment can be found in Appendix C.

Framing

Boundary Judgments (innermost to @nnost)
Purpose What is (ought | Probable futures Plausible futures Possilbe/diverse
Overarching t0 be) the Scenario probability Scenario futures

objective that
determines the mos
important criterion
for scenario
evaluation

objective of the
scenaio
process, and
criterion for
scenario
evaluation?

asakey criterion
(i.e., likely to
happenbased on
current trends)

plausibility as a key|
criterion (i.e., could
happen based on
existing
knowledge)

Scenario possibility
and diversity as key
criteria (i.e, might
happen based on
future knowledge
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Boundary

Judgments (innermost to @nnost)

Normativity
The degree to

What degree of
normativity
(desirability)is

Neutral

Scenario process

Strategic

Scenarios consider

Visioning

Scenars consider

which the htto b explores rangefo | desirable futures | desrable futures
desirability o (OUQi d ro dei% futures without thatare strategic; | that are primarily
igﬁg%ﬁ;'s fr?gsscgnzno considenng strong onnection | visions; not
process? desirability to nearterm action | necessarily
' connected to near
termstrategy (e.g.,
imaginatve)
Epistemological | What Positivist Critical realist Constructivist,
lens g:zt;asrrzghoggr:?al ijectivity; expert _Consen_sus; pl-urallst
The theory of t0) underpin the informed and mode| integrative; Discordant;
knowledge that derp driven; scenads scenarios knowledge about
distinguishes what 3?:3;20 ment attempt to reflect ar| incorporate the future is
ggﬂ:?gﬁg? c\)/\?llld procesg objective reality multiple subjectie and
multiple perspgctives to gait constructed throuy
perspectives & an enncheq experience;
integrated inthe understandingf emphasion
scenario process the future pluralism and
difference
Knowledge type | What is (ought | Scientific only Other Multiple
The dominant form fjoogﬁ)ntgﬁt Scenario Scenario Scenarios are
of knowledge knowled methodology only | methodology only | purposefuly,
included in the : n(|3 de dget;;]pe draws from formal, | draws from other | systematically
SCenario praess ;nccelrjl a?i Om the | scientific forms of knowledge | informed by both
process? knowledge (i.e., (i.e., local, scientific and other
’ experts, models) practitioner, forms d knowledge
2 experiatial,
S Indigenous,
2 traditional, etc.)
= Participation What degree of | None Knowledge mput Engagementind
The nature and partlcr::patlgn 1S Only experts are Non-expert learning
purpose of the (ou%_ t :E?] €) included (no participants are Higher degrees of
inclusion ofnon- :cs:gnlz;rio € participaton) included to input | participdion as non
?:Ft)ﬁgse;aerr?;lr?oams Drocese knowledge into an | experts are
process expertdriven embeded through
process the researcprocess

through scenario co
production and
learning
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Boundary

Judgments (innermost to @nnost)

Formalization

The degree to
which input
assumptions are

What degree of
formalization is
(ought b be)
used for the

High

Scenarios are highl
formalized,
meaning they are

Low

Scenarios have a
lower level of
formdization,

Combined

Scenaios combine
both high ad low
levels of

Systentharacterization

ggg;;itzlef:jei?tgg Scenaos: quantitative (i.e., | meaning theyare | formalization,

formal structure or usually in a model) | qualitative(i.e., meaning they are

mocel in the usually in narrative | hybrid and comime
quantitative

Drivers What typeof Top-down Bottom-up Cross-level

The dormiart part gﬁgﬁrse Oafar (structural) (agency) Scenarios

of the system from g Scenarios Scenarios characterize the

which change is
assumed to occur ir
the scenario
process

(ought to be)
reflectedin the
scenarig?

characterize the
future according to
top-down drivers of
charge,which are
outside of diect
human contrb

characterize the
future according to
bottomup change
and drivers that
actors do have
agercy to control

future according to
both topdown
(structural) and
bottomup (agency)
change

Social-ecological

What degree of

Low

Moderate

High

complexity 223'@; cal Scenaios reflect the| Scenarioseflect Scenarios reflect th¢
The degree of - view that scenario | the view that view that sceario
lexiy (e.g. complexity is : . X . . : )
complexiy (e.g., (ought b be) trajectories and scenario trajectoriey trajectores are
unpredictabiliy, reflgcted i the | their sociad are linear, but their | emergent and
and emergence) , ecological outcome/impacts | difficult to predict;
that is assumed to | scenaios? i d i h .
influencechange outcomes/impacts | areemergent an i.e., the scenarios
within the scenario are I|_near and Q|ff|cult to predct; themselves
process predictable i.e., scenarios set | repesant complex
the context in SES behavior
which comple
SES behavior can
be exlored
Spatial sale What spatial Single, Single, biophysical | Multi- or cross

The type of spatial
dimension used to
measure ad study
phenomena in the
scenario process

scale is (ought
to be) used for
the scenario
process?

social/governance

Scenarios consider
a sinde atal

scale that is
compmtible with the
mode of social
organization (i.e.,
governance scale
e.g., local or federa
administration)

Scenariogorsider
a singk spatial
scale that is
compatible with the
biophysical
landscape (e.g.,
ecobne river
catchment,
mountain range,
etc.)

scale

Scenarios explicitly
link multiple spatial
scaleqe.g., localto
national; watershed
to global, etc)
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Boundary Judgments (innermost to @nnost)

Temporal scale | What temporal | Fast Slow Linked
scale is (ought

The length of th
e engit oT™e 1 1o be) used for

temporal duration

Shortmedium tine | Long time scale Linking fast and
scale (i.e., a few (i.e., two decades g slow time scales

US‘;O' todmeasure thrﬁcsg;zgarlo years to two more)
and study - P ' decades)
phenomenain the
scenario proces
2.3.4 Common baundaries of thefutur e 8 i n diesase st u

The number of case studies coded to each judgimeummarized ifigure2-4. These
synthefzed results she that most studies were framed as exploring plausibledsi{86 percei
were not explicitly focused on normativer desirable futures (56 percent) and adoptedtigari
realist epistemolgical lens (67 percentMany scenarios wereuglitative (50 prcent) and involved
participants for knowledge input (42qzent) over exicit efforts to facilitateparticipant leening (38
percent). Interestingly, most studieswrieom multiple types oknowledge (53 percent). The
scenario studiesharacterized theystem primarily using tedown, structural drivers (43 pEent)
and a mpority viewed scenarios agkar but theioutcomes as complex (58 percent). Spatial scale
sekection did not favor angoundary judgment, while temporal scale sébectavored a sigle scale
(41 and 48 percent) over multiple scales (1T @at). Sixteerstudies did not indicate aemporal scale
ard could not be interpretedhe case study codingus be found in Appendi®.

55




70 | ] ] M ] | | ] 1 Outermost
8 10 11 boundary
| || 18
60 — 24 27 25 21
~ 38 T 6
™50 22 1 |
o — [ | ||
@
w 40 —
3 48 16 25 o
5 62 | || 42
< 30 12 36 30
B I
E 20 40 |
| ] | 31 2
10 | 22 | 1 23
13 12 15 12
Innermost
0 -z boundary
N T U B
K e > e A2 o N & \9 \9
e & & {oGQ DA &
B 3 N £ > < Q L
aef(\o q§‘°$ <@ ? -\5"\ ° «?50
& $°
N
(‘,\'b
f

Figure 2-4: The number of case studies coded to each choice for eddundary judgment. Each
column of the bar dart is an axison the framework. Data in yellow, green, and blue
correspond to the yellow,green, and blue boundaries on the framework rgpectively, movig
from the innermost to the outermost choice. Sixteen stuels did not indcate a temporal scale
and oould not be interpreted.

The same data iRigure2-4 is depictedas averagesn theBoundaries of the Futuradar chart
in Figure2-5, revealing common Boundaries of the Fatur case studies. Theolid black line
deptts the average selection for each judgment across all 72 case studidiéolBecause the
scenario purpose is a ceaquential bouraty judgment, the averages for studies reflecting each
di f f er e nhoundany udgmpentsare alstepicted (see gend). The average boundary overall
appears to include a moderate scopaitfre potential (i.e., iddle-of-the-road formost judgments).
Scenarios framed to explore probable futures tend toward a positigshegogical lens and
scientfic knowledge,operationalized with highly formalized methods and little participation. A
significant proportion ostudies aimed to expte plausible ftures (86 percent), so these studies
closely follow the average. Studigaifredto explore possible/derse futures ted toward a critical
realist or pluralist epistemological lens, involve rplé types of knowledgand adopt a wider scep
of imaginativenormative potential. Interestingly, the selection of purpose does neappave a

differentiatirg influence onhie way the system is characterized, though scenarios framed to assess
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probalbe futures tend to focusn topdown structurbdrivers, and senarios framed to explore
possible/diverse futureeflectlonger orlinkedtemporal scales.

Figure 2-5: Boundaries of the future on aveage overallandonaveage f or each
boundary judgment. See the legend for which line corresponds to which subset of case studies
and Figure 2-3 for placement abng each axis.

2.4 Discussion

The key findings can be summarized as four takeaways, &ie Boundaries of éhFuture
framework offers dramework thamakes ambiguityn scen&o practice explicit and operationahd
maybe use as areflective tool to failitate reflexive sceneo practicein sustainability science
Secoml, the framework and case study analysis together cham@ortantfuture research agenda in
sustainability scienc&hird, reflections upon thehallenges mcauntered during the studgvealed a

lack of reflexivity in scenaricasestudies to date, affirming the need for bue frameworkFinally,
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