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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

fget

mi st



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

8



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 e o pineiteyimtegfaive abdiholistic)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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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
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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.

31



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 ¢
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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®.
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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.

Purpose

Framing

Normativity

Epistemological
lens

Legend: Common boundaries of
the future

Average overall

- — — — Probable futures

........ Plausible futures

Purpose

_____ Possible/diverse
futures

Knowledge
type

Methodology

Participation

Formalization

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.

pur po

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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the framework has limgtions and should be goted withconsiderationThese takeaways are each
discussed iturn.

Thepractical contributia of this studyis a frameworkhat can b@pemationalizedto facilitate
reflexive scenario prace in sustainability sence.This studydemonstratetheframework as mex
postreflective tooland proposes its use asexante reflexive tool beforeduring, and aftera
scenario procesfeflexivity is often cited as erucial capacity for navigating ambiguity and
pluralism in sustainabty research(Miller 2013; Miller et al. 2014; Popa et al. 201B8umerous
scenario typolgies relp organize scenarjaractce (e.g.,van Notten eal. 2003; Bdrjeson et al. 2006;
Muideman et al. 2020and synthesis papers point to the unique opportsrate challenges in the
use of scenars for sustainability resear¢h.g.,Elsawah et a2020; Muiderman et al. 202@Peréra
et al.2021) Howeve, these literatures do not offer &at and granular strategy faflexively
linking the design of a scario proces to scenario outcomds. contrast, the Boundaries of the
Future framework flk a drategic operationalap byguiding researchers thumh ten key boundary
judgments involvd in designing a scenario process under categories of framing, metpgdnd
system characterization. Each judgment is an active site of choice that dederstepe of future
potental inthe resuling scenariosThe boundary judgments are depictecages on a radar chart, in
the proposedrder of increasing considei@n of thedynamics of, and conditions for, SES change
and the outermost choice may ehrscenariosto reflect thepotentialfor transformation (desirabler o
undesirable)Thus, the framework reveals the influence of subjective choicee makle desig of a
scenario process and what the resulticgrsarios may includand excludetherebyhelping enrich

scenarios toeflectthe novéand potentially transformative conditions of thé'2&ntury.

Theframework andcase study analysis together padimportant avenues for future research.
The averag®oundaries of the Futushown inFigure2-5 show a biasway from judgments that
open up scenarios toward the dymesrof, and conditionsof, SES changand transfamation For
example, few studies adopt a pluralist epistemological lens or assume scenarios ana éorargee
interactons betveen system stoture (topdown drivers) and actor agency (bottoqm drivers). The
case studwnalysis also exposeswasuites of boudaryjudgments tend to eoccur (e.g., purpose,
epistemological lens, participation, formatiba) and how framig choice (i.e., purpose
epistemological lens) do not seem to have a strong influence on the veygtigra is characterized.
Sustainabilityscientists may use thesesults to investigatinkages and tradeffs between boundary

judgments and guide the evelopmat of, and expementation with, scenario processes that are
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designed to addregget underexmired parts of the framewmk. Most imporantly, these findings

affirm the need to embed the Boundaries of the Future framework imatiscgdevelopment
processed-or example, gibal environmental assessments like the Shared Socioeconomic Pathways
for climate researc(Riahi 201§, the United Naons Global Environment Outloafe.g.,UN

Environmen 2019)and the Nature Futures Framewdndm the Intergovernmental @encePolicy

Platform on Biodiversity and Ecosystem Servifi@erera et al. 2020bjnay uselie framework to
reflectupon andenrichtheuse of scenarios itheir assessment®oingso may, for examplepffer
transparacy to senaio users regardig thestrenghs and linitationsof the scenariofor different

modes of application.

Challenges encountered through the psscof developing a@napplying the framework
validated the neeaf greater reflexivity in scenario practide.thecase studies, many biodary
judgmentswere opaque and had to be inferred from the way the studintsaduced or the results
are presentedndicating that atlors may not have been reflexive about tlhheiundary judgments or
were unaware of the oftesavailable to them. M@over,somecasestudiesframed their scenario
process according to an enriched scofpiiture potential (e.g., participalgarning, sesemaking
about complexity), but did not choe€ommensurateoundary judgments under thatgyories of
methodology ocharacterizationAdditionally, despite the obvious temporal dimension of scenarios,
sixteen of 72 studies did not provideoeigh informabn to infer a temporal scale. Such limitai®
present risks to the salience and legitisnaf a scenario study, demding a framewdk like the
Boundaries of the Future framework to structure and fawlicritical reflection about theseaites.

While the ten boundary judgments offer a holistic view ofBloendaries of the Futuréhe
framework has limitations. The &amework enableseflexivity within a complexity woldview (e.g.,
as per te SES perspectiva)ut itexcludes more dynamic understandinfishange that reject the
need for boundarymaking(Hertz et al. 2020; West et al. 202)r example, the focus onrlear time
and swtem boundaries overlooks diffetanceptualizations dfme (e.g. cyclicaland diverging
beliefs about the ability dfuman agency to change future trajecto(leayatullah 1998a; Jimmy et
al. 2019; Hunfeld®022). Similarly, while effats were made tceduce researcher subjectivitydhgh
the process adbdictive inquiryusedin the study, the final framewoik a prodat of a specific
approachwhich was influenced by thdesired audience for the framewankdthe positionality of
theresearchemoreover, the framework is based osyathesis of theoretitéterature dout ES

change; significant research is requite@mpirically tesiand validatéhe theoretical assumptions
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informing the placement of el chdce alongeach axis othe frameworkFinally, the framework is
provisianal, as it was developed a specifianomert in time. The framework should be updatadd
case studies revisited, as the understanding of SES change and the use of scenstdoglility

science colues to evolve.

2.5 Conclusion

This study aimed toontribute to reflexive senario practie in sustainability science by
making ambiguity eplicit andoperational using the lens of CSIlo do so, the first objective was to
developareflexive frameworkhat1) characterizesow key boundary judgments inveld in a
scenario procegafluence the scopef future potential reflected in scenariotcomes, and 2)
proposes the degree to which this scope of future potential may refen#mics of, and/or
conditons for, SES cange The intention was to offer@ractical tool that fatitates more refleixe
and transparent boundary choices in agenpractice This objective was achieved through a process
of abductive inquiry in semal literature related to enario practicend sustainability science,
underpnned by a critical sysins lens. The ten lmdary judgments in the final framework Higiht
threecategorie®f judgmentin a scenario processcenario framing, methodologyngsysem
characterizationThe framework i®perationalized through a sesief ten questions thaan be used
as arexantereflexive tooland/orfor expostevaludion of a scenario proceskloreover, the
framework shows how scenario practitioners whshwo enrichtheir scenarigracticewith the
conditions ofSES change, and in partiautransformationgan push theirudgments closer to ¢h

outside of the frameork.

The second objective was to apply the framework by analyzing smmkdgical sceario case
studies against éhframework. Tts objective was addressed through an analysis of €8 ,cakich
was embeddedhithe process of abdtive inquiry used tgenerate the framework. Thus, the case
study analysis served to validate the final fram#wwdemonstrate its practitapplication, ad reveal
common boundaries of the future in case &It date. Together,ithprocess offered iportant

consideration$or future research in the use of scenarios for sustainability science.
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Chapter 3

Expl ori pigtur@ddi gcenar i mceih social+ e s i |
ecological systems: Transdisciplinary cross-impact balances
modelling in the Red River Basin

3.1 Introduction

Global climate bange is expected to increase the frequency and severity of extreme events and
shift the dimatic regime in river baas around the wid (IPCC 2021) This hydroclimatic
intensification issignificant and deeplyncertainMilly et al. 2008; Marchau et a2019),
exacerbating thagsk of flood and drought damages, disruptions to food produatidrcosystem
services, anttarms to humahealth(Rockstrom et al. 2014a; Ray et al. 2019; IPZD21) The
capacity ofsociety to prepare f@and cope with thesesks depends upon several uncertain social and
economic factorgGallopin 2006; Engle andemas 2010), which are both mde vulnerableyo
climate change and may further degrade natural basin functions, sucds through land use
change(Lambin and Meyfralt 2010) Resilient water systems also pl
capacity to dealvith stresses and shockwre broadly(Falkenmark et al. 2019b)

A shift in water governance igquired to address tim@vel uncertaintiesral complexities
introduced by climate change at a river basin scale. Water governance is defined broadlpaalthe s
functions that regulatand coordinateater developmer(tliménez et al. 2020Yhe dominan19"
and 20th centurparadigm of water goveance enabled rapid @womi development but was limited
by silo thinking, reactive management of externalitéed, rigid control of variabity (PahtWost
2007; Baird and Plummer 202Hor example, largecale channels and damsadled agricultural
and energy production butere optimized for historical climate variability and may be brittle to
climate changé€Altinbilek 2002; McCartney 2I®; Giuliani etal. 2016) In recent decades, various
paradigms su#ced to deal with thesshallenges, such astégrated Water Resouc&lanagement
(Biswas 2008)the watetenergyfood-nexus(Benson et al. 2015and adaptivgovemance(Folke et
al. 205; Huitema etla2009)

Most recently, the resilience paradigialker et al. 2004; Folket al. 2010has beempplied
to enable effeiive water governance under climate cha(grd and Plummer 2021from this
view, riverbasins are complex sociacological system (SESs) that evolve with and adapt to
environmentathange, and outcomes ame from sociakcdogical interactions andeedbacks across
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scalegRockstrom et al. 2014a; Walker 2020; Chester et al. 26&jilienceher e 1 s diyttd e

capa

adaptortransfr m i n t he face of c¢haangeiawapsahattconmeud ar | y u

support humane/ | | b @olke gt @l2016, p. 41)For example, water managers may develop
adaptive rather than statitanagerantplans,optimizeinfrastucture for mulgple climate scenarios
rather than one, or use aystems for thie natural capacity toudfer variability alorgside tradibnal
infrastructurg(PahtWosgl and Knieper 2014; Faivre et al. 2017; Marchau et al. 2019

While a resilience paragin may in theoy be effective for dealing with climate change, efforts
to build resilience in practicare complex and contesl. Novel @proaches may be viewed rasky
(Jeffrey and Gearey 2006hd must contend with the instiional inertia of conventinal approaches
(Sendzimir et al. 2010; Mendez et al. 2012; Marshall and Atinea?016) For example,
infrastructure financig mechanismmay be biased away from valuing the leilegm, systemic
impacts of resilient solutior{t azuko andPintér2022) Additionally, despie a shared language of
resilience, efforts to build resilient®ld hidden tensions drtradeoffs rooted indivergent
perspectives and interests in the fi@t{i_each 2008; Helfgott 2018affor example, questierd
resilience to what anfibr whom surfacessumptions about what constitutes a desirable resilient
future,and the degree of maformation required tachieve itMost actors lack the tools and
frameworks to anticipate and navigate the future in a evaha reconciles such divee framings,
sales, and drivers of chan@®ai et al. 2016; Verburg et al. 26). These challengeseaparticularly
pronouned in contets where building resilience may require transformative changes that shift

pathways toward prafoundly new systeniFdke et al. 2016Pereira et al. 2021)

Scenarios are promising tools for exjilicengaging with com@x and uncertain futuse
(Petersoret al. 2003; Miller et al. 2014; Bai et al. 2016enarios are coherent, intdlyaongstent,
and plausible desgiions of the ptential future trajectories of a syst€hfeugens and van
Oostehout 2001) Explorativescenarios (i.e., wat wuld happenhave been used in river basin
contexts to project how climatic and seeiconomic changmayimpact water supply andemand,
and nornative scenarios (i.e., what we want to happen) are often aseyélop investment
strategieqVaris et al. P04; Dong etl. 2013; Elsawah et al. 202@merging studies combine
explorative and normative sceiw@through particigtory mehods to collabatively envision and
strategize pathways toward sustainablessilient river basinystems amid toglown pessures
(Schmeider and Rist 2014; Carpenter et al. 2015; Hirpa et al. 28d8)a handful of studidecus

explicitly on scenarig related to rekence (e.g., Helfgott 2018)
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Semiquantitative scenario meils like the crosgnpad balances (CIB) methaare uniquef
positioned to model integrati ve andrighiogPolaskyt i c
et al. 202(. CIB appliessystems theory to generate internally consistent narrative sggfiom a
network of nteracting drivers offange(Weime-Jehle 2006; Weimeiehle et al. 2016CIB has
been applied in energy transitions arichete change researdlschweazer 2020; WeimeJehle et al.
2020) and applicationsf CIB are expanding toward aiger range of policy pressegStankov et
al. 2021;Kosow etal. 2022) However, this relatively new method has evolved within its own
commurity of practice and has yetoss over int&ES research, despite its compatibility with SES
theory. CIB is compdtle with an SES persptize because it take®mplexity saiously, modelling
scenarios as emergent outcomes of systemic interactions abddedgKosow and GalRner 2018
including acoss scale§Schweizer and Kurniawan 2016; KefBenedict et al. 2019This lies in
contrast® the more popular Inttive Logics (IL) method that develops four narrative scenarios by
exploring he systemic consegrcesof the intesectionof two drivers ofchanggRamirez and
Wilkinson 2014)

Additionally, while popular Siry-and Simulation appraches translate qualitee scerarios
into inputs for quantitative mode{dlcamo 2008; Elsawah et al. 202@)IB integatesqualitative
alongsideguantitative dvers within the scenario model. Thus, CIB reconciles taittebetwen
qualitative and quaitative methods that nke dig picturedscenario modelling challenging;
guantitative methods may be datformed and eprodwcible but exclude driers of change or
perspectives that are not measured in quantitative {@erst et al2014; Moallemi etall. 2021), and
gualitative senaio methods consider a wider range of future conditions, but, at times, lack the
systematt analysis and analytical Bights (e.g., miel sensitivity analysis) promoted by quantitative
methodgRamirez andVilkinson 2014)

Tranglisciplinary scenarionecesses offer further opportunities to explore diverse perspectives
and interests in the futeiof river basins. Transdifplinary researh caters to thproblemoriented
and integrative nature of sustaindigicience by bringingpgether diverse actots generate
knowledge(Lang et al. 2012; Brandt et al. 201Bjrticipatory scenario modelardbeused to
structure trasdisciplinary reearch processes, in which a model iprmuce through engagement
with collaboratorgMcBride et al. 2017; Voinovteal. 2018; Moallemi et al. 2021 he goal of such
processes is not only to structure moa@eldproduce outputs, but tmobilize knowledje in a way

that facilitates societal impact and promotes meaningéwhiag for both scientis and participants.
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The AB method is often used to develop authoritative models through experh scenario
dewelopment processes. Howeveanmerging appliations of CIB aim to facilitate stakeholder
engagement and collaborailearning, opening uné method to a wider mgeof non-expert
participantge.g., Stankov et al. 2021; Sun 2021)

To our knowledge, few aro studies have applied tH@lB method to mdel river basin
scenarios under climat&éange, no studies have usd® @ explicitly model senarios as emergent
from cmplex sociakcological dynamics, and while CIB has been used in a participatory mianner,
hasnot been used to exgitly structuretransdisciplinary researchn this stug, we aimed to explore
dig picturédscenarios of a rier basin under climathange by characterizing future change as
emergent from interactions between diverse eftortgild resilience and aanplex, crossale
SES. We also aimed to explore the patdribr the CIB method to sface diverse perspectivand

drivers of changén SESs through a transdisciplinary scenario modelling process.

3.2 Methods

The phases of anédktypical transdisciplingrresearch pross guided the studj.ang et al.
2012) including a) case study formulati and collaborative pbdem framing, b co-creating

knowledge, and c) (re)integrating the knowledge.

3.2.1 Case study formation and collaborative problem framing

The parttipatory scenao modelling process was situated in the Red River Basin (RRB). The
RRB ispart of the Hudson Bagrainage system, covag parts of Minnesota, South Dakota, and
North Dakota, before meandering northward for apjpnatdy 480 km inb Lake Whnipeg in
Manitoba (Red River Basin Commission 2005; Leitch and Krenz 2013 RRB is gvemned by a
complex arangement of institutifrom community to federal and transboundary |ét#darne
2007) and is the homeland ofudirseFirst Nations, Métisand Tribal commaities including Cree,
Ojibway, Anishiraabee, and Dakota communities.n@ie change is expectamlexacerbate existing
climatic variability and its implication@rairie Climate Centre 2013; Rasmussen 288frard and
Mcpherson 2018; Shstha et al. 2@). Additional pressing issues include eutrophication of
downstream watdvodies(Schindler et al2012)and soil erosio (Liu et al. 2015) A history of forced
relocation and colonization of Indigenous landadidti on to contemporary s@mzeconomic treds

such as agricultural technology and urbanization introduce signittoamplexity to decisiommaking.
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Additionally, ectors are attemptmnto build a more resilient system, such as by rehabilitating
ecosystemandshifting toward regenetave agriculture as discussed at the Annual RRB Land and
Water Conference in January 202

The Red River Basi@ommission and the Inteational Institutdor Sustainable Development
were chosen as collaborators due to thdivaaole in networks drivig resilience buding efforts.
Through consultation with these partners, the transdisaipl scenario processas framed around
the isue of resilienced ongoing floods and droughts. The year 2050 was chosen as the single
temporal scale. This was chosém situate thescenarios far enough in the future to ensure divergence
from the preserdnd to focus on linkingcross spatial scaldése., by simplifyirg the temporal scales
(Scholes et al. 20134 case study advisory comtt@ieof four individuals fromvarious instittions in

the basin were consulted throughout the research process.
3.2.2 Co-creating knowledge through participatory scenario modelling

3.2.2.1 Cross-impact balances scenario method

TheCIB method projects internally cont@sitscenarios from a networsf interactingdrivers
of change or critical uncertaintiéd/eimerJehle 2006; Kosow ar@dalRner 2008 A CIB madelling
process begingith determining a set afescriptors which are the most important and uncertain
drivers ofchangeinfluencing the futue of a system. file uncertainty of each descriptor is represented
by a small number (i.el to 4) ofvariants or mutually exclusive aieomes. In CIB, a scenario is
made up of the selection of one variant for each descripters/Biemic interactions beteen
descriptorsare determined by considerimfluence judgmentsetween variants. Thegudgments are
the drect influences of the $ection of a variant from one descriptor on the selection of a variant
from another. Influere judgments are captured amjudgment seaiin, as depicted iflable3-1, in
which varians in the row are prometg (+) or inhibiting §) variants in the column, on a scale of
weak (1), moderate (2), or strong (3). Interactioith wo direct influence argiven an influene
judgment of zero. Accordintp best practice, each row in a judgmsattion should sum to e(i.e.,
as depictedn Table3-1) to satisfy the principle that the direct influenceh@variant in the row is a
source of selentity between mutually exclusive variants in the column. The influemdggments for

the whole gstem are captured incaossimpact matrix
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Table 3-1: Example of ajudgment section in a CIB natrix

Descrigor 1
Varianta Variantb Variantc
o Variantx +1 +2 -3
-};‘; Varianty -2 -1 +3
é Variantz -1 0 +1

Interrally consistent scenarios are the stable orrs@tifforcing configurations of the maodel, in
which each descriptor exisia one of its vaants. A software like ScenarioWizafd/eimerJehle
2021)is used to alculate the impact tences for each possibéeerario to determine which scenarios
areinternally consistenfi.e., selfreinforcing and stble) or internally inconsitent(i.e., trarsient or
unstable). Scenarios that are internally consistent are evediglausible by mangiB analysts
(SchmidtScheek 2020. A full description of the mathematio$ impact balances and internally
consistehscerarios can be found iWeimerJehle(2006).

3.2.2.2 Social-ecological scenario framework

A socialecological scenariramework was developéd characterize futureharge as
emergent from efforts to build resilience and a complex, €3cake SES. The framewnk depicted in

Figure 3-1 brings together existing knowledge about the dynamics ofcBgSge and the structuoé
the CIB method.
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Figure 3-1: Socialecological sceario framework

Theframework depicts thiuture of an SE&s emerging from socig@cological interactions
across scales (i.giyer basin and globagnd between the systemnsture and actor agency. Cress
scale dynamics are depicted as the influenggadifal changen the river basin scal@Valker et al.
2006; Scholes et al. 2013; Reyers et al. 20M3)re specifically, scial and ecological subsystes
(i.e., social and edogical descriptors, variants, and their interactions at the river basin scale) are
influencedby broader social, economiand poliical settings and related ecosystes., social and
ecological descripts, variants, and theiinteractions at the glab scale), as per the seminal
framework for analyzing the sustainability of SEBtrom 2009McGinnis and Ostrom 2014)

While the CIB méhod evaluates the plausibility of scenarios (i.e., as internalstensy),
balancing scenar plausibility with diversty is important to capterthe potential for social
ecological transformation. According 8EStheory, transformativehange emergdsom the
interplay of topdown structural change with botteap actoragency(Moore and Westke2011;
Westley et al. @13). Thus, actor agency is represented in governdeseriptors, which interact with
structual scacial-ecological descpitors. In addithn, seeds (i.e., smadkcale yet promising innovations
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in the presenassumed to be mainstreamthe future) were imbduced as variants to the governance
descriptors toeflect the view that transformation emgeswhen these marginal innations interact
with top-down structures to scale in higher level systé@eels 20Q; Moore et al. 2014; Bewtt et

al. 2016)

A key characteristic of complex SESs is emergent outcaiRegers et al. 2018; Schliter et al.
2019). In the framework, intei@ions betweenftorts to build resilience and the soe&dological
context implicag sociatecological, crosscale, andtructureageng interactions producing
emergehinternally consistent scenarios. Thus, the ciogsactmatrix that details thesaieractions
defines a stability landscape foetBES, and the internally consisteatnarios are thetability
domains obasins ofattraction(Walker et al. 2004; Folke et al. 201@hanges to the influence
judgments in therossimpact matrix altethe stability doman, shifting the internal consistency of

scenarios and thus genergtimew or altered basing attraction.

3.2.2.3 Participatory scenario modelling

A summary of the &tep participatory scenario modelling process isatiegin Figure3-2.

Co-creating knowledge

(Re)integrating knowledge

Literature
Round 1 Round 2 validation & Scenario Strategy Debrief
interviews ™ interviews sensitivity analysis assessment workshop
analysis
Descriptors & Influence Multiple Consistent Implications of Narratives &
variants judgments prototypes SCENAIOS & strategies visual art
statistics
[ I [ I
= 1
v v v

matrix

Cross-impact

‘ Robust scenarios ’
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3.2.2.3.1 Round 1 interviews

Semistructured interviews with 34 experts and opinion leaders in thidR&ted critical
social and ecological dvers of change influencing resilience to climate variability anchgba
visions of a desirdb resilient future, andurrent practices gprojects contributing to that future.
Prior to the interviews, a scanafademic and grey literat@r generated a @liminary list of
descriptors. The documents were gathered fromstady partners and relevakeyword searches on
Web d Science, Scopusnd Google Scholar, and broad themes were translated into descaptors f
eadt category in the saal-ecological senario framework.

Consultation with study partners generated #ialnist of interviewes. Snowball sampling
determined additional irdrviewees until reaching an approximate saturation point. The 34
intervieweeswere recruited to repsent various leels of governance and areas of expertise, with
some interviewees regsenting multiple perspgves. The levels of g@rrance representeddlude
transboundary (10), federal (8), provincial or state (11), mpalior watershed (7), Indigeus
organizatim or governance (5), and general experts (9). Interviewees werésexpepinion leaders
(i.e., a mixture of acadens and practitionerspn at least one of the following: agriculture (8),
climate (11), enviroment and ecology (15), goveance (12), war management and infrastructure
(17), and Indigenous governance (6digenous perspectivegere included through eers on
Indigenous governance rather than Elders due to concerns regarding the ethiasgdhdmpginous
knowledge. Effrts were madeotget participants from both the US and Canada, but a majority (22)
of the interviewees weredbadian. Participatiornallengesvere exacerbated by the availability of

interviewees, particularly as the study wasduded during the COVIEL9 pandemic.

Interviews were conducted virtually with a Miro board following the i protocol in
AppendixE. The preliminary desiptors fom the document scan were used as examples to prompt
discussion, but participants meenmuraged to generate ditional descripors. The interviews were
audio recorded and transcripts were coaelVivo in three rounddn the first round, inteviewee
responses were coded into general themes that roughly fit as descriptors in thategaiies social
ecologicalscenario framewt. Interviewee responses to questions regarding current practices or
projects contributing teesilience were coded gpdential seeds. In the second round, the text under
each category of the model frameworkisgoded with the structuref CIB in mind b generate a
provisional set of descriptors and variants, introdusiegds as variants whexppropriate. Attempts

to draft a description for each descriptor and variant alongside a third round of coding teérlistl
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to 15 descriptorssach with 1 tat variants. While effectivahe process of coding interviews
inevitably introduced subjectity due to the interpretian requred to translate interviewee
knowledge into the structure of a CIB modehese destptors and variants werestiussed with the
case study advisory committee and circulated to all participantsgdback, resulting inosne minor

adjustments.

3.2.2.3.2 Round 2 interviews

A second round of sersitructured interviews with 11 experts and opinioré&sdicited the
influencejudgments to comiete the crosgmpact matrix (i.e., the stability landscape of tHES:
Before the interview, the transcripts fromound 1 interviews were coded a fourth time to identify
relationships between descriptors elntewee statements that eldy indicated e direction and
approximate strength of the interaction were traedlanto provisional infience judgments and
depitedin anetwork diagram. Uncertain judgment sections were highlighted to prioritize the

disaussons during round 2 interews.

Round 2interviewees were topical experts selected in consultation withgartTen of these
interviewees had participated round1l interviews and all were selected due to specific expertise in
at least two descriptsin the model associatadth uncertain mfluence judgments. These interviews
continued until all uncertain flgment sections were dissed. Again, interviewsere corducted
virtually with a Miro board following the interview protocol Appendix E The interviews were
targeteda the most uncéin influences in the model and the expertise of the interviewee.
Interviewees who found tHanguage and structuré GIB intuitive were asked directly for influence
judgments, while others were asked to désdriteractions qualitativgl These descrifpns were
later translated into influence judgments. At this stageeral judgment sectiomgere still uncertain
due toa wide range of ontological (i.e., inherent system variability) and epistemic uncesgéisti,

lack of knowledge)in addition toambiguity (i.e., divergent framinggpewulf and Biesbroek 2018)

3.2.2.3.3 Literature validation and sensitivity analysis

A review of targeted literature triangulated interview data and addressed remaining uncertain
judgmert sections. Because thange of topicsddressed in the CIB model waroad, literature was
generated by apwisiting documents frorthe document scan infoing round 1 interviews and b)

searching Google Scholar, Scopus, and Web of Science for keywtsxdnt to the topics foeach
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judgment ection. A scan of the titland abstract of the results determinedciwimesults were read in
detail to find supportig evidence for various influence judgments. Literature from the RRB context
was used where peble, but other regionalraglobal literatire was used when appropeat

Because most interviewees were expert the river basin seglliterature on the shedsocioc
economic pathways (SSPs) was the sole data source for characterizing influen@njsitgveen
descriptors athe global scaleThe SSPs depict plausitdeciceconomic futures at the global sal
for use in climate chaye researcfNakicenovicetal. 2014; van Vuuren et al. 201 Beveral studies
characterize the implications of difeert SSPs on the regional siea(e.g., highmiddle, lowincome
countries) in a manner that links global descrigteuch as agriculturaharkets, to river basiscak
descriptors, such as the state of the rural ecor{ergy,Calvin et al. 2017; Graham akt 2018). The
SSPs also ticate how diffeent socieeconomic descriptors like global agricultural markets may
contribute to greenhougms emissions. Thus, tB&SB were also used to link global descriptors with
global cimate change. The rationale thiesejudgment sections isethiled alongsid all other

judgment sections iAppendix F

The sensitivity analysiof the remaining unceit influence judgment®Il owed the protocol
described byschweizer and Kriegler (2012)he sensitivity analysis atical, because it was not eg
to assess thexisting quality of data but rather to generater data that helpeidlentify scenarios that
ar e O6r obu sder@inty (ice., tomfind s=dnariasrthat emerge as internally consistent regardless
of t litvit d ®es® i n a). The protocaesignates @ baseline model void of uncertain
influence judgments drthen identifies each gartain influence judgnme as a type | (i.e., new
influences from baseline), type 1l (i.e., adjusted relationships basdine), or type Il (ie.,
combinationf influences) sensitivity analysis. The numersaassitivitiesof these three types were
corfigured into six indepeastentprototypes of the model that represented the maximally diverse range
of uncertainty in te nodd. Appendix Fdescribe the type of gasitivity for each uncertain judgment

section, and\ppendix Gelaboraes the sensitivity anadjs protocol.

3.2.2.3.4 Scenario analysis

ScenarioWizard was used to generate internally consistent scenarios (i.e., batiasiohaf
the SES) for ezh prototype. Th scenario analysis focused on determining whitdrmally
consistehscenarios were commonrass model prototypesid ae thus robust to model uncertainty
(i .e., wvalid regar dl kdatg. The freqdesce siaiids,tbinsvsiatics, ansl 6 |
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the activepassive diagrams for the flifent prototypegenerated further insightBias statistics are
usedto check the quality of influence judgments by revealing systemic bias away from cansisten
scerarios containing a spd#ic variant(WeimerJehle 2021)A bias static of less than 10 percent
was conglered an indication of gnificant bias in the mael. An activepassive diagram depicts the
role of descriptors within the system. The actiumgy-axis) represents theedree to whichhte
descriptor is an impact sowr¢i.e., exerts influences on othesdriptors). The passiweim (xaxis)
representthedegree to which the descriptor is an impact sink (i.e., receives influences from other

degriptors).

3.2.2.3.5 Strategy assessment

In additionto the scenario analysitie inplications of hree water governanstrategies were
testedn the model Thesestratgjieswere discussed by many intervieweasspotentially influential
shifts in the system bwterenct characterized in theodel structureAssumptions were made about
how select influence judgmentsay chage, generating a new molderototype for each siteg (i.e.,
transformations in the stability landscape of the SES, generating new bagirscébra). Thesenew
prototypes werethenmodelled in ScenarioWizdr The results were comped to the original six

prototypes, focusing on internally consistentsg®s, frequency statistics, and bias statistics

3.2.3 Knowledge (re)integration

The final pfaseof knowledge (re)integtan first requred translating model ¢puts into
formats that ould be shared to stimate discussion among participants. Five of thetrdivergent
scenarios were selected from the eight robust scenarios to offer a manageddaefor participants
to discuss. The lehauthor translated tlautputs from ScenarioWira into narratives. Thearratives
describe the RRB under the chosen ciation of variants, highlighting key influences that
contribute to the internal consistgrof the scenario. A localrtist depictedhese scenarios as visua

art.

3.2.3.1 Debrief workshop

A virtual workshop aimedb facilitate deeper engagement with the resMitlile the initial
intention of the wor kshop wa saltypioal réseaech pracesg r at e 6
(Lang et al. 202), time and format catraints led to a moredditional knowledge shisng workshop.

Twenty-two participants were rected from interviewees and the board of the RRBC. Nineteen of
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the 22 participants had paipated in at least one roanof interviews As in the interviews,
participants representedious levels of govermae (with some representing multiple), including
transboundary (9), federal (5), provincial or state (12), municipal or watershed (ggrindi
organization or goveance (4), andeneral experts (5). Imé@ewees were experts opinion leaders
on at last one of the followintppics agriculture (3)climate change (7), environment and ecology

(8), governance (7), water management ansdnticture (17), and Indigeous governanc).

The workshop begawith a presentation of éhrationale, methodologwnd results, using the
narratives and visualtaio communicate the scenarios. Participants were then split into breakout
rooms where theworked together to 1) rardcenarios fronmost to least desirabl®) rank scenarios
from most to least plausiblend 3) discuss how existing initiatives are préimgor inhibiting
different scenarios. In a final debrief, participants were asked whht®wcenario process chaady
the way theythought about the futuref the RRB. This questioserved as a simple dwation in the
absence of more robust pend patworkshop surveys. The full workshop protocol is included in

Appendix |

The workshopransclipts were analyzed usj a simple theatic content analysis.né analysis
focused on sttements that surfacedtentially divergent assumptions about scenaesirdbility and
plausibility, in addition to statements linking existing initiatives ® sterarios. Participant
regponses to the deief questions were ahyed to provide a brodddication of the extertb which
the CIB method effectively helped aca@xplore diverse perspectives and drivers of change in an
SES.

3.2.4 Researcher positionality

Resarder positionality ismportant for trasdisciplinary researdh contexts with diverse
perspectives and intetedike the RRB. The lead author who conductettifivork and interpreted the
data is a westertrained scientist and Canadian settler. Whiforts were made to avogtientific
subjectivity and bias, thipositionality may have ftuenced access to stuggrticipants, the
information participants feltomfortable to share, and how different perspectives (e.g., scientific
versus local or @ctitioner knowledge) were farpreted and iegrated into the scenamodel. These
biases mg have also been influead by the virtual format of the study, whichoatked for the use of
novel tools (e.g., Miro boards during interviews and workshops) \hmilgng participants to thee

who were condrtable with and availaé for online engagemeduring the COVID19 pan@mic.
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3.3 Results and Discussion

This section summies the study results and the significance of the findings for the phases of
co-creatirg knowledge Section3.3.1) and sharing andé)integrating knowledgéSection3.3.2).

3.3.1 Co-creating knowledge: Participatory scenario modelling

3.3.1.1 Descriptors and variants

The 34 round one interviews generated fifteen descriptors, which are the important and
uncettain drivers of change kevant to resikence to climate varialify and change in the RREocial
and ecologicatirivers of change at river basin and global scateke up the structure of the cross
scale SES, and governance descriptors charactéfires¢o build resilience,ritroducing the
influence of actor agenciultiple variants for ach descriptor cover amge of mutually exclusive
outcomes. Severalseed wer e included as variants (e.g.,
transboundary gavnancedescriptor), broadeng the scope afutcomes to include theotential for
transformaibn. Detailed descriptits of these variants are summarizedable3-2.

Table 3-2: Desgciptors and variants accordig to categoriesn the sociatecologica scenario
framework, including scale, structure(S) and agency (A), and type (social or ecologiga

Scale | S/A | Type | Descrigor Variants Details

3 w - Global Statusquo Stable demand faronventional agricultural export§n a

g % g agricultural world in which social, economic, and technological trends (
(@] B o) mark ets not shift significantly from historal paterns, demand for

6' -] n Direct agricultural exportsemains stablg.

f influences of . - - .

n changing gbbal Increasing H_|gherdemar_1d for conventlon_agrlcultural exports(in a
agricultural demand high-economiegrowthfuture driven by status quo
marketdemand consumption, rapid development increases food demand
on the RRB globally.)

Sustainable diets | Higher demand foagricultural exports it meet
environmental stedards(In a sustainakl future, average
global food demand is high asyerty reduction continues,
with a shiftin consumer preference for sustainable and plal
baeddiets.

Everyone for Agricultural demand primrdy within Canada and #US,

themselves resulting in loweldemand for agricultural exports from the
RRB. (In a future with resurgent nationalism and security
concerns, countries pursue food andrgnedf-sufficiency,
isolaing markets toegional productiondepessing global
demand foexports)

= Global climate | Optimistic Net zero emissions by 2050, curbing sewdiratic shifts.
9 6 change RCP1.92.6 Moderate impcts of climag change by 2050.
o~ Global Mi ddle-of-the- Emissions remain at 2018vels to 2050. Significant impacts
Q greenhouse gas| rya of climate diange by 2050.
(GHG) RCP 4.5
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emissions
scenarios

Severe
RCP 7.68.5

Emissions continue to rise and double by 20%¥efe
impacts of climate chamgby 2050.

SOCIAL

RIVER BASIN

Demographics

Urbanization

Moderate population growth (withiprojected randb in

Population urban centres. Continued rural depopulation.

growth &

?r:set%b;gon in Rural revival Moderatepopulation growth (withn projected rage®) with
outmigration torural areas. Revival ofiral economy &
culturallife.

Mass population | Significant pgulation growth (exceeds projected rafige
growth driven by migration to both rural and urbaeas.

Cultural & Private Decision malng prioritizes private landowner interests and

political landowner & economic growth. Environment only restdrorprotected if

drivers economic nearterm lusiness case.

Dominant interests

cultural & Public goods & | Decisimn makingprioritizes pultic goods and environmental

political environmental interests over privatinterests when required. Environment

priorities interests restored or protected to enable letegm resiliece d the
driving decison economy and ecosyshs.

making in the

RRB

Rural economy | Intensive Economy of the RRB continués be driven by intensive

Dominant agriculture agriculture on increasingly largeeale farms. Technological

economg develgpments like precision aggulture offeropportunities for

sectors driving econome efficiencies.

the rual Regenerative Economy of the RRB shifts towdregenerative agriculture

econony in the
RRB

agriculture and
diversification

and diversifies (either within the agricultural sector or
beyond). Technological developmés like precigon
agriculture offer oppaunities for improved sbhealth and
sustainabity. Economy divergies to include smallescak
agriculture and local processing.

Water Adequate Water availaility generally adequati®r demand. Seasonal
availability deficiencies or issues manageable.
Reliability of Unequal Water availability insufficient for demand in some seasons
water locations. Deficiencies orssiesunmanageable, leading to
availavility to unequal accesand competition acrosscaters and
meet demand in demographics.
the RRB . ___ —
(quantity aly) Chro_nlcally Watgr avallabll_lty |nsuff|C|er!t _for dgmand _ass)the RRB for
deficient multiple years in a row. Deficiencies and issues
unmanageable, depressiagpromic activity. Higher rik of
poor heah outcomes, especially mral areas.
Indigenous Fully recognized | Indigenous water rights arfully recognized(E.g.,
water rights prioritizing Indigenous interests over paite interestsvhen
Degreeof required, protectingthe envionment for its inherent value,
recognition of and includingndigenous knowledge in decision making.
Indigenous Status quo Indigenous water rights are notlfurecagnized, perpetuating
water rights and the status quqE.g., de-prioritizing Indigenous interestsiot
values in recognizing inherent vaduof the environment, excludinack
governance and of recogniton of inherent cultural and social value of the
management of enviranment, andexcludingindigenous kowledgein
the RRB decision making.
S b2 Regional Warmer & Gradual increase of avgra annual temperature. Climate
000 S climate wetter variability within recent historical range with overaitrease
W - = Temperatue of annual precipitatio.
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and
precipitation in
the RRB under
a changing
climate

Warmer &
extremely
unpredictable

Gradual increase of argge annual temperatutecreased
atmospheric moisture content increassk of rainbased
summer flood events. Climate variability more extreme ant
unpredit¢able,with both floods and dralts possitd within
the same year.

Hotter & drier Rapid anl extreme temperaturedrease and/or shifting storm|
tracks lead to sever multiyear or multidecadal droughts.

Water quality Improved Nutrient loading ad pollution into the RRBeduced,
Quality of water improving theguality of water within the RRB and Lake
in the RRBand Winnipeg
downstkr)ezm Poor Nutrient loading and pollution into the RRB continue at a
we;tker odies statusquo or hncreasd rate, perpetuating cahination of
(L. e water wihin the RRB and ofake Winnipeg.
Winnipeg)
Ecological Improved Ecosystemtsucture and function are rested orproteded.
integrity Natural resilience toreck (climatic and othei¥ high. Low
Broad irdicator vulnerabilty to invasive species and pests.
for the integrity Dearaded a - a dand d
of natural grade Ecosystem structure an fu_nctlc_Jn are disrupted and degra|
ecosystemgi Natural _rt_asmer_lce to_ slo& (cllmanc and other) is lowHigh
the RRB. vulneraility to invasive speciesmal pests.
including their
stability,

dynamics, and
finatur al

AGENCY

GOVERNANCE

Transhoundary Collaborative Collaboration driven by shared goals between all parties.

govemance Municipal, state provincial, Indigenous, ad federal

Nature of governance entities meaninglfuincluded. Transbounatg

transboundary organizations act amnablers of initiatives.

tghoevglgnce n Cooperative Cooperéion driven by independent goals and interests.
Governancentities discuss when reged, syppated by
formal agreemets. Transbondary organizations are
convenors of intefurisdictional discussions regard
transboundary issues or joint initiatives.

Independent No meaningful cooperatioizovernance entities act
independently and ihout consultation. Formal
transboundary agements frequently brokea pursue
domestic interds. Transboundary orgations are mediator
of interjurisdictional cofflicts.

Data & Patchwork Data collection is patch Modellingand forecasting is
knowledge uncoordnated and without linkageto clear decision pdis.
systems Climatic forecasting capacity not significgnimproved.No

Type of data
and modelling
systems in the
RRB

forum for integration across scientific, local or Indigenous
data anknowledye.

Coordinated &
sdentific

Data collection is comprehewns and shared across
jurisdictions. Modelling anfbrecasting is coordinated basin
wide, withsignficant improvements in climatic forecasting.
Modelling and forecasting have clearkdages® some
decision points. N forum forintegration across scientifi
local, or Indigenousata and knowledge.
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Collective & Datacollection is orgarsied and shared across jurisdictions.
integrated Modelling and forecasting is done collectivelyittwclear
linkages to most ded@n points.Climate forecasting is
significantly improved. Basitwide forum for integratin
across scientific, locabnd Indigenous datnd knowledge
established and maintained.
Government Conventional Government investamts focus on grey/hard infrastructure
investment measures ith large financial disbursements and clear retur|
approach
Type of Enh : : :
resilierce nhanced Government investentsare more flexible to inclde s'oft
MEASUres (e.g, data monltqung), naturéb.g., wetland restoramm), and
supported by grey (e.g.,_reesrvows) !nfrastructure_measures. I_nvestments
disbursed in smaller increments with more flexible returns.
government
investment Reactive Government inestmens focus reactively on emgency
bodies suppot and insurance, due to ifficient spending on
(provincial maintenance, preventativegasures.
state, federal)
Approach to Centralized Hydroclimaticvariahlity (i.e., floods, droghts, and s&sonal
infrastructure infrastructure precipitation) managkwith largescale infragucture,
for resilience including resevoirs, diversions, and intra/intéasin transfes.
Dominant Continued drainage from landscape, inahgduncontrolled
approach to tile drainage. Highly maaged eos/stems with few or namof
water resilience them intheir natural state.
Distributed Hydroclimatic variabiliy managed with distributed system g
infrastructure ponds and antrolled tile drainage.argescale infrastructure
used to supplement distributionssgm ifrequired. Highly
managecdecosystemsiith few or none of them itheir natural
state.
Natural Hydroclimatic variability buffered with natural ecogtgms.
ecosystems Controlled drainage and ponds manage extremes beyond
natur al e ¢ oty whentrequiresl.d argesegbea c i
infrastructureonly built as a last resor®ignificant restoration
of natural ecosystes.
Level of Bottom-up, Bottomup initiatives ae dominant drivers of i&lience.
authority watershed Continued or increased devoiom of authority to locatcales.
Dominant level
thghoovrﬁ;rance Top-_down, state/ Topdo_vvn ini_tiati\_/es are dominaldlr_ivers of resilience.
driving water province Author_lty maintained at sta_te/provmce or federal level,
s resticting local-level authority.
resilience
measures

a2 Representate concentration pathwayRCP) are greenhouse gasigsions concentratiortenarios used by the IPCC.
The numbers represeratdiative forcing (Watts per metrsguared).

b Population projections for the Red RivBash ae not readily availde. Manitobaprojects the population wiyrow from a
baseline ofL.35 million (2017) tdl.57-1.95 million by 2043 {ttps:/www150statcan.gc.ca/nl/en/p@i#-520-x/91-520-
x201900%eng.pdf?st=uNIpAOv). North Dakota prajcts the population wijrow from a baseline of 0.67 million (2010) to
0.92-1 million by 2040 fttps://mwww.commece nd.gov/censu¥/Minnesota projets the population will groirom a
baseline of 5.8nillion (2019) to 6.46 riflion in 2050.

3.3.1.2 Influence judgments and multiple prototypes

The influence judgments characterize seeialogical and crosscale inteactiors between

descriptors anglariants, gnerating a stability landape for the future of thRRB as depicted in
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Figure3-3. Arrows indicatgudgment sections containing naaro influence judgments between the
connected desimtors. Falowing round 2 interiews, manymfluence judgments were umtan,
primarily due to dack of knowledge abouhe system (i.e., lack of clarity from interviees and
literature) and ambiguity (i.e., multiple interpretations of the system fintenvievees and literature).
The dashed lies represent influence judegmts that remained uncairt following the literéure
validation. The influence judgments and thaipporting evidence are summarized\ppendix

The sensitivity analysis generatgis madel prototypes, which tagther represnt the maximally

diverse rage of uncertainty in thenodel.
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Global climate change
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Figure 3-3: Descriptors, variants, and influence judgments in the scenario model. Arrows
indicate judgment sedions containing nonzero influence judgments. Dashed lines @esent
influence judgmerts that remained uncertan following the literature validation. Bi-directional
arrows represent two influence judgments (i.e., in each direction), which are §tified by
different rationales.

3.3.1.3 Consistent scenarios and statistics

Thesix prototypes were angled in ScenarioWizar@éach generating 13 to 23 internally

consistent senarios. The scenarios describe picturedfutures for the RRB under climate change
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and ae hasins of attraction othe stabiliy landscape of soci@cologcal interactions definely the
influence judgmets in each prototype. Eight of these scenaniege robust to model uncertainty,
depicted in the scenario tablealFigure3-4. In the talleau, one senario is described by the Vemts
listed in a verticecolumn (enriched by #hdetailed descriptions for each varianTable3-2). A

description of the robustness criterion, in &idditoabroader set of severme scenariothat were

less robust, are éfuded inAppendix H

Scenario # 3 ] 1 6 5 I 4 I 2 7 8
AL Status quo Sustainable diets Higher demand
markets
Glohal elimate Moderate Optimistic Severe
change
Demographics Urbanization Rural revival Mass growth
c“"?‘fe & Private Public Private Public Private
politics
Regenerative
Rural . ! . . ’
econom Intensive agriculture agriculture & Intensive agriculture
Y diversification
Water -
availability Unequal Adequate Unequal Deficient
Indigenous Fully Fully
water rights SHnsaHs recognized SesHs recognized s o
Re_glonal Warmer & extfgme Warmer & wetter Hotter & drier
climate unpredictability
Watfer Poor Improved Poor
quality
E_colog!cal Low High Low
integrity
Transheundary Independent | Collaborative | Independent Cooperative Collaborative Independent
governance
e & Patchwork C?ollecnve = Patchwork | Coordinated & scientific Qollectnve & Patchwork COO@na}gd
knowledge integrated integrated & scientific
(_;overnment Reactive Conventional Enhanced Reactive Enhanced
investment
Infrastr_u_cture Centralized Distributed | Centralized Distributed Natural Centralized | Distributed
for resilience
Level of
authority Top-down Bottom-up Top-down Bottom-up Top-down

Figure 3-4: Scenario tébleau depicting 8 robust scenarios. Scenario numbers are listed along the

top of the tableau(note: scenarios are notn numerical order as they were rearrangedrom
their original ScenarioWizard output to imp rove readability).

These scenarios reveal iorpant insights into the future of the RRB under climate change. For
example, indepersht goernance, patchwork datand other geerally undesirable governance

interventions tend to eoccur (e.g., scenarig 8, 7), contributindgo poor environmental ocbmes.
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More desirable governance interventions such as collaborative governancegrateéhdata also

co-occur (e.g scenarid, 2, 4, 5), improving enviranental outcomes. Stillhe state of global

desciptors has a strongfluence over environmentautcomes, sometimes overshadowing positive

governance interventions (e.g., scenajio

Figure3-5 depicts the approximate actipassie diagram. Descripts in the top left

guadant, such as Indigenous water rights, havighlfinfluential role on the system. Descriptors in

the bottom right quadrant, such waterquality or ecological itegrity, arestrongly influenced by

otherdescrptors in the systenDescriptors in the topght quadrant, such as the rural economy, are

both strongly influencing and influenced by other descriptors, and thus are cortnesiaglex

system behaviofWeimerJehle 2Q1).

Active sum

2L

10+

| | 1 |

Passive sum

10

Al: Global agricultural markets
A2: Global climate chane

B1: Demographics

B2: Culture & politics

B3: Rural economy

B4: Water availability

B5: Indigenous water rights
C1: Regional climate

C2: Water quality

C3: Ecological integrity

D1: Transboundary governance
D2: Data & knowledge systems
D3: Government investment
approach

D4: Infrastructure for resilience
D5: Level of authority

Figure 3-5: Active-passve diagram. Elongated circles represent devians between prototypes.

The only variant with a bias statistic of less than 10 peéisghe n &t ur a |

ecosystems.

approach to ifrastrudure for resilience (B to 8.3 percent). Thisias is due to restrictg influences

80



from several variants includingnantensive agricultural economy, reactive or conventional
government investment ap@hespathwork data and knowtige systemsnd private economic
and landwner interests. Correaty this bias by adjustinthe influence judgments associated with
this variant would require changes that deviate significantly from supporting evideribe, lsies

was accepted for the alysis.

Together, he bias statistics arattive-passive diagrameweal important implicans for
resilience in the RRB. The presencestbng restricting influences on the natural ecosystems
approach to infrastructurerfoesiience indicates that traformative biange mg be required in
seveanl areas for a natural @eystems approach to bminstream. Additionally, the complex
behaviourassociated with the role of the rural economy (i.e., due to its combined audipassive
role in the system) revisathat isoated eforts to shift away frm an intensive agricultat economy
may have ungxected consequences. Importantly, the actileeabindigenous water rights, in
combination with the concurrence of full recognitimfrindigenous water rights witinore desirhle

govanance outcomes, revsats potentially cornatone role in realizingesirable outcomes overall.

3.3.1.4 Implications of strategies

The strategy assessment evaluated a collaborative response to scarcitgrkaidom
ecological goods anasvices, aneffective demand managemeas described ifiable3-3. These
strategies redefined specific influmnjudgments, shifting the stability landscape of sestalogical
interadions in wg/s thatmay contribute to transirmative chage.Appendk Jdetails thaationale for

thechangesni influence judgments.

Table 3-3: Summary of redefined influencejudgmentsin strategy assessment

Strategy Description

Collaborative Chronicdly deficient water availability promotdinstead of restricts)

response to scarciy collaborative and coopeiligt transboundargovernace

True market for Ecosystem goods arsgrvicesare \alued in he econom (e.g., vater quality ad

ecological goods and | ecosystm services marketsprivate economic intests promote (instead of

services restricting regeneratie agriculture and distsuted/naturahpproach to
infrastructure

Effective demand State of the rual economyand demographicsorlonger diredy influence water

management availability
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Many participantsliscussed the importanoéacollaborative respnse to scarcitybut the
model showed that collaboration alone does not change outcomesdaea! For exang undeithe
assumption thahe centralizd infrastucture approach is the most effective riesilience, some
chronicdly deficient water avaability outcomes are awed, but governanceutcomes deteriorate
This surprising result iswk to feedbackffects; fa example, shiftinghe relationsip betweerwater
availability and transboundary gawance indirectly influeces the approach to iafstructure for
resilience which in turn influences water availabilityn contrastjf naturalinfrastructurds assumed
to bemost effectve for improving resilierce, the collaborative response generagsficant
improvement invater availability andjovernance outcomeghus collaborationin combination
with enhanced investment approacteesollective andntegrateddata and knowledggystem, and

recognitionof Indigenous water rightscan improvewnater availability.

Thetrue market for ecologa goods and servicadealy increased thérequency of
preferred outcomeig the scenario resul{ge., adeqate watervailability, improved water quatly,
improved ecological integrity). Additionally eseral consistent scenasiflip from an intensig
agricultural economy tocegenerative agriculture and diversificatitmportantly, this strategy created
the least bias¢ model prototypen which no vaiant has dias statistic under 10 percent. Thugua
market for ecologial goods and servicesially decouples environental and economic goals,
creating an enabling gimonment for diversified and regemive agrculture and desirdé ecological
outcomesHowever, some consistent scenarios shitiyafrom fully recognizedndigenous water
rights, collaborative governanandcollectivedataand knowledgesystemsThisunintended
consequence is because enthis vesion of the modeknvironmentabutcomes g no longer
contingent on an inclusiveogernance context. Thu$not pursued carefullya true market for
ecologcal goods and services risks creating an enuemtally desirable but socially undedble

sygem.

Few participats discussedffective @mand managemeritut several consisteatenarios
flipped towardimproved water availabily (e.g., chronically de€ient to unequal; unequal to
adequate). This fofing reflects the direct impact ofchecing anthropogenic pressui@n water

availability.
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3.3.2 Knowledge (re)integration: Debrief workshop

The knowledge (re)inteégtion phase was isolateéo a simple knowledge ahing workshop (as
discussed irsection2.3), which focused on translating model oupinto mae accessible forns
and stimulahg discusion among participants. Five of the digtrictly robust consisnt scenarios
from Figure3-4 were selected for the debrief workshop to keep the number of scenarios mamageabl
for paricipants. The scem@s were seldged by induding the most diverse scenarios in siet.

3.3.2.1 Narratives and visual art

A local artist @picted thescenarios asisual art, involving two rounds of feedback with
researchers. The artist depictions shownm Figure3-6. Thenarratives for the five selected

scenaios are included ir\ppendk K.

1: Friends in ecolo

Figure 3-6: Artist visual depictions of 5 divergent robust scenario$or debrief workshop. Artist:
Rhian Brynj olson
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3.3.2.2 Sharing and discussion

The workshop breakosessions splihe 22 participants in to breakout groups, eagtith
three to five partipants and a facilitator. During the desirability ranking exercise, participantdagree
on the lest and worstcasescenarios andiscussedmplicit tradeoffs. For xkample, partighants
discussed scenaribas desirable, but regoized it only seems to befit those with power.
Participants also recognized that the most desirable scénariscaario 2) representethe most
sigrificant transformation from the stz quo. Yet, pdicipants in two groupstated that many
aspect®f scenario 2 are alreadygcurring at small scales.

Participants agreed that the most plausible scenarid20@) werehose that do natepart
significantly fromthe status quo. Differegiroups rankedifferent scenarios as repplausible (i.e., 1,
3, 4, and 7), surfacing ingptant assumptions about the future. For example, participants thought
scenarios coniaing theoptimistic global 6mate change wtcome arémplausible, and that impved
social owcomes (e.qg., full recodgion of Indigenous waterights) are more plaudiébthan improved
environmental outcomes (e.g., high ecological integrity). This cendid in tie plausibility of fill
recognitionof Indigenous water rights is noth#y given its ative role in realizing dsirable scenarios
(Secton 3.3.1.3).

Participantgdiverged more significantly in the discussion regarding how efforts to build
resilierce contrilute to scenario oabmesFor exanple, one goup thought a planned fidwater
diverson scheme project promatéesirable outcomes farater availability (e.g.scenario 2), while
the other discussed how such lasgale projects reinforce systeithat arenot resilient (e.g
scenario 3)This findng shows that participasinot only holddivergent perspectivebut that

participants myinterpret scenarios aaating to their different views and interests.

The debrief at the end of the workshrepealedhat the scenario pcess was valiwe for three
reasons: to make sensiecomplexity,surface different persptves, and affirm thealue of
collaboration. Pdicipant quotes supporting each of these statements are includpdendix L, but

examples intude:

il do kibchangedhhe hthough about t he basin, buté

scenario apmrach is just so effectivédt presents a rangena you

sort of look at thee different gradations along the continuum and |

just think it @&rgwaytwconsidecdrring aoplex, excel |
situatiors . 0
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fi [ Wave] done a lot of work okind of how deision-making is
informedby both kind of factsrad evidence butalsopesg t i ve s é
Being in these breakout groups is a good reminder that we all have
priorities, biasesand just differenplaces fromwhi h  w erdinge ¢
to. o

Al t wa @ reminderdhiby bringing people togeh er é ar ound
scenariosike this may actually chge the way our future is shaped
and how we prioritize. O

3.4 Study implications and conclusion

We fadlitated a transdigplinary scengo modeling process in the RRB thaxploreshig
pictureédscenarios of aver basin under climathange, characterizingtiire change as emergent
from interactions between diverse efforts to build resilieamata comlex, crossscale £S. We used
CIB to structire the process, a seqpilaritative scendo method that has beenderutilized in SES
resarch. In doing so, we s aimed to explore the potential for the CIB method to surface diverse
perspectivesral driversof change in SESsThe resultingbig picturedscenarios reflect a mer
integrated ad systemic picture thas bffered by many quatdiive scenario modelsd narrative
scenario method3.o our knowledge, this is the first study to apply @B partcipatory,
transboudary context texplicitly characterize SES changdfeoing important implications for the
RRB and sustainability search broadly.

3.4.1 Implications for the Red River Basin

The study results surfaced three important implicationthe RRB. First, the intmally
consistat scenans depict multiple basins of attraction fbe RRB. The scenariostegratea wide
range ofdrivers, from global atcultural markets to Indigensuvater rights and water quality, and a
broad scope afutcomesThe seed conceptéi, smaliscak, preseninnovations at scale) pushed
governance deriptors toward more tnaformative scenariog\ctors may use these segios in
strategy and policy nking, pushing discussions toward a richer scope ofoous thamay

otherwise be ausidered.

Secad, the CB matrixcharacterizes the RRB as a compeability landscape ofogiak
ecological interations, exposing influerdl variables and feedbacks tlefect the trajectory of the
future. Actors may uséne findings of the CIB analyis to enrich tkir undertanding of the system,

helping leverage caerstone drivers of chaade.g., recognition dhdigenous water rightgulture
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and politics), situateolutions within a bigger picture of socetologicalinteractons (e.g.,
collabortive governare only impoves water availability if accompanied &ysuite of other enabling
governance conditionsQnd connect existing itmatives to their potential leg-term implications (e.g.,
large-scale infrastructureontributes to resilience itomplex and caested wag).

Finally, the sensitivity analysis gamag¢ed scenarios that am@bust to uncertainty yeevealed
uncertainty ad disagreement regarding hovivers of change interact. Actors may direct research
efforts toward lesser understd but importahinteractons, such as between the state of the @zgn
culture and politicsand Indigenous governee. More targeted andtegrative studies may analyze
the systemic effects of diverse efforts to build resitie. In ddition, participabry and delibeative
spa@s are required where actors can exposeleedss divergent persgieszes and interests in

resilience.

3.4.2 Implications for sustainability science

The study offers important implications for sustain&psicience First, the CIB m#od
synthesizd the expdise of diverse participants by integratidrivers of change remented by
guantitative €.g., water quality orlienate) and qualitative knowleg (e.g., culture and politics),
enabling the developmeof dig picturédscenariosimportantly this integation process required a
O6meet | hetHhapmr dd cdb, deriving desctipterand vawamts from highdetailed
guantitative stude sacrificed some degree of numerical granularity,enhdrivingdescriptors and
variants from quhtative theories and experiences sacrificed nareatighness. Moreover, thEocess
of quantifyinginfluence judgments heljgl make assumptions about hogsdriptors interact explicit
but were difficult to quatify in the matrix format ofCIB. Thus, ouistudy demastrated the
opportunities and constraintsn t he O meed® pP mo ¢ & = pplyitrebgdenarioe d t o a
modeling approach, which affirms éhpotential for and guides more widespread adoptice i
guanitative scenario nteods like CIBin the todbox of SES modelling approaches.

Second, senarios are often useal ihake the inherent urgdtictability of SESs exeit, but the
complexity of SES change means that there are significant gaps imthel&dge equired to
systemadtally model tte future.Rather than setting rigid assumptions tteguce or ignore this
uncertainty, our approactof sensitivity analysi§i.e., using multiple prototygeto identify scenarios
that ar e 06r otaintees)demonsirates bnd mdtiplesposibée appraches to

acknowledging and systematicalljnbedding a wide range ahcertainties into thecenario process.
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We urgesustainability scientists ugirscenarios to draw from our experience to ensure soena
validity by addressing #hfull range otuncertaities (Dewulf and Biesbroek 201&) a metha- or
context specific ad transparent way.

Third, we demonstrate these of a unique guiding framework to structure the development of
dig picturédscenams. Many senario studies ugeameworks lik STEEPV $ocial, technological,
economic, environmentgdlitical, values) tomaximize the scope of igders(e.g., Proskurykova
2022) or frameworks like Three Horizons characterize transformatig8harpe eal. 201§.

However, few saeario studies ting togeher the details of these frameworks with timque

capacities of indiidual scenario methodand thus miss out cnmore systematic and transparent
scenario development process. Instead, we devekamedriosinderpinned by a ueue social

ecdogical senario framework$ection3.2.2.2), which hings together existing kmdedge about the
dynamic of SES change andetlstructure of the CIB method. Thus, our study demonstrates the value
of developing ad using uigue guiding framewarks in futureapplications of scenarios in

sustainability science.

Finally, sustainability sentists should refleatpon the ways in whigtdespite best efforts,
every scenario process has limitations that excludes cedeipgztive and drivers. Inhis study,
focusing on rdust scenarios may have masked divergemiasi®s that are internallyonsistent only
under narginalized assumptien Similarly, the positionality of the researchers and the choice to
avoid coding Indienous knwledge limited thedegree of Indignous partipation, inhibiting
opportunities to geneate scenarios that challge dominant narratives.ur t her , thehe O meet
mi ddl eé approach required to formaludlede i ntervi ev
Indigenous knowledge due ethicalconcerns andnay favour scientific knowledge over local
practitioner knowledggiven the academic bias consult literature nder uncertainty. Lastly, our
study focused on a rigorous scenario development agprbatthe i n a | pbwedge of O6kn
(re)integratiordlacked the deep collaboration required tibyfoeintegrate findingsni the research
context.Moreover, we did notse robust frameworks for evaluating learning through the process
(Baird et al. 2014)Future appcations of scenaos in sustainkility science can draw from the

limitations of our stdy to improve theigor and impact of scenarios.
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In sum, our analysisurfaced significant complexities surrounding efforts to build resilience
and affirmedhe potetial for the CIB méhod to genera&tunique msights about the trajectory of SESs
and oppdunities for systmic irterventions
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Chapter 4

Operationalizing ambiguity in sustainability science:
Addressing the elephant in the room

4.1 Introduction

Transbrmative change isequired for hmanity toovercome the root causes of'Zkntury
environmental criselike global climae chang and biodiversity los@Jnited Nations 2015; Patterson
et al. 2017) There is growing agreement that for sustaiitgscience tocontribute o this changeit
must bidge the scienceociety interface through actiaiented, imegrative, and pluralid¢nowledge
production(Carnell et al. 2013; Canlin et al. 2020; Fazey et al. 2020he research paradigms of
trarsdisciplirarity and knowledgeo-productionhave emergd in response to this call, offering
promising contributionso the future of sustaibdity science(Lang etal. 2012; Brandt et al. 2013;
Klenk and Meehan 2017; Chambers et al. 2028}, in their &ort to make sense of andflnence
contemprary sustinability issues, these paradigms grapple with persisterigaityb(i.e., existence
of multiple frames), whik issurfaced by the plural values and perspectives of diverse actors involved
in knowledgeproduction, resistance to tagrationvia any singula frame offered by an individual
discipline, and the inherenbmplexity of sustainabty challengegLeach efl. 2010; Preiser et al.
2018; Dewulf et al. 2020; Turnhout et al. 2020)

The ambiguity hat permetes transdiscipling research cages seve challenges. Ambiguity
generates misunderstanding and cohfiihen collaborating aoss paradigméStrang 209;
Turnhout 2019)and potentially incommensurate frames may emerge from different theory
orientations informed by diférent ontologial (ways & being) and epistemological (ways of
knowing) commitment$Kuhn 1970; Hertz andc®liter 2015) In a common nmtapha (i.e., the
O6blind observers and the el e mltogprodudion processesaar ¢ her s
standing toolose toi or blindly grasping foi part of the elephant (i.egality) to embracette
partial,and ambiguous, contridotstheir observations play in relation to a complex whole.
Additionally, local andIndigenous knowédges are increasigly called uporin scien@ and policy
processes for their unique contribution to mavkstic understadings ofenvironmental change
(Klenkand Meehan 2015; Rathwell et al 13) However, knowledge integration processes @an b
risky asthese marginalizeftames may beo-opted,reduced, or instrumentalized by more dominant

scientific perspctives(Ocholla 2007; Sin et al. 2020; Goodddi 2021). Moreover, in the cases of
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disagreement or incommensurability between frames {@gveera critical social sience and
natual sciene perspectivefhe more dominant frames are viewed as neatrdlobjective while
margnalized frames are caa$ wlitical or subjectivgTurnhout 2018; Turnhout et al. 2020hese
challenges have aéworld implications Brugnach and Ingran§2012)post that failures of more

integrative natural resource managetmem be attributed toraishandling of ambiguity

While the challenges of ambiguigmerge through research practice, ambiguity itself is a
slipperyconcept. The litetare on unceriaty first recognized ambiguity in differing interpretations
of numberqFuntowicz and Ravetz 18Pand the subjectivitpfamo del 6 s system bounda
(Walker et al. 2003)Dewulf and Biesbroek (201&yoadenedhis defirition, defining amiguity as
fi ¢ diatsthetveenfundamentally different frames about the issue at andadifferentiating
ambiguty as distinct from egitemicuncertainty (i.e., lack of knowledge) and ontological uncertainty
(i.e., inherent vaability). In sustainabilityscience, ambigty has ben discussed through the systems
ontology of the dominargodal-ecological systems E5) perspective, whichiews inked human
natural systems as complex adaptive sysigiokke 2016; Reyersetal. lFrombhi s vi ew, fAwe
canna know complexhings conp | e t(@illiess 8002 p.1), so ambiguity arises from complexity
because any knowledgedaxdes pertinent systncomporents and relationship elemeiiidatthews
2006; Preiser et al. 2018, 2028ciene and technologstudies also hidlghts amliguity as
emergnt from pluralism, where actors with diverse knowledgesym®diivergent framings i
interact and challemgdomhant system structurg¢seach et al. 2010; Stirling 2014 his latter
interpretéion reveals hav ambiguity involve the inexricability of epistemology and ontologyi.e.,
framings are interventiorteat both emerge from arsthape future action.hlis, anbiguity appears to
be a feature of complexity, but its origins and eepistemabgical dimensias remain unclear.
Referringt o0 t h ee séebalricnhde rrs and t he el ephansmél heeg,braphor :

feel adifferent part of thelephantfrom others? Or are they seeing different animals entirely?

Differentliterature operationalies aspects ofhe dallengegpresented banbiguity. For
example, epistemological pluralissmldressethe multiple interpretationgproduced by diverse
knowledgesystems through limited forms of integration, weaving together multiple framteelop
an emiched picture whag maintaiimg their indivdual integrity(e.g., Martin 2012; Tengo et al. 2014)
Similarly, the STEPS pathways sustainability apprad graoples with the interaction between
constructivist perspectives (which produceicai reflection between differerframings)and

positivistperspectives (which present a single objective reality) hawdthey can togetherfiorm
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more holistic angbluralist sustainability resear¢heach et al. 2007)n contrast, some seminal work

that speaks to thbroader goals cdustainabity addressethe multiple frames produced by

ontological pluralismand tlus completely avoidsitegration(Goodman 1978; §€obar2018) For
exampleVervoortetal(2015)s uggest Go od ma n 6 sappropriate fardemakforn gd6 as
imagiretive tranglisciplinary pocesses that aim to contribute to sustainability transfoomati

because intt od magh Icead, byGaddmgoutyfuburegsindependentvorlds rather than

different narratives of theame worldl Emerging literaturdakes a dferent perspeive on ambiguity

by turning attentiofback onthe researcherthemselves, includingp¢ role of theiunique

positionality and capacity in navigating thmbiguities of transdisciplinary resean@hg., Haider &€

al. 2018; Chamberet al. D22).

This exsting literature conceptualizes and operationalizes aspfeatstiguity, offering hits
of how it can be undstoodand addressed in sustainability science. Yet, much of sustainability
science sti operates frm a middle space gither sitiated omfortally within a singular frame nor
explicitly aware of or addresg the elephant in th@om1 i.e., ambiguity. 8stairability scientists
operating in this middle space may embrace complexity andstadd the neefibr pluralism
broally butstruggleto overometheir tendencyo evaluate knowledge agairsssingular
@ nambi frame.ln sudh cases, ambiguity iohexgicit yet persists, leaving research vulnerable
to the risks and power dynamicssaciated withuncritical knowledg integraibn and
transdsciplinary collaboration. Sustainability science needs newejats and tools to opdi@nalize
ambiguity in aholistic and reflexive way, which can further strengthen the legitimacy of
transdiscifinarity as a esearch paradigm dmake thedaptve and energent nature of the
transdisciplinary research journey meselicit and deliberatéMcGowan et al. 2014Moreove,
doing so can aid sustainabilggientists trying to entdror gesture towardt he O®p &d ed |

between frenes requied for truly plralist transdisciplinary resear@@oodchild 2021)

Operaional research has a miaftecade history grapplgy with ambiguity, dfering an
opportunity for sustainability science. Operational aesle began witlthe use of hard syems
modds underpinnedby expertdriven positivism, followed by a second wave oft sylstems
approaches undginned by an interpretist perspectivdMidgley 1989; Flood and Jackson 1991;
Jackson 2019Divergence andanflict betweerfirst and second awve approehes emerged @hgside
the observation that understandings of a problemnahdat const bvemesat @&s méay mpha

significantly when system cundaries are alteréd@€hurchman 1970) T h u s , Churtsthmanods
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critique d the systems appach launchkd a third crical-emancipatory wave called critical systems
thinking (CST)underpinned byenets oftritical awareness, emeipaton, and pluralisn{Flood and
Ulrich 1990; Gao et al. 2003; Matthews 200&)ST eplicitly grapded with both the anceptual
challenges assated with ambiguity, including theoretical and methodolaigituralism and
paradigmincommensurabilityMidgley 1989, 1992; Ulrich 2003)and the need for practical
frameworks that operationatizambiguity though reflection osystem bondaries(Ulrich 1983;
Midgley 2000.

Emerging research points to the premg lens offered by CSDf sustainability reseah (eg.,
Helfgott 2018; Rutting et al. 2022)et the use of CST concepts and tooKtilsmarginal Thus, we
were moivated bythe opportunityto bridge key concepts, frameworks, and lessons from CST
literature to the challengesesented by ambiguiip sugainability science. The resulting insights
aim to establish 1) a holistic cont¢ealization ofambiguity that ada@rsses it®nto-epistemolgical
dimensions while prioritizing its operationalizati@md 2) recommendations fbow sustainability
scientistscan operationalize our conceptualization of ambiguity as a valuable meansesfsauyl
sustaimbility challengesSection4.2 introduces or rationale for using system boundaries as the
primary lendrom which to conceptuale and operationalize dmguity in sustainability science.
Section4.3 introduces our holistic conceptualizatiof ambiguity which is comprisedf three
simultaneous ahinteracting boundary processes of being, knowing, andvériemg in complex
systemswhich are each elabdealin turn. This conceptualization of ambiguity inforr8gction4 4,
which offers twooverarchingecommendations fosustainabilty scientistsa operationalize
ambiguity. First, we discuss how key lessdrom CST point to the el to consider the poteal for,
and consequences of, paradigm incommensurability and discordant pluralisiorahdeningie
theoretical oentation ofsustainabilityscience to all three boundary processes (i.e., being, kgowi
and intervening) in auholistic conceptualizion of ambiguity. Second, we presdreflexive
Boundary Critiqguealongside four casdugly reflectiors to introduceanddemonstrat an operationa
framework that aims to help transdisciplinary researchatbrace ambiguity as anfdamental part of

rigorous susiinability science. We conclude with a discussion and conclusid@ectiond 5.

4.2 The importance of system boundaries

Ambiguity is often disussed as a feature of complex systems. Complexity emeogedhe

systems approadnd has been studied frorarious perspectiveBateson 1979; Prigogine and
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Stengers 1984; Rosen 1991; Cilli@@98; Levin 199). Following conficts betwen the first ad
second waves of systems thinkifMidgley 1992, 2011)critical systems theorisesmphasized the
role of prgmatisn in operational research, which viewsskmowledge as partial, contextual, and
contingentasi t i s 0 D apprehsdgnoricdntextully) the wholes y s t (Matttiews 2006
p. 183. This view drew attention tthe importance of systeboundaies, which are not valutee
and fixed entitiesletermined by the structure of realibut reher depend on thgubjective and
valuelladen choices of individuals setting and reinforcing themegent epistemological briea
moved away from the re&tted complexity of this systems approach (i.e., studying specific types of
sy st ems nplax)téward gefiecalccongxity (i.e.,theview that any system is complex),
drawing attention to the relatiship between the wholgstem and its pari@orin 2008;Preiser et
al. 2018)

This latter view is compatible with the dominant SES perspeittigsasainability science,
which views linkel humarand natural systems as complex adaptive systems (CAfasacterized
by key featues such as dynamic relat®andcomplex causalityl evin et al. 2013; Preiser et al.
2018) The unique characteristic ©@ASsfurther explain theontextual, parél, andprovisional
nature ofsystem boundaries. CASs are radicapen as information, engy, and matter are
consantly exchanged across a permeable boundary between the system and its env{oraisent
etal. 2038, 2021) They arealso constitutedelatiora | | vy , meaning a serymised e mods
more by tle nature of its interactis than individual componés, and these interactions connect
systems in nested hierarchies across spatial and temgpaled(&Sunderson and Holig 2003; Cash
et d. 2006 Preiser et al. 2018Yhese features render the exteb@indary conditions astiggral to
system behaviaas thesystemstructure ananake it nearly impossibl® tdecide which system
components are iide andoutside the systeifduarrero 1999; feiseret al. 2018) Thus, any
representation of the system &riial, provisional, andebendent on subjective sigsn boundaries.
The chosen boundaries generate one of multiple partial frames that iceftafeconponents and
excludeothers and are depder on the choices of the observer who is also a parec$ybtem they
seek to undwstand(Cilliers 2001; Auduin etal. 2013; Preiser et al. 2018)
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4.3 Conceptualizing ambiguity in sustainability science

4.3.1 A holistic conceptualization of ambiguity

Given the importance of system boundaries described in Sedtyrweoffer an operational
definition of ambiguity focuseé on baindary processes. This definition emerged through the
discussias presented in Sectiods3.2 to4.3.4. We define mbiguity asanemergent featire of the
simultaneous and interacting boundary processesociated with beingn&wing, and intervening in
comple systemsThis definition draws on three considerations asoteghinFigure4-1. First
Sectiond.3.2 (observerdependence) demonstrates that an operational defioit@mbiguity must

acknowlelge the boundaries of ssearche 6 s s ubj ect i ve or iieflnencatheiron .

experience of complexity drhow mutiple framesare eposed, understap and nediated through

the research procefBeing) Second, S¢ion 4.3.3 (knowledge as laoundary process) demorates
how knowledge about complexity is producetbtigh the process of making boundary judgreen
geneating apartial, ®ntextual, and mvisiond frame(Knowing) This frame may be one of multiple
valid frames of a complex sysh. Third, Sectiod.3.4 (boundaies as intervention) demonstrates how
a resarcher is part of the complexity they seeluhdertand, renderingnyboundary processs an
intervention that reinforces certain frames and margeglithergintervening) These three

processes intact with one another in complex ways, producing eyaat ambiguity.
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BEING

The boundaries of a researcher’s subjective
orientation influences their experience of
complexity and how multiple frames are

exposed, understood, and mediated
through the research process

INTERVENING

KNOWING

Aresearcher is part of the
complexity they seek to understand,
rendering any boundary process as

an intervention that reinforces
certain frames and marginalizes

others

Figure 4-1: The visud depiction of an operational definition of ambiguity—an emergent feature

of the simultaneous and interacting boundry processes of being, knowing, and intervening in
compl ex systems. Thbind@seivensmahdstheelgli @mt t ometha&phor
introduced in Sectionl.

Knowledge about complexity is
produced through the process of
making boundary judgments,
generating a partial, contextual, and
provisional frame

4.3.2 Processes of being: Observer dependence

Our definition of ambiguityacknowledges the boundesiofar e sear cher 6 s subj ect
orientation, whiclinfluences their experience of complexitydamow mitiple framesare exposed,
understod, and nediated through the research proggss, processes deing). This contribution
emerged through reflectiam thelessons of CST literature for sustainability science, which
addresses the obsendgpardence bsystem boundarigbrough the lensf theaetical and
methodological pluralism.

Theoretical and nthodobgical pluralism isan epistemological prindig for CST, which
describes and organizes the simultaneous use and integration of varioms sygteaches that
producediverse interpreitions d a system. Theoretical and methodological pluralism geteflom
attempts to recarile debates between firahd seond wave system approaches by recognizing that
methodologies derived from different @ontradctory paradigms (g., positivist vesus inerpretivist)

offer valid but partial and contextual framgis ofa system. Whiledesr abl e i n ticAleor y, fa

pr agmati smo surfaced in practice as i rmdlédgei dual s
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of their theoretickorigins (Midgley 1992;Bowers 2019)This was perceived as a threat to the field
so critical system themts soughtin appropriatenetatheoretical framework to guide systemists who
were operationalizing pluralism in pramti(Bowers2011) The systenof systems methadogy

(SOSM) is the most prominent of such attempts, guiding myipe of methodologies arappropriate

for the typeof sygem (i.e., simple, complex) and the relationship between participants (i.e., unitary,

pluralist,coercive)(Jacksorand Keys 1984;atkson P19).

While useful for orienting the field of CST, theaiof metdrameworks likesSOSM was
criticized for vo reasns. First, they were too rigid, hewa methodology is used is as important as
the theretical context(Bowers 2A1; Jackson 2019Thus,the focus turned to the capacities and
orientatons of irdividual systemists as theavigated within and agss theries and methodologies
through boundary choices, influenced by the wider context inhwthieyare a par(Bowers2019)
seeSection 4.2. cond, they were considered problematic as all +thetaetical frameworks are
thenrselves a frame, and thesagptian that a metdheoryexists at all assumes theoretical
commensurabilitfGregory 1996)This asamption of theretical commensuraliily emplasizes
pluralism as a form of complementarism focuse@@msensus and integratiamhich risks masking
incommensurge observations through an (inadvertent) form of imperialist plurgl&megory 1996;
Ulrich 20@; Jackson 2019)n other word, anassumgbn of theoretical commensurability can mask
ambiguity, & discordant frames aresdarded or rendered inyid¢ thiough the process of integration.
In response, some critical systems theorists encoudigeordant pluralism, whit assumes #t ary
claimsabout a system are contingent, local, and historiciligted, and promotes conumication

between radicafl different perspective@sregory 1996)

Similar challenges with theoretical and methodoldgibaralism and its implicdons for
ambiguty are &ident in sustainability science. Transdisciplinary redeers operate fromiverse
theory orientations thatrodue multipleframesof sustainability challengg$lertz and Schltter
2015) For eesikemml d ,h (KFolkeét al.010; Fe 2016land t he o6pat hways
sustainability ap r o gdledctdetal. 2010)are prominent padigms in sustainabilitgcience Both
apply a systems approach but are rooted in divergent ontological and episteat@ogns and thus
call on different suits of theries and methods, which offer divengénterpretationsf a system and
recommend@ons for actionWest etal. 204; Haider et al. 2018However, despite widespread
acceptance of the benefits of subbdreti@l pluralism, the dminance of certa theoy orientations

(i.e., the SES perspective) can lead regess to adopt their owas a metdramework thatlescribes
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reality, rather than offering one partial and contingent fr§West et al. 202Ce.g, the Rallacy of
MisplacedConcretenes@Nhiteheadl%67)). I n such cases, theframeundari e
are rendered invisle, asframesthat are inommensuate with the SES perspective (e.g., due to

differing onteepistemological origins) aiastrumentalized or discared as they are bsumedunder

its purview. Relatedly, best practice frameworksifideegrating knowledge steams (e.g., scientific,

Indigenos, and local knowledge) aim to allow each knowledge system to maintain the integsty of
ownframe(Tengo et al2014; Hill et al 2020) However, these frameworks are not mainstream, and
epistenological andntologicaldifferences between fraescan gaerate potentially discordant

perspectives that challenge integration imperativigklenk andMleehan 2015; Turhaut 2019;

Cockburn2022)

4.3.3 Processes of knowing: Knowledge as a boundary process

Our definition of ambiguity baracterizes knowledge aldacompexity as produced through the
process of making boundary judgments, which generatagtialpcontextual, and presional frame
(i.e., praesses of knowingyhis frame may be one of multiplalid frames of the same cotep
system. This contribigtneme ged t hrough refl ect baumanocntiggehe r el e\

andprocess philosdyy to the system ontologyf@ominant perspetives n sustainability science.

CST opeationalizes the subjectivitgf system boundaries thrgh boundary critique.
According to Churchman, boundaries are social and personal constructs that determingstbé limi
knowledge that are ewidered pertindrfor ananalysigChurchman 1970Critical Systems
Heuristics (CSHwas proposed as a framewdo guide reflection upondundaries through
6boundar lrichrn983; Ulichi an® Reynolds 2013 ccordng to CSH,any claim about a
systemdepends@refee nce system, whuobdary madgeaaqtheed ©Ohat
dominant view ofvhich facts and values arelevant, thereby indicating empirical and normative
selectivity(Ulrich 1983) In otherwords,boundary judgmentiiter out and fame whi& observable
and interpreted obsenians are considered rekant to the system or gotem at hand. CSH includes
a list of questions designed to facilitate boundary critique by revealing the sourcetvatiom
power, knowledgeand legitimatiorbehindboundary judgments. Questionsark@d i n bot h t he
modeand t he 0§ ornewaldordiestadandainrgasaMvedgementgJackson 2019kee
Sectiond 4.2.
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Our definition of ambiguity draws dirdgtfromMi d g | e y 6 filogophy(20@0)swhichps
a philosophy of knowledge for CSfiiat views knowledge as @mgent from continuouslynfiolding
boundary processelsli dgl ey 6s process philosophy was inspir
by Whitehead(1978). It proposes alsft from thecontentof knowledge to th@rocesof bringing
knowledge into being, iparticular theprocess ofmaking boundary judgmentslidgley (2000)
claims this form of process philosopbyercomes the subjeobject dualis of other theories that
asume independeabservat on i s possi bliec a(le . foa.l,l ifpbsghg esrm s Koerl il ty
constructtheorya nd Ha b er ma s 0In dtherwerds, pdoess plilsspphy reveals both
first-ordercontent(i.e., the bounda&s of he system) and sewad-ordercontent(i.e., what it is that
gives rise to theseoindaries) via the sameke(i.e, the process of aking boundary judgments).
This lens deviates somewhat from other process philosophers who, as Midgley clairting take
0 styesms 6 t e tobourndaryjwments sanalytically prime, thus renderitigem as
6cont emgs,.M dgl dp d dhilogphyis mmpatiblp with complexity perspective,
which situates observers as part of the systems they seelidcstad. Moreover, it failitates
theoreical andmethodological pluralism, becausailows differenframesreflecting diverse
paradigns (e.g., positivist versusterpretivist) to ceexist without contradictio(Midgley 2000
Jackson 2019)

Sustaindility science relies healyi on systems appachedut has yet to grapple with the
plurality of boundaries andstimplications for ambigty to the same degree. Dission on
boundaries has focused on using ambiguous concepts as boundary whg@sithe poential for
multiple interpretation®f the @ncept (e.g., resilience, stewarigtserves as a tool to fisitate
dialogue among diérent perspective@Brand aad Jax 2007; Pecanha Enqvist et al. 20a8)
boundary work as the discursive procdsx tlelneates science fromortscience in omplex
sustainability issue&Gieryn 1983Miller 2013). Perhaps moselevant is the work oAudouin et al.
(2013) who drav on critical complexityPreiser and Cilliers 201® suggest five key questions that
can suréce the value plgments behind any&ming d an SES. However, this discussidoes not
address the deepento-epistemological comderations underpinning anguity. Interestingly,
discussion about the benefits and pitfalls of boundary settimygateshi e O r elrrdt iodbnal t
sustainabiliy scierce, which focuses on processes axdtions and thus rejedise substantialism
that neessitates boundaries in tlirst place(Hertz et al. 2020; West et al. 202Thus, a process

philosophy focusedrobounday judgments may see to partiallybridge his emerging strand of
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sustainabiliy science (i.e., processlationality) to the langageand system ontology of one
established domains (e.g., the SES perspective).

4.3.4 Processes of intervening: Boundary marginalization

Finally, ou definition of anbiguity situates a researcher as partef tomplexity they seek to
understand, renderiranyboundary processas an intevention that reinforces certain frames and
marginalizes other§.e., processes of inteening) This statement emged through reéiction m the
relevance of boundary critiguand boundary marginalizan from CST to the politial and ethical
implicationsof ambiguity in sustainability science.

The imperative for critique in operational raseh begn with its orientdon toward
intervention(Flood and Jackson 1991; Midgleyd). This positionality reders the boundary
processas a form of intervention lbause iserves to reinforce or marginalize certain framings, which
in turn reinforces pmargiralizes certain actqerspectivesnierestsand assumptions associated
with realworld challenges. Withat critique, dominant aseytions remain unquestionéegcause
boundaries are considered objective and absolute, resulting in boundary riratipmals depicted
in Figure4-2 (Midgley et al. 1998; Midigy 200Q.

Unknown

-——— oy
P -

- Marginalized ~

Secondary
boundary \

Primary

1 Dominant boundary

— -
i

Figure 4-2: Boundary marginalization (adapted from Midgley, 2000)
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Boundary marginalization characterizes posver ¢ynamics between fraes derived from
differert boundary judgments. In boundanarginalization, a pmary boundary delineates what is
includedin the analysis,rad a secondary boundary encompasses everything kramis but
excludedrom the analgis(Midgley 2000 Rajagop&n and Midgley 215) The conceptual region
beyond therimary boundary is marginalide and anything beyond tlsecondary boundary is
unknowvn. The hardening of boundaries occurs in the absence of critique when specific boundary
judgmerts are stabilizedral reinforced bysocial ituals and stereotypes. Accard to Midgley
(2000),if the piimary boundary is privilegd, elements in the margiraea can be disparaged and
become 'profane’. If the secondary boundary attracts atteantid $ reinforced, thethe marginal
elements beome the focus of attention aad e ma d e. Thisglymamiqestifies the need to
6sevep i nd r el eandgerspeciivest Forrexamplei, aperational researchers working with
Social Service Deptnentsin the LhitedKingdom chose to exptiitly recruit elderly populations in
stakeholder engagement. Doingwas an effort to avoid mginalizing their views, whie could

disparage their perspective and thus justify their exclusion from social s(idjatgtey et al. 1998)

Transdisciplinary gstainalfdity researchers are also orted toward intervention, asdp and
their research arembedded in the systems grdblems they are attempting to undanst and
addresgvan Kerkhoff and Lebel 2006; Claet al 2016; Caniglia etl. 2017; Preigeet al.2018)
Moreover, the increasihgtransformative agenda of siainability sciencéShrivastava et al. 2020)
demandsntervention thabpensugl o mi nant frames (i .e., onthebsweeps
language of CST) torebrace the novetleas ad practices from which transfmation emerges
(Westley et al2011; Moore et al. 2014Thus, boundary marginalizati is a relevant means to
characterize the power dynamics between frames and knowlestgens hat influences
trarsdisciplinaryresarch. ler example, a recent reviewasted that Indigenous and lodalowledge
is currently nglected in transformations mgrch(Lam et al. 2020a)This marginalizatiomeflects
historical epistemi@njusticesthatplace scientificknowledgeholders in psitionsof power and safe
from critique(Cundill et al. 05; Cote and Nightinga2012; Gregory et al. 2020\ similar
dynamic applies to the privileging of certain perspectives over others in seemingly toemigrd
knowledge integri#on, siwch as wha qualitive social sciensas translated into quantitae natural
sciences frameorks or models. In such cases, margiadion is perpetuated through political
dynamics that render dominant frames (i.e.himiprimary boundaries) aseutraland objetive and

marginalized frame@.e., within secondary bouades) as political and bjective(Turnhout 2018;
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Turnhout et al2020) Importantly, these processes of marginalizati@amd conversely the accruzl
poweri are not only polital but constitug realworld interventionsFor example, overriding

Indigenous knowledges in natun@source management not only margireditheir perspective, but
forces an ontological disruption in the relationship betweenans ad natue thatelevaessolutions

as®ciatedwith environmental dgradation and social harm

4.4 Operationalizing ambiguity in sustainability science

The discussiombout the holistic conceptualization of ambiguitysection4.3 points totwo
recomnendhtionsfor operationalizingmbiguity in sutinabilty scienceFirst, Section4.4.1
suggests the nddgobroaden our theoretal orientationto grapple with the poteial for and
consequences of theoretical incommensurability and discordant plur&isomd,Section4.4.2
suggest the need taurture thecapacities of trardisciplinary researchers to nigate ambiguit as a
fundamental part of rigorous sustainabilggience. We offer an operational frameworlReflexive
Boundary Critiqueo help @ so,which we adapted from CSHnd refined throgh fourcase study

reflecions.

4.4.1 Broaden our orientation: Theoretical incommensurability and discordant

pluralism

Our firstrecommendation for operationalizing ambiguity is that sustainability science must
grappk with he potential for athconsequences tfeoreical incommensurabty anddiscordant
pluralism Theoretical and methodolmgl pluralism isconsideredn importah means for
sustainability science to bettaddressomplex21% century sustainabilitghallerges(Jerneck and
Olsson 2020; ClarndHarley 2020 andoffers the foundations for exposgjrand grappling with the
implications of ambiguity in sustainabiligcience. Yet, the philosophical stance underpinning such
pluralism is often uncledCodkburn 2@2), leaving researh e r s i uml ladac ol néclmdpi
al. 2018)and reinforcing th myriad risks and power dgmics associated with uncritical knowledg
integration, including those that emerge when interpretations are subsumed uniev thfe v

dominant frameworkge.g., the SES pgpectie, £e discussiom Section4.3.2).

Efforts b exposeand reconcile theigerse theory orientations of researchaspting diverse
methods are emerging respons¢Hertz and Schluter 2015; Preiseaét202). For example, ctical

realism hasecenty been suggesteas an appropriate theoreticalentation for pluralism ah
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knowledge integration in sustainabildgiene (Preiser et al. 2022; Cockburn 202€¥itical realism
is thought to allow muiple frames to coexist withut contradictiorbecauseét differentiates between
the real (but unknoable) and observable worldbereby accepting thatl&nowledge isncomplete
(Collier 1994; Bhaskar and Hartwig 201&his view aligns with the partiaprovisional, and
contingentnature of knowldge undecritical systers theory and thus may help gpple with the

processesf being and knowingSectiord.3.2 and4.3.3) that contribute to ambiguity.

While critical realism offers an important contributifmm opeationalizing ambigity in
sustainalbity science,the expemence of critical systems thests grappling withpluralian (i.e.,
Sectiond.3.2) offels an importat and timely lesson: the search for any organizing +thetary or
frameworkfor pluralism reflets an assumptiorf theoretical cormensuralhity. This assumption
facilitates a complemeattist or imperialist form opluralism that risks maskingmbiguity,in
particularprocesses of intervenir{@ectiond.3.4), as discordant frames are martizeal through the
process bintegration. Fo exampe, the integratio imperative of critical reaim is implicit in critical
real i st sd c lcaniberappidhtadvaluate different abservations through judgmental
rationality (Archer et al. 2016 Howe\er, critical ralism does not addreshe paver imbalance
betveen different knowledge systsor framegqKlenk and Meehln 2015; Cockburn 2022)
Consequently, wite many frameworks in sustainability sciermoay be corpatible withcritical
realism(e.g.,the SES perspectivedther less maingtam phliosophies may ndie; for example,
philosophiesn which epistemology andtology are entwined (e.g., posthumanismg many
I ndi genous philosophies) are noetweeardaiagdned wi t h cr
observablavorlds. Thus, théessonof CST points tdhe risk that integration underitical realism (or
any dher organizing mettheory or frameworkjnayinadvertently result in a form of imperialist

pluralism that reduces or instrumdizasincommensurate framghereby maskingmbiguty.

A discussiorabout the potential for anarsequences dfieoretical ncommensurabilitand
discordant pluralisnin sustainability science is required for transdisciplinary research to address all
three murdary processes (i,edeing, knowingand iervening) that entribute to ambiguity. Withdu
addressing the potentiarfincommensurate interpretations throaggcordant pluralism,
disagreement and conflict between the diverse-eptstemologickorientations of actors wolved in
knowledye prodation becomesannac knowl edgeael ntedmp.hahhesdn drmackn
power dynamics marginalize importantrggectives in sustainability science, including the novel

ideas and practices from whitdansformations to sustaability emerge. Qestionsshould arise in
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response to these challengasch as: under what conditi® could or should any specific lens or
framework (e.g., critical realism, or the SES lens) serve as atheetyy for integratio within
sustainability s@nce? How do wedmndle itommensurate obsations? How can we draw from

alternative theories to opionalize discordant pluralism?

4.4.2 Critique our frames: Reflexive boundary critique

In addition to an appropriate theoretical atation, our second recommeation is tanurture
the capacities of @ansdisciplinary researchers twvigate ambiguityas a fudamental part of the
research process. iBrsuggestion emerged from recognition of the pitfalls of #ttetaries and
frameworks or direding pluralism in GT (see discussiSection 4.3.2 and4 4.1), which lent focus
to the capcities of individual systeists as they navigated within and acrtiesories and
methodologies through boundary choices, influenced by the wider contelticinthey are a part
(Bowers 2019) Reflexvity in particular is ciédas a crucial capacity foramigating ambiguity and
pluralism intransdisciplinary resear¢Ropaet al. 2015; Moore et al. 2018)

The concept of reflexivity has been explored fronows pespectiveqe.g.,Fook 1999;
Salzmar002; Jiinson and Dubene2003; Archer 2016)roadlyinvolving the process of
exani ni ng how one6s awdpacticeslinfluentes the reseadryother wards,,
reflexivity can help translate dnguity from a slippery phe 0 me n o n e&o yrocessthnat can
be embedded in research. Yiehmeworks and tools for nwring reflexivity in sustainability scieee
are still under development and do not offer holistic guidance to operationaligigreeboundary
processe§.e., being, kowing, and intervening)hat contribute to ambiguity.dF example, the
6undiarcy pdompass6d hi g hguiredgohnavigatekttesocessespfdbeingande s r e
knowingassociated with transdisciplinasystainaility science(Haider et al. 2018 ramewaks like
0 c 0 patoidwe a g iprocessg 6f beind ahd ieterveningy det ai l ing how a re
canreinforce or challenge the status quo in service of transform@iweimbers et al. 2022
Additional literature fouses on a reseah e roves angpositioality (Williams 2014; Macleart al.
2022) the ethical demmas that arise from adopting and bimggtogether diffeent methodological
approachegWestand Schill 2022)and the need faecolmization and unleaing for western
trainedscientists to bepen to the legitimacy of othevays of being or knowin{Stein et al. 2020)
Early career researehs increasingly draw from this literature to reflect on how their positionality and

philosophi@l orientation inflences researcluttomegqe.g.,Haider 20%; Macdonald 2019;
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Gonzéalez GaciasMon 2022) However, thé type of reflexivity lacks guidg framevorks and is not

currently incentivized within traditional structures of academia.

4.4.2.1 An operational framework

We developedReflexiveBounday Critique (RBC) as a framework that can bekeedded into
transdisciplinaryesearch processes to operadilize amiguity. The framework is underpinned by
Mi dgl ey 6s pr oSedicn3.3h Rocdssophosophy i appropate for variougeasons,
including thatt is compatible with open syems (i.e., complexitygnd adresses theontextual,
partial, and praisionalnature of knowledge throughe accessible language of subjectieeindary
judgments However claimingprocess philosophgts a met-framework forsustainability science
would contradictour call to embractheoretical incommensusdity and discadant pluralism
(Section4.4.1). Also, by applying process philosophy to develop thegratedramework of RBC,
we risk contradiéhg a cae tenet of proess philosophy by takirgstnce regarding which boundary
judgments werenostrelevant(i.e., procss philosophy views any integrated framework as still
contextual, partial, and provisial). Thus, our framework &mpts to give jst enoud shape to

ambiguity to facilitate critical eflection.

The frameworkwaa d apt ed f r oahboth8afy&rijue@mdiagpliechand refined
through four case study reflectior®etiond.4.2.2).As discussedn Sectiond.3.3, boundary critique
includes a series ofupstions thaéncourageefledion upon the way in which daim depends on its
reference system, arttlis reference system is a product of boundary judgnielivish 1983; Ulrich
and Reynlals 2010. Boundary critige is best appliedlongsde other systemapproaches to provide
them with legitimacy(Jackson 20L1Nicholas et al. 2019 hus, boundary digue offers a unique
starting point from which to build a framework that can be usegénatonalize ambiguity ¥

embedding reflevity i n transdisciphary research.

The questionghat guide RBC are preded in Talde 4-1. The questions move beyotite
process of making boundary judgments about the systemwing), asp er Ul r iatbbubdaryor i gi n
critique to addres thesimultaneous and interacting bodary processes associated witking,
knowing, and intervening in congpl systemsn this way,RBC can enableeflection about firsbrder
(i.e., the boundaes of tke systerfpand secod-order judgmentsgi.e., what t is thatgives rise to these
boundaris). Questions are asked unttex four categories of the original boamng critique: sources

of motivation, power, knowledge, and legitimacy. They are alseciiskba h t he @ghsd and 6
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individuals, point to unresolved bousng isswes and require gresx scrutiny.

c | ar indppint fromevhich juthgment i
a rsdn respoasé hetveen tthese o nfodeg, or batween

Opeationalzing the framevork requires embedding thegeestions throughout the resega

process, including before, during,daafter a research process as needed, both within the research

team and among other paipantsin co-production pocesses. Doingosfacilitatesa delibeative

form of selfreflectivecritique that allows researdfseto learn and evolve their practice aating to

otherwise unacknowledged practical and ethical considerations about ami@guityisiting

guestions ttoughout the resgch pr@essgchangesri response may be recorded @oiht to

emerging unresolvedoundary judgments. Importantly, thisfrawork should be considered a

starting point for reflection to be used, adapted, andrekgd upn as required.

Table 4-1: Reflexive boundary critique

Process of Boundary judgments
ambiguty Sour ces of|é Power € Knowledge € Legitimacy
Motivation
Being What is/oughto be What power to Whatis/ought to be | Which knowledge
Boundaries | my motivaton for facilitate desirable the unique knovedge | is/ought to be
of the pursuing this change is/ought to bg | bring to the considered salient,
r esearj|research? in my control? research? valid, andlegitimate,
subjective including
orientdion | What are/ought to be| What conditions for | What is/ought to be | incommensurat
my conditions for desirable change my theory orientatin | frames(according to
desirable hange? (e.g., resorces) and onte my ontc
are/oudnt to be under| epistemological lensy epistemological
my control? Whib lens)?
are/stould not?
How do these sources of mattion, power,knowledge, and legitimadapfluence
judgments under Oknowingd and
Knowing Who dees/ought to Who is/ought to have| Who is/ought to b Who is/ought to be
Boundaries | have astake in this the power to providing relevant representig the
of the sygem? influence desirable | knowledge in the interestsand frames
systen change in the system| sysem? of those affected by

What is/ought tde
the purpose of this
systen?

What is/ought to be
its meaure of
desirable change for
the system?

What condiions for
desirable change
(e.g., resources)
are/ouglto be
controled by the
powerful? Which
ardshould not?

What is/ought to be
relevant new
knowledge in the
system?

What is/ought to be

but not part of the
sygsem?

What conditions
are/ought to secure
theemancipatiorof
those affected by but
notpart of the
system?
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the guaranor of Whatprocess is/ough

desirable chage to be inplace to
(e.g., consensus, integrate and/or
inclusion, etc.)? validate across

different types of
knowledge oframes
(e.g., visions of
desirable chang@

Intervening | Whose stakeand Whos power will Whose and what typd Whose inérests and
Impact of visions of desirable | be/was reinforcedr | of knowledge will frameswill be/were
the changewill be/were | marginalized by the | be/was reinforced or | reinforced or
boundary reinforceal or reseach? marginalized by the | marginalzed by the
process marginalizecby the research? reseach?

research?

4.4.2.2 Case study reflections

Four of the ceauthors sed the questions from RBCrgflect upon their own case study
researh through collaborative dialogue and individual reflection. These reflections helpesthef
framework and dematrate the typefajuestons and insiglstthatmay emerge when using RBG t
operationalize ambiguity.

Case A - Paradoxes of power and marginalization: Indigenous-led monitoring and evaluation

in the Northern Territory, Australia (Simon West)

| arrived inNorthern Austrak as a isiting researchewith aspecific aim and motitan (i.e.,
process of beingl wasinterested in applyintheories and methods fromnterpretive policy analysis
to descriptively explore tensions betwme#&/esten scientists and tigenous peoplesorkingtogether
in the fidd of Indigenous Land and Séanagement (ILSM)I felt at he time that such an approach
might dso contribute in a small way to a greater understanding of the issues at stakeurtumsr
collaboration, whih might in thedngtermcontribute to gre@r equity for Indigenous pedps
entering into land managemt partnershipdlowever, as embaked on thegrocess of knowing
within these boundariemo vi ng cont i nusad | e dédl hephetnguéstiorethed i
ethicaland practical valuef pursuing such an approackhich might have benefited mywn agenda
as a researcher much mdhnan the interests of Indigenous peoples in the regi@tésses of
intervening. | consequeny became involveth actively volurteeringand helping to fuif one of the
projects | hadriitially come to (descriptivg) study,led by an Indigenous ranggroup and a
conservation NGOThis project thelntercultural Monitoring and EvaluatioProje¢ (IMEP) 1

aimed tobringtogether hdigenos methodologies arghrticipatory action researdb buildan
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intercultural mortoring and evaluation system for trenger group (Campion et al. faythcoming
aspart of ongoing efforts to develop liggnousled approaches tahd management the regon
(Campion et al(b) forthcoming. My motivation (process of beinghad theefore changed, away

from seeking todlfil my own methodological interests as a researcher towards contributing to the
initiative ofthe Indigenous rarags and Traditioal Ownes to nurture and ca for their ancestral

homelanls.

The IMEP project engadéoth Indigenous and Western methodasghrough a multiple
evidence based approach that aimed to retain the integrityltokbotvledge systems withia
monitoring andevaluaton frameworkstill recogisable within Westerfunding and governance
systemsThi s strategic Bpprmatchi pf e dpmwmeessplkiogingyv es i nt
was led by senior Indigenous rangand guated within a wader planning prcess tht had already
contibuted to several tangible beficial interventiondn theregion(not least the creation ah
independentanger group)However, this approach alsaised tensionm the IMEP projet when
Indigenous methodobieswere positoned ina central rolein the manitoring and evaluationystem
on their own terms, withut being made neatly commensurabithwWestern approaches and
findings. For example, kile the use of Indigenous methoddkgarguably enhanced the avth and
legitimacy of the emerging M&E sysim inthe eyes of Indigenouamgers, local clans and
Traditonal Owners, theynay haveeducedhe legitimacy of the M&E system in the eyes of some
nonindigenous scientists, planneasid poicy actors inthe lroaderlLSM govenance nevork
(processes dhtervening. Therefore, byxplicitly challenging core aasptions and concepts of
Western planing frameworksthe risk was thatMEP might paradoxicallyeinforce or at least faibt
addresthe marginalizatin of Indigenousnteress from dominant proesss in ILSM (at least in th
short term). This highlightdhe ethical and political dimension§strategically adopting and

contesting boundajudgmentsas well as their unavoidgtinterventionist characte

Case B-Makingmeaning of ] u sAlpineadairg pragtices in Austria (Jamila Haider)

This stug of alpine farming resilience wasated in a strong sense of my subjective frame
(i.e., process of being mainly a motivabn to wse a proceseelational approach tanderstad what
makes famiy dary farming in the Austria Alps resilient. | took an Bhographic approach focusing
on tradtional daily practices of cheeseaking.Thi s meant Obei ngdb-pasme t he pr

cheese production artd focus orfarming as apractice as oppoddothe farmas a uni{Darntofer
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2020) The aim of the filelwork also had a strongrocess of kowingcomponent, in which | aimed to
observe practices and elicit verbal knowledge thhonterviews across a mber of different&rms

to synthesie characeristics that contribute to ffiaing resilience and that calbe further theorized
and scaled. Ténprocess of interventiom the initial research design had as a primary objective to
extract elevant practicesma knowledge andtscaleup onfarm knowledje to contribute to more

genealized knowledge required féwod-systems transformation.

However through the process of fieldwork, béingin the farming processes, | realized it
mightbe posibleto 6 k n o wtiple farmihg loges, buttwas notpossilel t o 6bedé mul tipl e
logics at the same time, and Etiefore decided to focus on just aneovative farmer in Gastein
val l ey, Pra2aa Sepp, who wointdnton df my data colldtioncshiftedi j ust er
from eliciting characteristicef resilience, to understamdigy what @ j ustomekmgugho i s,
meaning of our dialogues.c&ording to Sepp, our engagement was relational, dialogical and he felt
t hat my toardaljnuneesstand Ainpn his land, rathethanlook for answers tht | wanted to

hear . o

The research shifted to being q@oduced with Praa Sepp, one of the f@maining farmers in
the valley who processes milk in the summer pastures. Thus, hiedexivity, and in partialar his
capacityto embace novel or margalized boundaries, is cruci the research. For example,
contrary to all other faners in the alley, he only milks his cows once a day. This practice emerged
from a crisis situatiora snowsorm forced the cowdown the mountas fromthe summer pastuse
and it became impossible tailk them more than once ayd&Since then, the cows produce alédéis
mil k, butooiabéd Beppubhs more ti medtiiewoww hfi mswed fa ¢
bit morefor themselvesat o 0 . haniging the traditinal milking pattern, he wabke to with-hold the
larger tadition of milk processingonthesome r past ur e. But Sepp doesnodt
fact, he s eunreflead va&dihtaibo hisview sudfedhedsanaking is not a
tradition, but rather a practidbat enables him to have autony over his own time and production:
Aijust enough to have a good | ifeo nfadsumer msel f ar
cheesemaking #$ifts from beinga traditon, to an act of@sistance against the status of
increasing productionna arguably a transformative practice food system transformation. My
frame, as a sustainability scientist, aims to weae in he food system byl@vating and
emancipatingthis perspectivefdhe farmer, directly challegying its marginalization undéne more

dominant frame of mainstreaindustrialized agriculture, with the aim to contribute to more
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sustainable food systes. Howe'er, at the momentfavriting, | amlivingbet we e n t hhe
6ought 6 g u eredulting in snresolved RaBr@gudgments and surfacing ambiguégd
calls for hyper selfeflexivity on my part. My frame has shifted in that my entamgent inthe
research proas has become gaf thecoproduced resedrcand that rather than my essch
elevating marginalizedgrspectives, it has becoraar perspetive, which has more pragmatic aims
of understanding meaning of being present, ingglaca noment of time anddw this affectghe

decisons we make for # future.

Case C: Legitimate to whom? Climate resilient futures in the Red River Basin, USA and

Canada (Anita Lazurko)

My own subjective frame (i.eprocess of beinggtrongly influerted my reearch approach.
My motivation forthis stug was a concern th#he water sector is buildingr e si | i enced to c
chang according to a narrow vision of theure that may reinforce unsustainable and unjust
systems. | was also motivated by thpportuity to test a semguantitative senario méhodology for
its capacity to systematically opeip the future to more diversitivers and perspectives than is
typical inthe mainstream watesector, which often privileges empirical and positivigbimation
and thus excludesocial drivers bchangeor interactions aass scalesAs a transdisciptiary
researcher familiar witBES theory, | aimed to apply my knaalge to the design and
implementatiorof a transdisciplinary scenario modelling prociesthe RedRiver Basin (a
trarsboundary bas shared byhe US and Canadajhis process aimed tm-dewelop exploratory
scenarios thacharacterize future change as ersatgrom interactions between diverse efforts to
build resilience to climate changad a compbe crossscale SESChapter 3. | chose ditical realism
(Sectiond 4.1) asthe philosophical pespectivefor the scenario prass, which allowed mto
synthesize dentific and local/practitioner knowledge in one scenario model. This protcess o
synthesis sudced significant atyiguitiesin the researchontext(including potentially
incommensurate &mes) which | validated witHiterature and a sensitivity analy$tsgenerate

integratedindings that were robust across divergent assumptions.

These framing athmethodological abices hadmplications fo how the system v&a
characterized (i.eproces=f knowing and whose interésand perspectives were reinforced o
marginalized (i.e.process of interveningMy partnership with influentialcors in the rier basin

lent legiimacy tothe study and lghlighted the intersts and knowledge of those avhad access to

109



transboundargovernance bodies, potentially margining those of others. My choice tisea semi
guantitative scenario methoddarpinned by ctical realism prowled the ppropriate grouds to
integrate diferent data sources, effectiydroadening the scope of theure to include diverse
drivers aml perspectives far beyond that which is typical in the mainstream water stmi@ver,
the indusion of Indigenos perspetives was isolad to Indigenous g@rnance experts to avoid
instrumentalizing or coopting thetories of Elders for a western sdiin model. This and other
issues of representation directly influenced thearie outcomesyhich were perceivitas
clawstrophobic to paicipants who desed more radical transformatis from the status quo.
Moreower, the choice to validate incommerete observations with literature and to use scenarios
t hat wer e sédwrigancedaiped seouretthhdéimacyof the final scaarios in the eyes
of dominant actors but may heexcluded scenarios that mayly be plausible under marginalized

boundaries.

Case D: Causality and fisheries collapse in the Baltic Sea (Tilman Hertz)

This study(Hertz and Mancilh Garcia2021)was stronty informed by my sbjective frame
(i.e., procesof being, namely my motivatin and onteepistemological perspeet. My motivation
was twofold 1) to show how the constitutive and causal dimaasif an analys are intraactiveand
2)thathereisnm n e A ¢ o rforthis intxactwatyrealiz. In debates around causatian
difference is often made betwet® constitutive dimension (what a system is made of) and the
causal dimensiorc@usal processesnnecting elemestof a sgtem) If we corsider the act of
defining what a system is madé as partly political/ethicali.e. making some aspects of reality
matter at the expense of others) and that causal and constitutive dimenséeas,itiien we an

assume that pacular causalprocessesra specific to paitular constitutive spaces.

| used the case study of codlapse in the Baltic Sea becausetsfparadigmatic character and
familiarity in socialecological scholarship. Migope was to coritsute to ongoing wik thatcallsfor
rethinkng the concept ofausality(Barad 2012; Baradna Gandorfer 2021)eyond itsgpurely
efficient dimensiorand exploe the political/ethical aspects of the constitutbaeisal intreaction:
Why isreality expressgin a particular \ay? Whos interest doeg serve? What doesconceal and
silence? Answang these questions might dhiésearcland practice to consideoustitutive spaces
inherent in oftermarginalized perspectives and point to @ldatervention pints for reaiworld

sustanability challengs (i.e. process bintervening. The researchugstion and subsequent
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bounday judgmentsn theprocess of knowingere formulated in such a way as to articulate and

make the argument.

This agproach was empowed/rendered posdéby myown onteepistenological
commitmens, which enabled a critiquer¢in apolitical/ethical pointof view) of the
particularconstitutve space of intelligibilitythatis specific tamodernity(Latour 2005) The stidy
argues wittmany others that it a furdamental ethicabbligation to keempen the possibilities for
understanding reality thus attgming to highlight boundaries thateaoften marginalizedn saying
that the possibilities for understanding reasihould be kepbpen, | took a stame in thedomain of
'‘ought'. My criterionfa 6 ought 6 wasicreotwi d cho rrreead with anddeistng 6 c o h e
body ofbbt|lwad sdat her inspired by I|Isabelle Steng

openness to muile notions of relity.

4 5 Discussion and conclusions

While ambiguity is recognized as intrirsto complex sustainability elilenges, sustainability
scientists fien either ignore or attempt to reduce ambiguity rather than operationalizsgya
result,sustainability scietists egh interpretage ci f i ce pal & p braatityh),énd érée . e . |,
unaware of or resistatd the partial and subjective natuod their observations and the pluralism
inherent to realvorld sustainability ontexts. This derrunacknowledgedelephani n t he r oo mbd
leaves research vulrable to the risks associatedth uncritical knowledge inggration and a lack of
reflexivity in transdisciplinary collaboration. These risks threaten the ongoing salienag#imdacy

of sudainability sciencend limi its capacity ¢ fulfill its trandormative agenda.

CSTgrew outof the need to develop criitappreciation of both theoreticaldipractical
aspects of ambiguitiyn operational researcihus, this paper aindeto explore howkey concepts and
frameworkdrom CST may bedapted to conceydlize and operationalize arghity in sustainability
scien@. Through a discussion on the importe of system boundaries, obsemependence,
knowledge as a boundary procemsgboundariess intervention, woffer anoperational defition
of ambiguiy as aremergent feature of ¢hsimultaneous and interactitigpundary processes
associated withding, knowing, and intervening in complex systérhis definition expands on
previous understadings of ambiguityoy explidtly foregrounding its onteepistenological and ethical
dimensios and prioritizing its operatnalization. It also sets up discumsiabout how ambiguity can
and should be operationalized in sustainability smen
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Lessons fron CST revealed thab operdionalize ambigity, sustainabilityscience must
grapple with theretical incommensurability @ndiscordant pluralism, which requéreesisting any
tendency to rely too heavily on an overarching ntke&ory or famewak. This lesson is relevant an
timely, as two divergenstreams of sustaability scientists emerge. @me hand, some are
advocatingor an integrated approach that ackiedges complexity but reduces ambiguity through
integration within an overarahg dsciplinary paradigm(e.g.,Clark et al 2016; Clark ad Harley
2020) viewing ambiguity as undesirabéand a barrier to practical stions. In contrast, others are
trying to Ol ive with ¢ ompilaadembracidf ubcgrtaintyeachambiguityn g
through transdiscipliarity andpluralism(Correll et al. 2013; Tetnhout et al. 2019; Caniglid al.
2020; West et al. 2020yiewing ambiguity as intrinsic to farventions that meaningfully address
complex sustainability challenges. Therfimr may serve tegitimize sustaiability science from
dominant disciplinary prspectives, while the latmay be better suited to fulfihg its transformative
agenda, whicldemands an emancipatory approach that exposes and elevates the framings that a
often excludegdinstrumentalizedyr politicized by thoselominant perspectes. A starting point for
future work is a collective dialoguamong sustainability scientists abbow pluralism and
ambiguity can be addressed (including incommensurabilitydéscordance) tile maintaining te
solutins-oriented andiseinspired naturef the field.

CST also regak that amid the pitfalls of neeframeworks and theories in CSTde.
0i mperialistdé pluralism and ma s lkdeatanthaambitieg u i
and orientdons ofindividual systenists navigating aoss theories and method#is work has
already begun due tthallenges associated with susthinal i ty sci encebs Otr
which acknowledges that the contagecific, probleradriven, and embedd natureof
transdisciphary research demds skillful researchers thithe agility and reflexivity tanaintain
academic rigor despite theck of guiderails offered by conventional disciplinary boundaries. Future

work should further baracterize and nture thes capacities tlmugh research andlecation.

Reflexivity is aparticularly important capacitfor navigating the ambiguities in
transdisciplinary research. CST offered the starting point for developing ouroypmeitional
framework of RBC This framewok is structuredo guide the procasof exposing, mediatingne
ultimately embracing ambiguitgs a fundamental part of the reségococess through critical

reflection. The questions presented in the framewurke beyondUldi h 6 s or i gy nal
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critique to reveal soces of empiricahnd normative selectivitynvolved in all three processes of

being, knowing, and intervening immplex systems.

The case study reflections revealed the unique insights ahenges relatetb ambiguity that
were expdenced by eachesearcher. For exagiie, allfour reflectionsimdic at ed t hat t he r es
mativation and onteepistemological odntationwas highly influential to the rest of the boundary
judgmentsand in oe case a shifnimotivation basedn emergig ethical conslerations
transforned the research approachoidover, ambiguity presents unighallenges at different
stages oftte research process. For example, finding a path out of extreme ambiguity edsessarch
stages involves navigatg the uncomfortable sppe b et weandt hbefifisedght 06 mode
critique through tentative boundgudgments around which a researctesn iterate and learn. This
differs to later stages, wh@udgments may lmmehardenedind criical reflection ca help
researchers remaivpen to emergemthical considerationsThus the case study reflections segg
that RBC may serve two complemanyt purposes: 1) helpirdgconstructovec onf i dent or 6bl
boundary judgmestthat lead resechers to unconsmiisly opeate under limied, ineffective, or
har mf ul y et ndaiessand®egnidingdseattresiyparalyzed byhe ethical aspects o
ambiguity by giving it shape, allowing them to reflexively move through tbeareh journey.

The experience ofging RBCas arex posteflective tool demostrates its potential uss an a
priori guide in future resarch. In Case A, West reflected tHid@BC had been integrated throughout
the study, it may havieelped explicitlysurface and refict on dilemmas thavere egountered
subliminally as constargources of discomfort andsdoncertment. Such reflection mhave helped
to speed up his learrgnenabling a better understanding and capacity to navigate problematic
experierwes and situatms 6 i n t hather hao only beginddnake sense of the
retroactively. In particiar, the continual shifting beteen t he 06i s6 and RBGught 6 er
may have helped better navigate the ethical and political paradoxesimaisegursuit bpositive
changem fundamatally inequitate systemsln CaseB, Haider reflected thaheuse ofRBCas an
apriori guide mayhave influenced the study, primarity guidingherto critically questiorthe
intervention process he reseatt may have set oub e ceproduced fom the beginning, as
oppacsed to emerging tbughout the fieldwork. At theame time, she questions whatsuch an
entangled process can ¢wosild aspire to be linear, or whether the RBCs main contribution is
enabk researcherto embace themessy an@ntamglednature of transdisciplinary resear¢ch Case

C, Lazurko eflected that RBC may have peb her adjust to the nuances oftbgearch context
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more quickly and explore marginalized boundary judgments moreugbly. For @ample,it may
havemotivatedthe selectiorof an additionalstdy par t ner wdep ciorud dmdred pdidw
perspectres. Further, it may have directeéth met hodol ogy away from the ic
scenarios (i.e., which reftts an assunipn of commensurabty, and thus excludedhovel

perspectivesand toward those outcomesttloaly emerge under marginadid boundaries. These

adjustments wodl have shifted thprocess of interveningignificantly bymore explicitlyelevathg

marginalizel perspetives.Finally, in Cae D, Tilmarreflected thaex ante knowledge of RBC would

hawe helped him explore the padial and ethical aspectgrocessesfdknowing)in a more structured

manner.

Evaluating the potential impact of a noeglerationaframewok like RBC on the ambigities
of transdisciplinary resarch requires significant furer research. Most obviouskystainability
scientistsshouldembal RBC into a research process and document the insights. This type of
reflexivity is rare in peereviewed literatue, save islated example(McGowan et al. @14).
However, doing so in drsictured way facilitated bRBC may surface novel theoretical ighis
regarding how ambiguity influences research outcomes, in addition to pratdigalks regrding
how ambiguiy can moverf o m t thea nd e li enp otafuedamental pad of tigane
sustainability sciencdlternatively, sustainability scientistan ntegrate boundary critique intbe
empirical aspects of their study. For exae, sensitiity analysis is commonly usedo evaluatehe
influence of ded uncertainty on research ooiges, but few attempt to evale the influence of
differentbounday judgments(e.g., epistemological orientations) on research outcomes, savedsolat

examplegVan Asselt and Rotans 2002)

Readers mayirid numerous soureeof critique in the discussiaffered in this paper.
Embracing ambiguity may place a burdentte research process; for example, integrating reflection
about theoretical incommeurability and boundaries maywvolve signficant time ad energy.
Howevert hi s 6 s | owi n gtoftabiggerdictura ahjft mbded tgpeasure the ongoing
salienceand legitimacy of sustainability science. Similarly, others may be dissatisfiledhsit
ambiguty that persists flough a papethat aimsa operationalize itYet, to claim to delineatéé
bourdaries of ambiguity défitively and operationalize it objégely would fall into myriad traps that
contradict the rationale for embracing aguity in thefirst place. Thuswe attemptd to find a

balance that givesnabiguity enough shape to nuréureflexivity, while holdingour own definition
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and framework asghtly as possible. Ultimately, we hope this paper provokes and inspires discussion
and tangibleshifts that furtheexpose anémbracethip er si st aht i det Bphaoomb
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Chapter 5

Conclusion

The gal of this chapteis to synthesize the significant and original contributions to knowledge
made in this $sertationl begin the chaptawith a revew of thed i s s e rpurpose andn 6 s
objectives and a summary of thelividual findings in each ofdpers | Il, and Ill (Chapter2 to 4).
These findings are then situated as academic contributions to thelgpyaatice. Fially, | discuss

the study limitations and gportunities for future research.

5.1 Purpose and objectives

As discussed in Chapter 1,ghdissertation moves from thiew that transdisciplinary scenario
practice offers a promising avenue for makgense of com@x and uncertainutures in
sustainabilityscience. Additionally, | view the sociatological sygms (SES) perspective as an
important complexitybased len$or furthering this potential. However, these promising trends all
grapple with grsistent ambigity, and the laclof conceptsframeworksand tools to operationalize
ambiguity through reflexivit presents risks to the sal@nand legitimacy of the outetes of the
research. While this research gap reaches beyond what is feasitidieassavithin aingle doctoral
dissertation| explored tvo opportunities to address it: the field of operatioal researcland its
multi-decale history grappling with theetical and practical aspects of ambigufiyough critical
systems thinking (CSTand 2) semguantitative methagllike crossmpact balanes (CIB) that may
enrichscenario practice to reflea wider range of drivers ameérspectiveshan is typicain

mainstream scenario methods, thereby takorgplexityi and potentially, ambigty 1 seriously

These two opportuties were &plored throgh three manuscripts presented in Chapters 2, 3,
and4. Chapter 2 (Paper I) aimealdevelop and validate a reflee framework for scenario practice
in sustainability science. | call this framewdheBoundarie of the Futuréramework, becase the
process of abductive inquiry that generated the framewa& underpinned by the process
philosophy ofMidgley (2000)from CST. This lens highlights how key boundary judgments in the
designof a scenan process inflance the scope ofifure poternal (i.e., fuure conditions and values)
in the scenario outcomes apbpossthe degree to which th&ope of future potentiahayreflect
the dynamics of, andf conditions for, SES chang€he 72 sociakmlogical scenao case tidies

useal to validae the framewrk exhibited biases away from the unique complexities of SES change
116



under some boundarydgments, which affrmedénee d t o experi menedwstkbnaéabi
methods like CIB in Paper Il. Meover, while he Boundaies of tre Futureframework aimsa

operationalize ambiguity through a holistic reflexive framework, it remains a reflexfttbe onte

epistemologial and methodological approach tbfe study. This reflection motivated the cdmttion

of operdionalizing ambiguly in sustanability scisnce more broadly in Paper lll.

Chapter 3 (Paper Il) aimed to expldhe potential for th€1B method to enrich scano
practice for a) the developmaé o f 0 Kiie.gintggrativet andrheii@) scenariosn
sustanability scienceandb) river bashs attempting to build resilience to climate charffgeaddress
these objectives, | ledteansdisciplinary scenarimocklling process in the Red RivBasin (RRB).
Through the process, | also ead the poterdl for the CIB melhod to surfae diverse pspectives
and drivers of change in scenarios for sustainability science beyond thome ttygical in the
mainsteamwater sector. The scenario dadling process didurfacemore diverse persptves and
drivers, including by eriching sone of theBourdaries of the Futurthat were undeaddressed in the
case studies in Papke However, reflections orhe ambiguitythat persisted tlough the modelling
process, even one explicitly oriented towvdevelgp i nigg 6 pi c t ws, mdivatd and n ar i
informed the contribution of Paper Ill.

Finally, Chapter 4 (Paper Ill) aimed égplore how key concepts, frameorks, and lessons
from CST may be adapted to help addresthe challenges presented by ambigty in
sustainability science (i.e, including and beyond senario practice). More specifically, it aimed to
establish 1 holisticconceptualization of ambiguignd 2)recanmendations for how sustainability
scientists can operationaliieis conceptualiation of ambigity as a valuableneansof addessing
sustanability challengesThis contributioremerged from reflections on the challenge of irreducible
ambiguity andhehck of operati onal frameworks to help ad

epistenological tensias from Papers | ahll.

5.2 Major findings

Themajor findngs were presented in threistihct but interrelated manuscripts. The findings
of thesemanuscripts arbriefly summarized irfsection5.2 and situated as significant and original

contributions to knowedge inSection5.3.
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5.2.1 Paper |1 Boundaries of the future

TheBoundaries of the Futaframework that was developed, applied, and validatedpeHa
presents gheoryinformed, practicdbased framework for scenario practice in sustainghititence.
Theframework highlighs tenkey baindary judgmats involved in designing a scenario pess
under categories of framing, methodology, and systarackerizationEach judgment is an active
site of choice that influences the scope of futuremil in the esulting scenariog ways that
reflect thedynamics & and conditions for, sociacological systems (SES) change. The boundary
judgments arelepicted as axem a radar chart, in which the outermost choice reflects the conditions
for trarsformation(i.e., fundamental, syemicshiftsaway from eisting sysems; desirable or
undesirablenavigated or unintendedee Chapter)2The framework can be operatiorzail as aex
antereflexive tool and aexpostreflection tool to enable moretemtional andransparent boundary
judgments.Doing so faditates areflexive scenario practice I&) revealing the influence of
subjectiveboundary judgments on scenarioaarnes, including what the resulting scenarios include
andexclude and b) indicahg how scenad practice caenrich status go frames ofhie futue to

consider the unique aqmbtentially transformative conditions tife 2F century.

The process of delaping and applying the framework revealed further insights. Challenges
encounteed during thetsidy indicate a ldcof reflexivity in the wse of genarios in sustainability
science. For example, many boundary judgraevtre not explicit in the case stusland had to be
inferred, and the chosen methodological approach was not alaaysensurate whtthe way the
scenaio proceswvas framed. fie comnon boundaries of the futuredi, average judgments in the 72
case stdies overall) reveal a bias away frgmdgments that reflect the full scope of SES change (i.e.,
to include transformain); for examjpe, few studies caidered inteactions betwen sytem structure
and actoragenaynder t he o6dr i v e tatods affirnedgheeerdto experitbers e | i mi
with novel methods like CIB to hegnrichscenariosvith the unique complexitis of SES chamg as
was done in &per Il. Addtionally, while the Boundaries of the Futufeamework aims to be holistic,
it is still areflection of the study approach. Ceqgsiently, and rather paradoxically, the framework
makes ambiguity in scenario ptece explicitthrough a focus oth e 6 b ieswfithee &tir u bue i6
itself delimited by sujective boundaries. This paradox and thallenge of irreducible ambiguity

motivated the conceptualization and operationalization of ambiguity in Paper Il1.
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5.2.2 Paper Il'i Exploring 6 bi g penariosuar eediliesce

The trarsdisciplinary scenario modaily process ifPaper Il characterized tiRB as a
complex, crosscale SES. Th€IB model is made up of fifteen descriptors, representing the most
important andincertain drives of change relevato resilience to climge vaiability and change in
the RRB Ten of these descriptors make up thmacstire of the crosscale SES, includg social and
ecological drivers of change at both river basin and global sealédive govenance descriptors
characterizeefforts to buld resilience, introducing the inifence of actor agency. Multiple variafis
each descriptor coverarangeoftrwmal | 'y excl usive outcomes, and se
(i.e., promisingpractices or mjects that are mginal at pesent but hal pronise for transformation)
were ncluded as variants to broaden the saafpeutcomes. The matrix of influencedigments
characterizes socigcological and crosscale interactions between \ats, comprisig a stability
landsape for thduture of the RRB.Significant uncertainty anchabiguity in the influence judgments
was adressed through literature validatiamd sensitivity analysis, which resulted in eight robust,
internally consistentcenarios. A bef strategy assesent revealedhe complexand ofen surprising
outcomes of irdrventions on the stability landscapeaaiver basin SES. Finally, the debrief
workshop affirmed that the scenario process was valuable for making senselEixitynsurfaing

different perspctives, andaffirming the valie of collaboration.

By characgrizing the RRB as a complex, cres=sleSES, the scenario analysis surfaced
significant complexities and ambiguities regarding efforts to build resiliendarate changen the
RRB. For exarle, in therobust scen@ws, ®veral undesirable governangriants (e.g., independent
governance, gtchwork data) tend to emccur and catmibute to poor environmental outcomes, while
more desirable governance variaalso ceoccur ad improve environmntal outcones. However,
the sate of global descriptors hasstrong influence over environmental@unes, sometimes
overshadowing positivgovernance interventions. Statistics offered by the CIB method (e.g., bias
statitics, activepassive diagram) real additioral details, ach aghe barriers t@doption of the
natural ecosystems approaohnfrastructure for resilience, theraplex behaviour associated with
the role of the rural economy (i.e., due to its combiraid@and passive role ithe system), and the
highly adive role of Indigenous wateights in realizing desirable outcomeseeall. The strategy
assessment also faced interesting implications, such as that a collaborative response to water

scarcity abne mg not flip scenarietoward desirable doomes inall cases.
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The findings of Pper Il complement those of Papers | alidThe CIB model characterizes
scenams as emergent from soci@tological complexity, considers interactions betweerdtmgn
strucure and bottorup agency, and across dea.In dang so, the CIB method and qugting
sociatecological scenario framewk pushed some judgments to the owsifitheBoundaries of the
Futureframework from Paper | (i.e., to consid&®ES change arntdangormation). Morewer,
ambiguity persista through the transdisciplinary scemamodelling process, which manifestesithe
uncertain and ambiguous influencédgunents in the CIB model, the different interpretations that
emerged during the debrief vkshop and reflectionsn the limitations othe CIB method itself. The
role of anbiguity in the transdisciplinary scenapeoocess in Paper Il motivated and infodrtbe

conceptualization and operationalization of ambiguity in Paper IlI.

5.2.3 Paper lll i Operationalizing ambiguity in sustainability science

Pape Il exploredconcepts and @imeworks from CS1o conceptualize and epationalize
ambiguity in sustainabilitycgence. CST has a muktlecade history grappling with theoretical and
practical aspects @mbiguity, which relag to existing challengein sustainability science. The
resuting discussion addresséte importancend subjectivity of system boundariessetver
dependence (e.qg., through theoretical and methodological pluralism), knowledgeussbay
process (i.,eMi d gl ey 6 s logmphy, and lsoandapids ias interviemt (e.g., boundary
marginalization) This discussion led tanoperational definibn of ambiguity asn emergent feature
of the simultaneous and interacting boundary psses asociated with bag, knowing, and
intervenngin complex systenm{Section4.3). This definition acknowledges how Hetboundaries of
a r esear ch erieriasion mfluénges their expegience of complexity and how multiple
frames are exposedndestood, and medied through research éng), 2) knowledge about
complexityis produced through the process of malklogndary judgments, generating a partial,
contextual, and provisional frame (Knowing), and 3) a researcher is part of the coyrpiexiteek
to understad, rendering any bourdy process as an intervention thatnforces certain frames and

marginalizesthers(Intervening)

This operational éfinition set up discussion about operationalizing ambiguity in sustainability
science. Fist, he tendency to sech for metatheoriesor frameworks to guide theoretical dn
methodological pluralism in sustaindtyilscience (e.ggominance of th&ES pespective, or

convergence oaritical realismas appropriate for SES research) shoulceb®tre bya key lessn
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from CST: all metatheoreical frameworks are themselva$rame and the assumption that a meta
theory exists at all assumes theoretical comsneability. This assumption emphasizes pluralism as a
form of complementarism focused oconsesus and integten, masking incommensability,
discordance, and ultimatglaspects oAmbiguity. Rather, sustaibgity science shoulthroaderits
theoretichorientation to take incommensurability and discordance seriously. Second, given the risk
and ptfalls of directing pluralism through igarizing metatheoretical framewdss, CST suggests

more focus should be mead on the capacities of researchers naivigatithin and across theories

and methods. Thisuggestion motivatedh¢ development of igeflexive boundary gtique framework,
whichexpand s on Ul r i ¢ h dysritigue from ICBTaWhichfacuseddkmowing) to

reveal sources of empirical andrrmmative selectivity involved in all three processeseing,
knowing,andinterveningin complex systems. Fouta® study reflectionsncluding the
transdisciplinary saeario modelling study in the RRB froRaper 1) demonstrate the unique insights

thatcan be gainetly embedding such critical reflection as a fundamental part of the repeace!s.

5.3 Academic contributions to theory and practice

The findings from Papers ll, and Il offer numerous acadengontributions to theory and
practice. The primg audience for these contributions is the field of sustainability science, and by
extenson susainability polcy and practice, with sific findings relevant for the eenging field of
anticipatory governamcand water resilience. While thasctionmayinclude some repetition of
Section5.2, it focuses on situating the contribution in litara © highlight itsoriginality and

significance A summary of these contribotis is depicted ifrigure5-1.

5.3.1 Ambiguity and reflexivity in scenario practice for sustainability science

The first theoretical contribution to sustability science istte Boundaries of the Fute
framewak from Paper |, which m@resents aovel synthesis of literatures thaakesambiguity in
scenario practicdor sustainability science expliciCST has been suggested as a promising lens for
improving foresight in susiaahlity research(Helfgott 2018b; Rutting et al. 2022ard its focus on
system boundaries is compatible with the system ontology underhgrdpthinant SES perspective
in sustainability science. Howevérhas not yet been opemaializzd. Throughthéens of O boundar
judgmen t and process philosophy from T8JIrich 1983; Midgley 200§ a theoryinformed,
practicebased framework emergedatisynthesizes diverse literatures about how change emerges in

complex SES¢e.g.,Folke 2016; Folke et al. 2Q6; Reyers et al. 2018jhe wique conditions for and
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dynamcs of transformatioe.g.,Leach et al. 2010; Moore et al. 2014, Scoones et al.)2880
scenario practice for sustainability resegiely.,Elsawah et al. 2020b; Muidermat d. 2020;
Moallemi & al. 2021; Pereiratal. 2021) Numerous other synthes and typologies of scenarios exist
(e.g., van Notten et al. 200Bfrjeson et al. @06; Muiderman et al. 202@)ut few offer this bridge
between practice artleory,and nme areunderpinned bYCST. Moreover, the frameork is unique

in that it is explidly normative, where more expansive boundary judgnmaig enrichscenarios

with thedynamics of, and conditions for, transformati®his normative orientation thus addresse
theneed to considehe pursuitof deliberde transformations to sustainabiliffvloore et al. 2014;
Patterson et al. 201@nd the potential for novelty and distigm under thaunique conditios of the

21 century(Keys et al. 2019; Pereira et al. 402

While the theoretial contribution of thefamework is that it makes ambiguitgxplicit through
a novel synthesis of literaturee practical contribution to saability science lies in
operationalizing the framework as an-arte and expostereflexivetool in scenaro practice
(Inayatullah ®983g Scheele et al. 2018; Muidermanal. 2020, 2022Reflexivity is often cited as a
crucial capacity for navigatingmbiguity and pluralism in transdisciplinary resegidiiler 2013;
Miller et al. 2014; Bpa etal. 2015)andhasbeen explored from vious perspectivege.g.,Fook
1999;Salzman 2002; Johnson and Duberley 2003; Archer 20i63dly involving reflectioron how
a researcherds own self, contr i bustenhamtypologies pr eser
help organizethe use of senaios(e.g.,van Notten et al. ZIB; Borjeson et al. 2006; Muiderman et al.
2020)and synthesis papers point to timeque opportunities and challenges in scenario practice for
sustainability researdfe.g.,Elsavwah et al. 2020Muiderman et al. 2020;ePeraet al. 2021)
However, neitheoffers a clear and granular strategy for how to address the challenge of lking t
design of a scenario process to scenario outcomeway ghat can facilitate a moreftexive
scenario pretice. In other words, #hBoundaries of the Futursameworkfills a strategic operational
gap by guiding researchers through the specific esaitade in designing a scenario process and
connecting the to their implications for thecopeof SES changeeflected in scenario outenes By
applying the framework toZ/socialecological scenario case studies, the study also offers a practical
indicaion of trends in existing case studies to date, whichi€laaiuture research agendagether,
these pract@l cantributions can infan ard motivate a more reflexive and enriched scenario practice

in sustainability science.
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While anticipatory govermacewas not central to the dissertation, Bmundares of the Future
framework alsaffers anovelcontribution o this emerging field bgemorstrating a means for
operationalizing futures literacyAnticipatory governance literature points to the wideyeof
anticipatory processes in climate and sustalitya researciMuiderman et b 2020) It also argues
for the mportance of futurestieracy(i.e., and reflexivity) to navigate this future divergiifiller
2007; Mangnus et al. 20219nd the need for mopgitical and plural anticipation to contribute t
sustainability transformatiof/ervoort et al.2015; Bourgeis etal. 2017; Muideman et & 2022)
TheBoundaries of the Futufeamework is a theorinformed, practicédbased framework that
demonstrates means to fill an important gap between anticipatgovernance theory and praetiby
connectinghe specificchoices (i.e., boundgrjudgments) involved in the design of an anticipatory
governance process (i.e., scenarios) to existing theories abothdduure of complex
sustainability challenges arges in a specific field of actice(e.g., S change andansbrmation
in sust@nability science). In the language of anticipatory governance, the framework demonstrates

how the field may operationalifetures literacy

5.3.2 Cross-impact balances method for SES modelling

The transdisciplinargcenarianodelling processithe RRB in Papdl revealed thainique
insights about water resilience in river basins thatergg¢ hr ough O bi g nmodelirg ur ed sc
using methods like CIB. A signifant am growing body of reseah applies resiliereethinkingto the
challenge bwater governare underclimate changéRockstom et al. 2014b; Falkenmark et al.
2019b; PahWostl 2020; Baird and Plummer 202Numerousscenaio studies address water
resiience from different perspeets, such as to forast themplications of clinatic and socie
eaonomic dhiange on supply ardemand or investment strateg{®aris et al. 2004; Dong et al. 2013;
Elsawah et al. 202@r to collaboratively envision anstratgize pathways toward sustaitalor
resilient rive basin sgtems amid toglown pressuregSchnéder andRist 2014; Carpenter et al.
2015; Hirpa et al. 2018)he emerging community of research and practe ¢ a lidneakingg de ci s
under de e p ocusescespticithaon detisiohethbds appropriafer climatic non
stationarityin the water sdor (Kwakkel et al. 2016; Marchau et al. 2Q1$till, most of these
methodsivolve tradeoffs between quantitative modeladqualitative models, and focegher on
top-down structural canges, i.e., boundaconditiins(e.g.,Lempert D03), or on straggic pahways
(e.g.,Haasnoot et al. 2013fforts have been made to link qualitative narrative scenarios about the

Obiauedi fut ur e o fanttative madelge.g.,Baothet al. 2016) muunostudy (tomy
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knowledge), a#mpts to systemiatlly model efforts to bud resilience in river basins as part of a
landscape of sociacological, crosscale, and striigre-agency interactions. Thus, ti#B model in
Paper lloffers unique insights aboufater resilience (seBection5.2.2) that sitae emerging
solutiors within a complex and a lortgrm trajectory.

The transdisciplinary scenario modelling prodesthe RRB in Paper Il alstemongtatesthe
value of an underuiited method for SES modied] in sustainability sience Scenarios are
increasingly popular tls for characterizing uncertainty and complexity in SESs.,Peterson et al.
2003; Mistry efal. 2014; OterosRozas et al. 201%F-alardeawet al. 2019) Yet,the common
6 bound thefiuetsu roef6 $ociabervlogidalescesficdcase studies in Paper | indicate how
a minority of cases adopt methods that link qualitative and quantitatixerg{24 of 72), few cases
view future trajetories as emergentim socialecological compxity (18), and a mindty consider
the interations between toplown and bottorup drivers (25) or across spatial scales (21). In other
words, many sociabcologi@al scenario case studiegdestepaspects of omplexity, and thus igpre
the potential foambguity. While such pcesses may still offeneaningful contributions to the field,
they are vulnerable to myriad challeng8e¢tion1.1.4) and may not respotmithen e ed t o figet t
big picture raughly righ t (Polasky et al. 220).

The semiquantitaive scenario method afrossimpact balance<qIB) offered an opportunity
to model O6big picthode&t(ic.)e.s,ceinatre grecticttdiand adme en
wider range of perspeegs and drivers. In the RRB eastudy, CIB effectivgl integrated local and
practitioner with scietific knowledge, qualitative with quantitative data, and social with gocab
variables. Moreover, using a soe@blogicd scenario framework to guideé transdisciplinary CIB
modeling process helped enguhe scenarios emer@@m sociatecologicalcomplexity. Thus, the
eight internally consistent and robust scenariosbeaunderstood as multiple stable statdsasinsof
attraction for the RRB (i.estable states, accordingthe metric of internatongstency) and the &
matrix characterizethe RRB as a complex landscape of see@logical interactions acrossases,
exposing the influential variables afedbaks that affect the trajectoof the future. Moreover, the
process of systematicallgitegrating the knowl#ge from diverse interewees into the scenario
model surfaced significant ambiguity, which wasleessed through a sensitivity analysis. Clear
compatibility between the CIB ethod and SES theory and itgaaity toenricht h eoundaties of
the futurd t o ¢heunigue abraptexities and ambiguitied SES changeaffirms the value of

elevating CIB in the tdbox of SES modelling appaghes in sustainabilitscience. However, further
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reflection on ambiguity that persesi thoughthe processnotivated the conceptualizath and
operationalization of ambiguity in Paper Il1.

5.3.3 Operationalizing ambiguity and reflexivity in sustainability science

The unique lens offed by CST in the developmerftthe Boundaries of the Futufeamework
in Paper led to abroader theoretical odribution, which is anovel conceptualization of ambiguity
for sustainability sciecein Paper 11l Ambiguity has bee defined and addressedvarious
literatures, includig as a unique form of uncersy rdated to differing intepretations of numbers,
system boundaries, or problem framin{§sintowicz ad Ravetz 1990Walker et al. 2003; Dewulf
and Biesbroek 2018)n SESs, ambiguity arisésom complexity because any éwledge about SESs
excludes pegimentsysem components anélationships elemen{Matthews 2006; Preiser et al.
2018, 2021)Science and technology studies also highlights ambiguity as arising fedlencfes
developing a@mmon understandinggardingbb w t o @ s el e cdterize priaritize,i t i on, ¢ h
bound orinterpret the meaningg[ di f f e r e n (Sfrlingp2006,q.018)Eheseé myriad
definitions reveal how ambiguity is understood diffekgby different fieldsand sukfields, and how
it implicates both epistemology andtology,i.e., framings are imrventions that both ezrge from
and shape future action. Thastougha discussion of the importance of system boundaries, observer
dependace, knowledge as a bodary proces, and boundariesanterventiona novel, operaanal
definition of ambiguityemerged thaaddresseks onto-epistemological dimensionghile prioritizing

its operationalization.

As with theBoundaries of the Futufeamework, the theorett contributon (i.e., an
operaional definition of ambiguity)n Pager lll is accompaniedya practicatontribuion related to
its operationalizationDisparate literature operationalizes aspectsmbiguity. For example,
epistenological pluralism opeationalizesambiguity fromprocesses dknowingthrough limted
formsof integration(e.g.,Martin 2012; Tengo etla2014) and other literature operationas
processes dieingby turning attention back on the unique positiogaind capacities dhe
researcher to navigate thembiguities of transdisciplima researct{e g., Haider et al. @18;
Chambers et al. 22). The STEPS pathways to sustainability approach most explicitly
operationalizeprocesses dhterventionthrough eflection on howboth corstructivist and postist
perspectives together infa inclusive pluralist, and potentlly transformative susinability research

(Leach et al. 2007However, much of sustainability science still ignores or attempts to reduce
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ambiguity, leaviig research vulnerable to theks and power dynamics assoethtvith uncritcal
knowledgeintegraton and transdiscipling collaboration.

Thus, the practical contribution from Paper Il is clear recommendations for how ambiguity
can andshould be opetmnalized in sustainability gence. These recommendationgalwith calls
for reflexivity and plralism in sustainabtly researci{Tengo et al. 2014; Popa et al. 2015; Haider et
al. 2018; Moore et al. 2018; Chambers et al. 2@2@)renovelin thatthey are informed by key
lessors and concepts from the fiell @ST. The firs recommendation is aatl to temper any sedic
for metatheories or frameworks to guide theoretical and methodological pluralism with the
knowledge that any mefaamework is itelf a frame and thus emphasizemsensus and integration
potentially maskiig (irreducible) ambigy. Rather, sustainaltiy science mustroaderits
theoretical orientation to take incommensurability and discordance seribhsyinding is relevant
andtimely, as two divergent stams of sustainability scienssdiffer on tlis topic. Some
acknowlelge complexity but airto reduce ambiguity through integration within an overarching
disciplinary paradignfe.g.,Clark et & 2016; Clark ad Harley 2020)0t her s ar e thryi ng t
compl exi tyo6 Dbtplandembréingii uncgrtaioty amd@mbiguity through
tranglisciplinarity and pluralisngCornell et al. 2013; Turnhout et al. 2019; Caniglia et al. 2020; West
et al. 2020) Theformer may ser@ to legitimize sustainabilitgcience from dominant discipény
perspective, while the latter maye better suited to ¢lemancipatory approach required to fulfill

sustainability scienced6s increasingly transf or me

Secondthe cevelopment andemonstration of the framewodt Reflexive Boundary Critique
offers an oppdunity to helpavoid he pitfalls ofthe searia for or use of anetatheoretical
frameworkfor integration (i.e., consensus and complementarism that masks amjtdiguityrturirg
the capacity of researcheravigating irreducible ambiguity his contributon can help further
egdablish the legitimacyfdransdisciplinaryand pluralist sustainability scienf@@ornell etal. 2013;
Caniglia et al. 2020; West et al. 202) making tle adaptive and emergent natarfethe
transdisciplinary researgburney explict and deliberat¢McGowan et al. 2014and by
operationalizing an emancipatory approach #iigins withs u st ai nabi | ity scienceds
agendgShrivastaa et al. 2020)The framework expandson Ulridhs o r i gi nall bmundary
CST (whichfocused orknowing to reveal sources of emmpeal and normative selectivity involved in

all threeprocesses dfeing, knowingandinterveningin complex systems:our case study
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reflections, including the tresdisciplinary scenario modellirsgudy in tle RRB from Paper I,

demonstrateghe unique isights and challenges that emerge through application of the framework.

5.3.4 Summary

A summary of the theoretical and piiaat contributios to knowledge fron$ectiors 53.1 to

5.3.4 are depicted iRigure5-1. The arrows show how ¢tontributions in Papers 1, 1, and Il

influenced and informed each other.

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

« Novel synthesis of literatures that makes ambiguity in
» scenario practice for sustainability science explicit
and operational using a critical systems lens
Application of the ‘boundaries

of the future' framework

« Operational framework that can be used as a tool to
demonstrates unique role of

Il: Exploring big picture scenarios for
resilience in social-ecological systems:
Transdisciplinary cross-impact balances
modelling in the Red River Basin

« Demonstration of the unique contribution of
cross-impact balances for SES modelling in
sustainability science (including enriching 'boundaries

= gu‘ide reﬂ‘exive _scenario practice in sustainability cross-impact balances in SES of the future’)
science, including by enriching scenarios with the ‘modelling approaches
unique conditions of SES change y . = it
« Demonstration of unique insights about water resilience
‘Boundaries of the future’ : . : g
. in the Red River Basin that emerge through ‘big picture
« Common ‘boundaries of the future’ define key trends framework shows how even scenario modelling 9 bl
in social-ecological scenario case studies to date big picture: models are;
delimited by
boundaries
2 4 + Reflections about how ambiguity persists through an
« Demonstration of how anticipatory governance ; gulty p arrany
scenario modelling approach
literature can bridge theory to practice by
operationalizing futures literacy
T Ill: Operationalizing ambiguity in
ambiguity draws from and sustainability science: Addressing the
expands on similar .
body of literature to ‘boundaries elephant in the room
chine e  namenonc Red River Basin scenario
study used as one of four cases
to reflect on the
acyluse o Reflexive Boundary Critique
« Novel conceptualization of ambiguity that adapts key ,’,ya,,,e:o,k
concepts from critical systems thinking to address its
‘Reflexive boundary critique’ draws from onto-epistemological dimensions and prioritize its
similar literature to 'boundaries of the future’ operationalization
but broadens focus from scenario practice to
boundary processes associated with the . . \
operational definition of ambiguity « Rationale for sustainability science to broaden its

theoretical orientation to incommensurability and

discordant pluralism

+ Reflexive Boundary Critique framework as a tool for
sustainability scientists to operationalize ambiguity as
a fundamental part of the research process, with case -

study reflections

Figure 5-1: Summary of theoretical andpractical academic contributionsfrom the dissetation

5.4 Study limitations and future research

The study limitations and opportunities for future research discussed in each chapter are

summarized iMable 5-1. The main limitation®f Paper | relate to the potentidases and
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suljectivities involvel in the process of abdive inquiry that generated tliBoundares of the Future
framework. Similarly, the limitations of Papemrdlateto potential biass and constraints in data
collection and analysis, which mayveslimited tte scenario outcomesinally, Paper Il emeyed
from reflection on Papers | and Il an@s thus not embedded through the dissertation (e.g., to
structure the tragtdisciplinary senario modelling process in Ragl), presenting important

oppatunities forfuture research.

Table 5-1: Summary of study limitations and opportunities for future research

Paper | Limitations Opportunities forfuture research

I 9 Bias in literatures used to generaf { Updatethe framework ad revisit case studies as new
the framework understandings of SES change apglications 6

. . scenarios in sustability science evohae
9 Subjectvity in interpretatio y

through abductive ingjry 1 Empirically test theoretical asmptions underpinning
each axis of the framework, directly connecting eac

9 Limited case studies used to judgmentto scenario owbmes

validate the framework

1 Apply the framework to cse studies from other areag
of sanario practiein sustainability sience (e.g.,
integratel assessment models, Shared Samoemic
Pathways)

T Boundaries o

fot
the futured fra

] 9 Bias in recruitment of interview 9 Similar studies caensure that necacademic
participants partnerships and interviewee sampling prioritizes

. marginalizedactors
9 Constraints onvhose knowledge 9

6countsd due t o T Complematary imaginative or narrativecenario
chace processes magnrichthe future of thRRB in different

. ways than CIB (e.g., to ebmace Indigenous
1 Robust scenarios excluded s g 9

scenarios that ainternally knowledges)

consistat under marginalized 1 Instead of using the sensitivity analysis to find robug

asuumptions scenarios, use the sensitivityadysis to eplore novel
scenarios that onlgmerge under marginal assumpstdg

[ 9 Potentialcritiques of unbouned 1 Collective dialogue amongustainability sientists
relativism and threato about howd embrace ambiguity wigi maintaining the
sustainability science solutionsoriented and usispired nature of the field
1 Reflexive boundary critique not |  Embed reflexive boundary critique into

embedded in four reflective case transdisciplinaryresearch processes and docuntke

studies or the dissertan (e.g., to insights

guide scenario modelling in per

M)

In addition to he specific limiations inTable 5-1, an additional overarchingnitation relates

to my application of Midgl ey ondlll.MAGPDYWHs pproceess pr
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philosophy(2000)is a philosophy of knowledge f@ST that shiftsdcus from thecontentof

knowledge to th@rocessof bringing knowledge into being, in particular fhr®cess of making

boundary judgmentdhis form of processhilosophywasselected for various reasoms;luding that

it is compatible vith open system§.e., complexity) helps operationalize arnguity through

reflexivity by shifting from content tprocess and discussethecontextual, contingent, and

provisicnal nature oknowledge througthe more acessible language of subjectikeundary
judgmentsHowever, by applyindgli d gl ey 6 s ogphytadevelapintggiated frameworks

(i.e., theBoundaries of the Futufeamework in PaperandReflexive Boundey Critiquein Paper

), | took a stanceegarding which boundary judgmenrtsremostrelevan, therebylending ®me

focus tadéponteenti@l | y 6 har dibisicoudddriticizedasadtifginc b o u n
contradiction to the foundatisrof process lilosophy, which points out thany integrated

framework is stl observerdepement, partial, andnpvisional. My hope ishat | managed to find an

appropriate balance that gives enough shape tagaitpto render it operational (i.e., logfining

whichprocesses may be relevant amftliential for specific domainef sustainabilityscience), while

hodi ng my owht |lyems @eossliibled (i.e., by acknowl ed
provisional nature of these integratednreworks in ta discussions of Papers | ari.|

The second overarching litation relates tthe exploratory nate of this dissertatim The
contributions made in Papers |, I, anddie a product of an emergent learning process and may lack
some derge of coherere and integratio(seeFigure5-1). This gap is primaly because Paperll
t akes a bwontlesframeworks and finethods used in Papers | and Il but emgrged
reflectionafter Papers | and Mvere complee. Ideally, Iwould have appliedeflexive undary
critique as a critical feection tool bebre and during theansdisciplinary sceni@arprocessSimilarly,
theBoundaries of the Futufeamework (Paper |) and the RRB scenario study (Paper Il) were
deweloped concumntly, so while they informedne another, the relationship istrexplicit in the two
manuscripts.deally, theBoundarieof the Futurdramework could have structured reflection on the
unique contribution of the CIB method more explicijill, this qpen and adaptive research pxe
was required for the contribanhs of this disartation to emergeand thus reflects thenportance of

nurturing reflexivity throughhe6j our ney 6 t hat i s (McGowanstdl.i281d)i pl i nar

In sum, the comibutions and limitations of th dissertation offer a startingpint for a rich
body of research thaperationalizes ambigfy through reflexivity in scenario practice for

sustainability sciencély hope is that thisantribution helps anslate ambigty from an undesirable
129



el ephian t he r ooamdembeddedpant riganoceswraseakcdbouthe future of
complex sustainability challenges.
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Appendix A

Search protocol and final literature for development of the
reflexive framework

Thefollowing appendix describes the literatwesarch protocol for the seminal literature from
scenario practicéGroup A) andsustainability science (Group B) usedfor the inductive review used to
generate boundary judgments in the reflexive framewo@hapter 2The case studies used to develop
the framework are summarized in Appendix B.

GROUP A: LITERATURE ON SCENARIO PRACTICE

Goal To retrieve seminal literate on scenario practice for sustainability science.

DatabasesThe literature was retrievdtbm Scopus and Google Scholar. Scopus wigstssl because it
focuses on contemporary literature and thus includes emerging fotigated journals that may be
excluded from other databases. Google Scholaselasted because it casts a wide net ¢he literature
and thus may fill in gaps in éhScopus searches. Only English language studies were included, and the
searches were all complete before Decembet.202

Search terms and search protoddle primary search terms weseenario*OR foresigh OR futuresOR

anticipatory governanc@ND sustanability (OR sustainability scienc®R sustainability research

limiting the search t Gctikrancesld), e dtErvofr ohBErewnit md n 18a
Sciences6, and r eidl searehcndfreviem ofttlese tetins, at was dlesrthie n i t

databases were returning a highly disparate and-saitging set of literature that mentioned the term
is@aemod but did not focus on the use pwmthbcolsvesenar i o0s
adapted to return more targeted aslévant literature for scenario practice by combiningénmsin

different waysadding additional keywords to ttial search (e.gscenario develp* OR scenario

analys*OR scenario plan¥}, and/orscanning the reference list of papers that weeadir selected. This

led to a more iterative, and adaptive search protocol than would be required for a systeraatibuevi

was appropriate to find ¢hliterature relevant to generate the reflexive framework.

Literature selectionEach search was sortedb 6 Rel evancedé and O6Citation (hi
abstract of the first 100 hits of each search werewsde The inclusion criteria wera) the paper

focuses on the use of scenarios as a research practice, either theoretically or metatigph)ghe

paper is a seminal framework, commentary, review, synthesis, or highly cited case study (i.e.,hpt a hig
specialized method or casahd c) the paper is targeted to an interdisciplinary/transdisciplinary audience,

with preference for susinability science. The search continued until the authors were satisfied that the

list of literature was as close $aturation as would be feasibte the review.

Return to literatureEmerging boundary judgments from the initial review of the liteegpainted to gaps
in the initial search protocol. Thus, the initial literature search was revisited with additiarc terms
relevant for specifithemes (e.gspatial scaleor knowledge typeto complete the list.

Example searches:

1) Scopus: scenario®R foresightOR "anticipatory governanceAND sustainability+ LIMIT to
AEnvironment al 96,7800resulssdo subject area
a. Scenario developt 266 results
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b. Scenario analys* 942 results
c. Scenario plan* 264 results
2) Scopus: scenario®RforesightOR arfi ci pat or y AbDsusainabaity-d IMIT to
iSo&icalenceso i 3460rpsalts t ar ea
a. Scenario developt 266 results
b. Scenario analys* 942 results
c. Scenario plan* 264 results

102 papers total (23 added after initial review to address emdogundary judgments)
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GROUP B: LITERATURE ON SOCIAL -ECOLOGICAL SYS TEMS CHANGE (including

transformation)

Goat To retrieve seminal literature on the dynamics of change in semiébgical systems (SES),
includingtransformation.

DatabasesThe literature was retrieved through iterative searches in Scopus and WédnoeSc
These two databasesre selected to cover a comprehensive scope of literature. Only English
language studies were included, and the searches were all conducted before December 2021.

Search protocolThe literature search protocol was conductedur tategories.

Category 1 (General SESkeneral literature that addresses the dynamics of change in SESs was
found simply using the search tesmcialecological systermand limiting the search to relenta

subjects (e.g., OEnvommemtealt aft Bdien&es®So diEalv
6Sustainability Scienced depending on the dat ¢

order of 6Cited by (Hi ghest )ésulisrwdre reviewed.tThet | e

inclusion criteria wee a) the paper focuses on the dynamics of, and conditions for, SES change
and b) the paper is a seminal framework, commentary, review, synthesis, or highly cited case
study (i.e., not a highly specializetkethod or case).

Category 2 (deliberate SES traoshation): Literature that addresses deliberate transformation
from an SES perspective was found using the searsbeiskecological systemAND

transformat’ and limiting the search to relevantsubjdcts . g. , 6 Envi ronment al

ar

OEnvir orurda retsadl, DtSoci al Scienceso, 6Sustainabi
The results of each search were sorted in orde

of the first 100 results we reviewed. The inclusion criteria were a) thpgrdocuses on the
dynamics of, and conditions for, SES transformation, with at least some focus on deliberate
transformation (i.e., desirable futures), and b) the paper is a seminal framework, commentary,
review, synthesis, or highly cited case study,(het a highly specialized method or case).

Category 3 (counterpoint to deliberate SES transformatiohg SES approach to deliberate
transformation is one of multiple transformation approaches. Thuisioaddlliterature that

provides a counterpoint the SES approach through a critique of the SES perspective, and in
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of Category 2 searches, and by conuhgcadditional searches including (transformat* BN
(sustainability OR "socia¢cological system*") AND critique OR politic* OR emancipat*). The
results of each search were sorted in order
first 50results were reviewed. The inclusion criteria wayéhe paper focuses on the dynamics

of, and conditions for, SES transformation, with at least some focus on deliberate transformation
(i.e., desirable futures), and b) the paper is a seminal framewaonkyeatary, review, synthesis,

or highly cited casstudy (i.e., not a highly specialized method or case).

Category 4 (unintended SES transformatiduiferature that addresses unintended
transformations in SESs beyond that covered in Category 1 was fangdhessearch terms
( gociate c ol 0 gi c aAND Anthopgoeenesodiate c ol ogi c aANDBryes ¢ iemé 0
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shi;f thewecdladgi cal system*0 AND fAtipping pointo;

AND risk) and limiting the search to relevant subjectg (e., O Envi r onment al Sci e
OEnvironmesné,al 6 Sa aida | Sciences o, OSustainabil.i
The results of each search were sorted in orde
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focuses on potential for more disruptive, turbulent, sudden, and/or systemic changes (i.e.,
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Appendix C

Comprehensive summary of boundary judgments

Boundary judgment

Dimensionsifinermost4d outermost)

Purpose

Overarching
objective that
determines the
most important
criterion for
scenario
evaluation

Definition

Probable futures

1 Scenario probability as a key

criterion (i.e., likely to happen,
based on current tren@¢oros
2017)

Used for formal planning and
strategy development
(Muiderman et al. 2020)
Viewed as scientifically credible
based on historical data or expe
probability judgments
(Rounsevell and Meger 2010)

Plausible futures

1 Scenario plausibility as a key

criterion (i.e., could happen
based on existing knowledge
(Voros 2017)

Used to build up societal
preparedness and capacity to
navigate uncertaint{Peterson et
al. 2003; Muiderman et al. 2020
Scientific credibility maintained
through evaluations of internal
consistacy or expert plausibility
judgment(Schweizer and
Kriegler 2012; Bhave et al. 201

Possible/diverse futures

1 Scenario possibility and diversit

as key criteria (i.e., might happe
based on future knowledge
(Voros 2017)

Used to evaluate robustness to
thewidest scope of uncertainty
(Lord et al. 2016@and/or to
mobilize actors to careate new
futures(Bourgeois et al. 2017;
Moore and Milkoreit 2020;
Pereira et al. 2020a)

Tradeoffs in reproducibility,
perceived scientific credibility,
and compatibility wit other
scientific processes
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Justification for placement

1 Excludes conditions that are
scientifically nonverifiable
according to existing (historical
knowledge (Pereira et al. 2007;
Wiek et al. 2013)

1 Excludes future SES conditions
that are novel and/dor which
there is no historical data

0 e.g., may exclude the increasir
the structural, dynamic, and
functional complexity of 21
century systems and risks,
which increases the potential
disruption nonlinearity,and
surprise (Young et al. 2006;
Brewer D07; Liu et al. 2007,
Helbing 2013; Centeno et al.
2015; Keys et al. 2019)

0 e.g., may exclude the novel
ecological dynamics
experienced as Earth systems
are pushed past cittal tipping
points, producing emergent SH
behavior (e.g., regime shifts
(Rocha etl. 2015)

0 e.g., may exclude
transformative change that
emerges from innovatv
practices, ideas, and
perspective$Biggs et al. 2010;
Bennett et al. 2016)

1 Includes norverifiable future
conditions as long as they can |
evaluated as i
according ¢ plausibility metrics
(Pereira et al. 2007; Wiek et al.
2013)

1 Includessomefuture SES
conditionsi including
transformation$ that are novel
and/or for which there is no
historical datagee examples
left); still excludes conditions
that are baskon fuure
knowledge (i.e., that cannot be
deemed fAoccur a
existing knowledge)

1 Plausibility is undertheorized an
contestedSchmidtScheele
2020); subjective plausibility
judgments may still exclude
ffoccur abl entuitibeu
phenomena

1 Includeswidest range of
conditions due to explicit
rejection of metrics of probability
and plausibility

1 Includes future SES conditions
that are novel and/or for which
there is no historical or
existing/presentiay knowledge
(see exampks lef}

1 Includes the widst scope of
transformative conditions that
deviate significantly from the
present; e.g., those that emerge
from experimental, creative
techniques for modelling or
imagining the futurg¢Vervoort et
al. 2015; Bendor et al. 2017;
Merrie et al. 2018)

Normativity

The degree to
which the

Definition

Neutral

1 Scenario process explores rang

of futures without considering

Strategic

9 Scenarios consider desirable

futures that are strategistrong

Visioning
1 Scenarios consider desirable
futures that are primarily visions
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desirability of
scenarios is
considered

desirability
o E.g., to assess robustness
(Brown et al. 2016pr
whether desirable strategieg
are enabledr constrained
by broader contexts
(Bohensky et al. 2011)

connection to neaerm action
0 e.g., toidentify objectives
and strategt pathways to
achieve them, or to evaluatg
the implcations of strategic
options(Robinson 2003;
IPBES 2016)

without clear connection to neal
term strategic
o E.g, focusing on imaginatio
and creativity to inspire
deliberate transforration
(Wiek and Iwaniec 2014;
Pereira et al. 2018a)

Justification for placement

N/A (normative aspects of
scenarios no explicitly
considered; may be
underrepresented or
underdeveloped in the scenarig
set)

Includes scenarios that are poli
relevant and @ionable; may
favour incremental or adaptive
actions and exclude longegrm,
more radical changes that refle
transformative changdgwaniec
et al. 2020

Includes scenarios that are high
desirable and potentially
imaginative; often framed to hel
change what people expect from
the world and what they deem
possible; i.e., to inspire and
inform deliberate transformation
(Bennett etl. 2016; Iwaniec et
al. 2020 Moore and Milkoreit
2020)

Visions of a @
identified as a leverage point to
positive societal transformation
(Chan et al. 2020)

Epistemological
lens

The theory of
knowledge that
distinguishes
whatconstitutes
a valid belief
and how
multiple
perspectives are

integrated in the

Definition

Positivist

1 Objectivity; experinformed and

model driven; scenarios attemp
to reflect an objective reality
(Vervoort et al. 2015; Carlsen e
al. 2017)

Reflects the view of those
advocating fomore neutral,
transparent approaches to
scenario developmef€arlsen et

Critical realist

1 Consensus; integrative; scenari

al. 2017)

incorporate multiple perspective
to gain an enriched
understanding of the future
(Bhaskar and Hartwig 2016;
Cockburn 202)

Reflects the view that all
knowledge is eternally completg
but approximations of truth are

Constructivist, pluralist

1 Discord; knowledge about the

required for actiorfGroff 2004,

future is subjective and
constructed thnagh experience
(Moon and Blackman 2014)
Embra@smultiple perspectives
that cannot be reconciled by
avoiding integratior{Gregory
1996; Vervoort et al. 2015)
Reflects more of a critical
emancipatory lens on scenarios
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scenario proces:

1 Aligns with sugainability
science roots in natural science|
engineeringe.g.,Holling 2001)

West et al. 2014; Preiser et al.
2022)

Aligns with the open, integrated
knowledge systems required to
address complexity of 21
century sustainability challenges
(Lang et al. 2012; Cornell et al.
2013; Bai et al. 2016; Verburg ¢
al. 2016)

(Inayatullah 1998a; Scheele et ¢
2018)i.e.,it he f utur
a source of fredam without a
critique of do
(Gugerli 2010)

Justification for placement

9 Only includes perspectives that
can be evaluated as neutral anc
objective according to a single
knowledge system; integration i
avoided or discards any
knowledgethat is
incommensurate with the
dominant framéTurnhout et al.
2019)

0 e.g., local or Indigenous
knowledge considered
important for undestanding
long-term change in SESs
(Armitage et al. 2011; Lam
et al. 2020a)put is rejected
as nuns ¢Madim t i
2012)

1 May exclude important social
considerations in understanding
of SES change (e.g., subjective
political elements)

o E.g., positivist SES

frameworks criticized as

Includes knowledge that can be
evaluated according to the
criteria of its own knowledge
system; integration is consensu
based and focused on developi
an enriched picturéMiller etal.
2008 Tengo et al. 2014)
Includes multiple understanding
of SES change and multiple
perspectives and interests in
deliberate transformation
(Bennett and Zurek 2006; Preis
et al. 2018; Cockburn 2022)
May exclude highly novel or
discordant underahdngs of
SES change and tyutritical-
emancipatory lens on
transformation
oi.e., the #Ai/I
i mperativeo
realism(Klenk and Meehan
2015; Cockburn 2022joes

not explicitly address the

Includes knowledge that cére
evaluated according to the
criteria of its own knowledge
system; avoids integtian
entirely to emphasize pluralism
and discordanc@/ervoort et al.
2015)

Includes plural understanding o
SES change and critical
emancipatory lens on both
scenario praate (Inayatullah
1998a; Scheele et al. 2018)d
transformatior(Stirling 2014;
Blythe et al. 2018)

May include more imaginative
scenarios that could reflect mor
transformative changes from the
present, which would be rejecte
under more strict evaluatiertf
objectivity or consensue.g.,
using novel experimental
methodgMangnus et al. 2019;
Pereira et al2021)
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oversimplifying social
systems as a puzzle of
nfngetting the
(Olsson et al. 208) and
undervaluing socigpolitical
factors that lead to divergen
framings(Leach et al. 2010;
Brown 204; Stirling 2014)

9 Perpetuates a tendency toward

top-down, commandndcontrol
views of deliberate
transformation; excludes botten
up, criticatemancip#ory views
of deliberate transformation
(Stirling 2014; Blythe et al.
2018)

politics of integration;
introduces risk that
margindized perspetives
are reduced,
instrumentalized, or coopte(
by more dominant
perspective¢Ahenakew
2016; Turnhout et al. 2020)
and highly novel or
discordant framings are
rejected(Vervoort et al.
2015; Turnhout et al. 2020)

Knowledge

type

The dominant
form of
knowledge
included in the
scenario procesy

Scientific only

9 Scenario methodology only

draws fromformal, scientific
knowledge (i.e., experts, model

Other

9 Scenario methodology only

draws from other forms of
knowledge (i.e., local,

Multiple

1 Scenarios arpumosefully,

systematically informed by both
scientific and other forms of

c Results hold legitimacy in some practitioner, expeential, knowledge(Tengo et al. 2014;
;8 more disciplinary academic and Indigenous, traditional, etc.) Verburg et al. 2016; Falardeau ¢
% policy contextgVerburg et al. May encounter legitimacy al. 2019)

a) 2016) challenges due to ongoing Requires intentional integtion
marginalization of certain processes to ensure integrity of
knowledge systems (e.g., different knowledge types are
Indigenous, local) sustainability maintainedsee epistemological
related researctfOcholla 2007, lensboundary judgment)

- Inoue and Moreira 2016)
S GE) Includes a wide range of future Includes a wide range of future Includes a wide range of fur
c O SES conditions that can be SES conditions that are SES conditions that draw from
S ® T ) : ) e
=0 scientifically studiedand experienced and understood frg the benefits of both scientific an
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modelled, particularly as
sustainability science is
increasingly systemic and
integrative(Cas & al. 2003;
Clark and Harley 2020)
May exclude highly complex,
norintuitive, and/or sumpsing
SES dynamics
0 i.e., scientific knowledge ha
a legacy of reductionism,
breaking it down into
understandable parts
(Holling et al. 2000) this
tendency is lining when
addressing complex
sustainability challenges tha
emerge from
interdependencies across
scales and disciplingSwart
et al. 2004b; Miller et al.
2008; Tabara and Chabay
2013; Cornell et al. 2013)
May exclude or underemphasiz
subjective, normaike, and plural
aspects of deliberate
transformatior(Blythe et al.
2018)

various perspectives

Includes an alternative
understanding of SES change,
including transformabn
(Cornell et al. 2013; Lam et al.
2020a)

o E.g., Indigenous knowledge
was developed through
experimentation and
adaptation over long period
(Armitage et al. 2011; Teng
et al. 2014; Rathwell et al.
2015)and holds
fundamentally different
conceptions ofitne,
progress, language, self,
communication, and decisig
making(Jimmy et al. 2019)

o E.g., practitioner or local
knowledge that is derived
from integrative reakorld
experiencgCundill et al.
2005; Reed and Abernethy
2018)

May include subjective,
normative, and plural aspects of
deliberate transformation that a
experienced by different
knowledge holderf_each et al.
2010)

May exclude future conditions

that can only be understood

diverse other types of knowledg
(Miller et al. 2008; Tengo et al.
2014)

Includes an enriched
understanding of SES change,
including related to
transformation

o E.g.,scenario processes
becomesites for exposing
complementarities and
dissonances between
knowledge types, surfacing
new insightgPeterson et al.
2003; Bennett and Zurek
2006; Rathwell etla2015;
Lam et al. 2020a)

o E.g., surfaces the different
framings and expectations
for the futwe of different
actors associated with
transformation(Stirling
2006; Leach et al. 2010)

Introduces important risks and
considerations associated with
knowledge integration (see
epistemologial lensboundary
judgment)
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through scientific processes an
models

Participation

The nature and
purposeof the
inclusion of
non-expert
participants in
the scenario
process

Definition

None

9 Only experts are included (no

participation)

Knowledge input

1 Non-expert participants are

included to input knowledge intq
an experdriven process
(Moallemi et al. 2021)

Engagement and learning

1 Higher degrees of participant as

non-experts are embedded
through the research process
through scenario eproduction
and learningRobinson 2003;
Wilkinson ard Eidinow 2008)

Justification for placement

Includes the knowledge,
interess, values and perspective
held by experts; excludes those
held by more diverse participan
(Fazey et al. 2020)

Excludes SES changes not eas
represented in expedriven
processeéBennett et al. 2003;
van Vuuren et al. 2012; Lord et
al. 2016; Verbrg et al. 2016)
seeepistemological lenand
knowledge typboundary
judgments for examples

Actors remain without any role
in the development of scenarios
that maybe relevant to them
(Arnstein 2019)

Limits the transformative
potential of scenario pcesghat
could occur through participant
learning(PahtWostl et al. 2013;
Pereira et al. 2018b)

Enriches scenarios with diverse
understandings and experience
with SES change; e.g.,ddbacks
and surprises not easily
represented in daiatensive
models(Bemet et al. 2003; van
Vuuren et al. 2012; Lord et al.
2016; Verburg et al. 2016)
Excludes participants from
ongoing reflection, iteration, ang
learning, so future conditions ar
val ues are limited to those
considered relevant by experts
(Reed et al2013;Moallemi et al.
2021)

May result in tokenism or
instrumentalization of their
perspective for the gain of
expertgArnstein 2019)can
reinforce power dynamics if
participant selection is done
uncritically (Morgan 2014)

Limits transformative potential

Enriches scenarios with diverse
understandings and experience
of SES change

Facilitates learning and
experimentation required to
manage complexESbehavior
(Armitage et al. 2009; Biggs et
al. 2012)

Potentiallyfacilitates
transformative learning by
challenging participants to
guestion and deliberasbout
existing assumptions and
paradigms about the futu(@aht
Wostl et al. 2013; Pereira et al.
2018)

More power is delegated to
participants through greater
ownership of the scenario proce
(Arnstein 2019)
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of scenario process that could
occur through participant
learning(PahtWostl et al. 2013;
Pereira et al. 2018b)

Formalization

The degree to
which input
assumptions are
guantified or
codified into a
formal structure
or model in the
scenario process

Definition

High

9 Scenarios are highly formalized
meaning they are quantitative
(i.e.,usually in a model)

1 Highly formalized scenarios
provide transparency and
analytical rigour to underlying
assumptions; ability to reprodug
and validate system behavior
improves(Moallemi et al. 2021)

Low

1 Scenarios have a lower level of
formalization, meaning they are
qualitative (i.e., usually in
narrative form)

1 Rely on broader
conceptualisations and
assumptions about system
behavior and humaagency;
may be associated with highe
uncertainty and lower granularit
(Berkhout et al. 2002; Swart et
al. 2004b; Carpenter et al. 2009
Moallemi et al. 2021)

Combined

1 Scenarios combine bottigh and
low levels of formalization,
meaning they are hybrid and
combine qualitative and
guantitaive

Justification for placement

9 Include future conditions that ca
be codified and modeled by the
chosen method

o E.g., future conditions that
emerge from modelled
sociatecological
interactions and feedbacks

9 Includes a higher level of
granularity in thescenarios, but
models become specialized an
difficult to reconcile across othe
models and epistemologies
(Gerstet al. 2014; Verburg et al|

1 Includes any future conditions
that can be conceptualised
qualitatively; may enrich
scenarios with future conditions
that are difficult to codify and
model in formalized methods
(see examples left)

1 May enable scenarios to consid
more perspectives andaader
range of transformative future
conditions

o E.g., creative methods (e.g.
experimental methods, art)

are used to imagine

9 Includes future conditions that
can be understoodsing both
gualitative and quantitative
methods, thus enrich scenarios
with the benefits of both
(Verburg et al. 2016; Moallensit
al. 2021 Pereira et al. 2021)

0 e.g., using qualitative
narrative scenarios to defing
inputs into expertriven
guantitative models (e.g., th
Storyand-Simulation
approach(Kok et al. 2006;
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2016)

1 Excludes any future conditions
that are incompatible with the
codified language of the chosern
method, and fowhich
appropriate theory and data are
unknown

o E.g., May exclude novel,

transformation and facilitate
transformative learning
(Galafassi et al. 2018)

o Certain types of knowledg
(e.g., Indigenous knowledgg
are incompatible with
formalized modelsui enrich
understanding of SES

Alcamo 20089)

0 e.g., semguantitative
scenario methods that
develop narrative scenarios
from a complex nevork of
interacting drivers of change
(Zwicky 1969; Weimedehle
2006; Ritchey 2006; Lord et

wil dcard, or change and transformation al. 2016)
events due tbias toward (see knowledge type
computable, measurable, boundary judgment)
and testable aspects of a 1 Reliance on human intuition mag
systen{Carpenter et al. exclude counteintuitive and
2009) emergent conditions of cqutex

o E.g., may exclude complex, SESg(Peterson et al. 2003;
emergent (and difficutto- Ramirez and Wilkinson 2014,
model) properties of Bai et al. 2016)
deliberate and nintended
transformation(Rocha et al.
2015; Sharpe et al. 2016;
Pereira et al. 2018h)

o E.g., may excde important
social drivers of change tha
are difficult to quantify, yet
are expected to dominate
21stcentury darge (Gerst
et al. 2014)

Drivers Top-down (structural) Bottomup (agency) Crosslevel

The dominant
part of the

Definition

9 Scenarios characterize the futu

according to togdown drivers of

9 Scenarios characterize the futu

according to bottorup chang

9 Scenarios characterize the futur
according to both topgown
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system from
which change is
assumed to

change, which are outside of
direct human contrdiSchwartz
1991; Lempert 2003)

and drivers that actors do have
agency to contrglRobinson
2003; Pereira et a2021)

(structural) and bottorap
(agency) change

occur inthe
scenario proces:

Justification for placement

9 Characterizes the pedown
drivers that influence SES
change, including transformatio

0 e.g., the boundary condition
of the system; characterizin
critical uncertainties to
inform efforts to build
resilience(Peterson et al.
2003)

o E.g., changes to institutiong
structures thaenable
deliberate transformation
(e.g., social networks,
experimentation) or
constrain it (e.qg., rigidity);
changes to the broader
system that create windows
of opportunity for
transformation(Olsson et al.
2006; Gelcich et al. 2010;
Sendzimir et al. 2@)

9 Excludes the bottorap
processes that produce emerge
outcomes in SESs

o E.g., excludes how highvel
SES behaviour emerges frg
lower-level socialecological
interactions(Levin et al.

2013; Reyers et al. 2018)

9 Characterizes the bottenop
drivers that influence SES
change, including transformatio

o E.g., reflects the view that
high-level SES behavior
emerges from bottomp
interconnectivity and self
organzation (Levin et al.
2013; Reyers et al. 2@)

o E.g., may characterizes
dynamics of deliberate and
unintended transformation,
such as when underlying,
low-level drivers reach
tipping points and allow
novelty to scaléMoore et al.
2014; Rocha et al. 2015;
Bennett et al. 2016; Filbee
Dexter et al. 2Q7)

9 Focus on human agency reflect
important social dimensions of
SES related to transformation

o E.g., agency creates chge
as innovative ideas,
practices, etc. are nurtured
to scale through individual
leadership, institutional

entrepreneurs, and the

1 Enriches the scope of potial to
reflect how both toglown and
bottomup drivers infuence SES
change

o E.g., reflects the
understanding that future
change in SESs involves
interacting drivers and
feedbacks across various
domains and levelSwart et
al. 2004b)

o E.g., rdlects howdeiiberate
transformation emerges fror|
the interplay of structure ang
agency(Westley et al. 2011;
Moore and Westley 2011)
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o E.g., excludes the role of
human agencywhich
interacts with the system
structure to produce SES
transformation(Westley et
al. 2011; Moore and Westle
2011)

9 Focus on toglown change may
generate scenarios that are not
rooted in the local realities for
which they are meant to be
applied(Perein ¢ al. 2021)

exergse of transformative
agency(Moore and Westley
2011; Westley et al. 2013;
Lam et al. 2020b)

o E.g., potential for more
critical-emancipatory view
on transformation; emphasi
on how people exercise
agency according to diverse
assumptions and values
(Leach ¢ al. 2010; Blythe et
al. 2018)and the role of
social diversity and peer in
SES changéFabinyi et al.
2014)

1 An emphasis on bottomp
processes may generate
aggregated scenarios rooted in
local realities and practical actig
(Pereira et al. 2021)

9 Lack ofconstaining influence of
top-down/structural conditions
may not reflect realvorld SES
behavior e.g., potential for SES
to be trapped in a structure and
resist transformatio(Carpenter
and Brock 2008; Chapitil et

al. 2010)
Sociak S | Low Moderate High
ecological E . . . . . :
: = 9 Scenarios reflect the view that |  Scenarios reflect the view that | § Scenarios reflect the view that
complexity o

scenario trajectories and their

scenario trajectories are linear,

scenario trajectories are emergg
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The degree of
complexity (e.g.,
unpredictability,
and emergence)
that is assumed
to influence
change whin
the scenario
process

socialecological
outcomes/impacts are linear an
predictable

Reflects the view of 20thentury
natural resource management i
which ecosystems exist bne
stable state and respond to
human intervention in linear anc
controllable waygDietz et al.
2003; Westley et al. 201
Reyers et al. 2018)

but their outcomes/impacts of
emergentand difficult to predict;
i.e., scenarios set the context in
which complex SES behavior
can be explored

Partially rdlects the SES
perspective on natural resource
management, which sees humg
and natural systems as intimate
linked, ceevolving systern
(Levin et al. 2013; Folke et al.
2016; Biggs et al. 2022)

and difficult to predict; i.e., the
saenarios themselves represent
complex SES behaviour
Reflects the SES perspective of
natura resource management,
which sees human and natural
systems as intimately linked,co
evolving system¢Levin et al.
2013; Preiser et al. 2018; Biggs
et al. 2022)

Justification for placement

Includes clear, linear and

predictable future conditions of

an ES

0 i.e., reflects the view that
risk can be governed withol
reference to broader
systemic connectivity or
ecosystem limit€Rockstrém
et al. 2009a; Renn et al.
2011a; Westley et al. 2011;
Helbing 2013)

Excludes the complex, emerger

and more unpredicble

dynamics ottomplex SESs,

particularly in the 2% century

o E.g., intertwined social
ecological interactions and
feedback effects that produ
emergent, and often
counterintuitive outcomes

Scenario trajectories still includg
clear, linear, and predictable
future conditions of an SES
Scenario trajectories exclude th
complexity of SES changsee
examples left)in particular
transforméion (see exanlps
right)

Scenario trajectories set a contg
in which the outcomes/impacts
may consider the complexity of
SES changesée examples left)

Scenario trajectories may reflec

the complexity of SES change

(see examples lefipcluding the

emegent and unpuictable

nature of transformation

0 i.e., SES behavior is

emergent from complex
socialecological
interactions and feedb&s
(Levin et al. 2013)
transformation creates new
stability landscapefOlsson
et al. 2004b; Walker et al.
2004)

o Transformative changehat
are more likely to emerge in
the presence of multiple
interacting social and
ecological drivers than
individual drivers alone
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(Helbing 2013; Moore et al.
2014; Bauch et al. 2016;
Reyersetal. 2018)

o E.g., theincreasing the
structural, dynamic, and
functional complexity of 215
century systems that increa
the potential for disruption
and surprise even{¥oung
et al. 2006; Brewer 2007;
Liu et al. 2007; Helbing
2013; Centeno et al. 2015;
Keys et al. 2019)

o E.g., assumptiothat a
system has one single
equilibrium excludes
potential for transformation
into new system equilibria;
e.g., through regime shift or
deliberate transformation
(Crépin et al. 2012; Moore €
al. 2014; Rochat al. 2015
Biggs et al. 2018; Tabara et
al. 2018)

(Westley et al. 2011; Lade €
al. 2013; Moore et al. 24;
Rocha et al. 2015)

o Transformative trajectories
are emergent andamot be
predetermine@Moore et al.
2014; Scoones 2016)

Spatial scale

The type of
spatial
dimension used
to measure and
study
phenomena in

Definition

Single, social/governance

1 Scenarios consider a single
spatial scale that is comgae
with the mode of social
organization (i.e., governance
scale, e.g., local or federal
administration)

Single, biophysical

1 Scenarios consider a single
spatial scale that is compatible
with the biophysical landscape
(e.g., ecotone, river catchment,
mounginrange, etc.)

Multi - or crossscale

1 Scenarios explicitly link multiple
spatial scalese(g., loca@ A
national; watershed A global,
etc.)

I Multi-scale assessments focus
two or more scales without
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the scenario
process

systematically linking them,
while crossscale assessnis
foreground the interactions
between theniScholes et al.
2013) i . e. , il oo
linked multiscale scenarios
(Biggs et al. 2007)

Justification for placement

1 Includes conditions compatible

9 Excludes important dynamics o

with the governance context

(Epstein et al. 2015potentially
easier to link scenarios to policy
relevance and action

SESs, including transformation

o E.g., ecological dynamics
that fall outside of the
governance boundary
(Epstein et al. 2015)

o E.g., the crosscale
interacions tha produce
emergent SES behavjor
includingdynamics of
panarchy, e.g., how
transformation at lower
scales may maintain
resilience at higher scales if
the face of exogenous stres
or shock behaviofHolling
2001; Allen et al. 2014)

o E.g., the incredasgly

9 Enriches scenarios with a wider

globally networked, cross

scope of ecological dynamics
(Epstein et al. 2015Wwhich may
be more compatible for capturin
SES change

Excludes the crosscale
interactions that produce
emegert SES behavior,
including transformationsge
examples left)

If biophysical boundary is
compatible with the governance
context, may resolvscale
mismatches (i.e., when scale of
environmental change and soci
organization are not aligned) to
help ensue more of the
important components of the
systemare includedCumming
et al. 2006; Folke et al. 2007)
If biophysical boundary is not
compatible with a governance
context, scenarios may be
disconnected from policy

processes and difficult to link to

Reflects the knowledge that SE
are highly influenced by cross
scale dynamics, and that they a
increasingly globally networked
and teleconneted across scales
(Liu et al. 2013; Verburg et al.
2016; Keys et al. 2019fsee
further examples left)

Analysing crossscale dynamics
highlights important social
dynamics of SESEhaffin and
Gunderson 2016)

Present several challenges,
including mismatches between
socialandbiophysical scales,
difficulty reconciling scenario
drivers, loss of validity at
alternative scales, and ambiguit
regarding how scales are
delineatedCash et al. 2006;
Biggs et al. 2007; Schweizer an
Kurniawan 2016)
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scale linkages that define th
unique characteristics of the
21st centuryfRennet al.

2011b; Keys et al. 201p)

E.g., if scales are
mismatched (i.e., when scal
of environmental change an
social organization are not
aligned)important
components of the system
are lost(Cumming et al.
2006; Folke et al. 2007)

E.g., transformative change
(e.g., regime shifts) that
emerge when cresscale
feedbacks that hold the
system within its current
state are altered, allowing
the syste © cross
thresholds to other equilibriz
(Walker et al. 2004)

action(Epstein et al. 2015)scale
mismatches not resolved
(Cumming et al. 2006; Folke et
al. 2007)

Temporal scale

The length of
thetemporal
duration used to
measure and
study
phenomena in
the scenario
process

Fast

Slow

Linked

c 9 Shortmedium time scale (i.e., a { Long time scale (i.e., two 1 Linking fast and slow time scale
2 few years to two decades) decades or more) 7 Can considemultiple discrete
% scales (i.e., loosely linked) or
a) systemic interactions across
scales (i.e., tightly linkedBiggs
et al. 2007; Scholes et al. 2013)
5 g 1 Includes faster, shorter cycles @  Includes, slower, longer cyes of| f Enriches the scope of future
§ 2 % change in SESs change in SESs; scenarios hav potential to consider the
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9 Excludes slower, longer cycles

o E.g., political and
maragamnent time scales,
potentially facilitating the
link to action(Elsawah et al.
2020)

o E.g., shoriterm innovations
and experimentation that
may contribute to
transformation if scaled to
higher level system#iolling
2001; Westley et al. 2013;
Bennett et h 2016)

of change in SESsee examples

right); scenarios may not have

time to diverge significantly

from the present

o E.g., risk that scenario user

to attribute the impacts of
slow-changing, underlying
drivers of SES chande
fasterchanging proximate
drivers(Filbee-Dexter et al.
2017)

time to diverge more
significantly from the present
o E.g., may include the long

term preparation phase that
precedes a sudden
transformation triggered by
a crisis(Olsson et al. 2004b
Elsawah et al. 2020)

o E.g.,include thetimelagged
ecosystem responsgdrian
et al. 2012)and slow
variables and feedbacks in
SESgBIggs et al. 2012)

o E.g., may include slow
changing ecologicatlrivers
that may trigger regime
shifts(Ellis 2015; Filbee
Dexter et al. 2017; Biggs et
al. 2018)

Excludes faster, shorter cycles
change in SESs; may
underemphasize the role of
novelty and experimentati (see

examples left)

complexity of SES change,

including crossscale interactions

(Holling 2001; Falkenmark et al

2019b)

Tightly linked temporal scales

(Biggs et al. 2007n particular

reflect SES dynamics

0 e.g., how fast cycles of

change in the paarchy
framework can revolt and
influence slower cycles, and
how the accumulated
memory of slower scales cal
enable or inhibit these faste
scales (Holling 2001; Walker
et al. 2006; Reyerst al.
2018)

Challenging due to incomparabl
data and results atftérent scales
and the potential loss of scientif
credibility when translating one
scale to anothdiDdll et al. 2002;
Biggs et al. 2007)
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Appendix D

Coding of 72 case studies for each boundary judgment

Lead author

Purpose

Probable
futures

)

Plausible
futures

)

Diverse
futures (3)

Score

Rationale

Allan

Explorative scenarios of soegconomic
and biophysical elements related to coas
livelihoods in Bangladesh

Andreotti

Explorative scenarios of agroforestry
management strategies using gapatory
forecasting and backcasting, including
serious games and future visioning

Baggio

Plausible future scenarios based on char
in resource abundancedistribution, shifts
in cultural practices, and key productive
households

Bennett

Conmunity-based scenarios considering
sociceconomic and biophysical
change/stressors; enrich vulnerability
analysis and adaptation planning in a
coastal community

Bohensky (a)

Explorative scenarios reflecting how key
uncertainties influence thredidimate
change, local/regional pressures) and the
impact on the Great Barrier Reef and
adjacent catchments

Bohensky (b)

Explorativescenarios for Milne Bay
Province, Papua New Guinea's nascent
ecotourism industry, focused on climate
change andecology

Bohnet

Explorative stakeholdedriven scenarios
exploring future land use planning in case
studies in the Wet Tropics

Booth

Develops spatiotemporally explicit
biophysical inputs consistent with the
qualitative scenarios in Carpengtal.
(2015) study of Yahara Watershed

Brown

Explorative scenario narratives to
synthesize knowledge types atefine
adaptation responses that are robust acr
multiple futures.

Bruley

Explore a desirable vision for ecosystem
based adaption and strategies/levers for
achieving it in a mountain SES in the
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French Alps

Brunner

Explorative scenarios of global change ug
to model and evaluate an indicator for
resilience

Bush

Explore two scenarios considered as
possible ends a gectrum of sustainable
shrimp aquaculture approaches.

Butler

Stakeholdedriven visioning and
explorative scenario development for
livelihoods in 2090; used badasting to
design "neregrets"” strategies to achieve t
vision under explorative soaios; adopted
a reflexive interventionist approach to
incorporate peceptions of
livelihoods/adaptation.

Carpenter

Explore plausible trajectories of the Yaha,
Watershed to 2070 under different regimg

Daconto

Stakeholdedriven exploratie scenarios
exploring plausible future evolutions of
Khumbu andhe associated tourism
industry in Sagarmatha National Park ang
Buffer Zone, a mountaiprotected area in
Nepal.

Dada

Plausible 21stentury coastal systems
scenarios to test how thesantribute to
new longterm pressures and shogrm
pulse dynamics on west African coastal
systems.

de Chazal

Propose a new method for analyzing SES
vulnerability explicitly by linking value
based judgments of ecosystem services {
scenariebasedecmystem change stimulus
Ecosystenproperties are then linked to
scenario projections.

Enfors

Explorative scenarios to analyze four
alternative development trajectories for a
smallholder farming community in semi
arid Tanzania; contribute to inereng the
robustness of current investments in sma
scale water system technologies.

Franklin

Use explorative scenarios of key ecologid
social, and policy changes on a system
dynamics model of a sociakological
system of Kenai Fisheries.

Fredstom

Develop local, contexspecific climate
change scenarios; aimed to analyze and
challenge assumptions that surface in a v
that aims to contribute to transformative
change.

Garteizgogeas

Develop exploratory scenarios to deepen
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coa

the urderstanding of dynamics shaping the
Humboldt Current Upwelling System, a
marine SESand refine and enrich general
marine ecosystem visions on a regional
scale

Gaube

Uses explorative scenarios of changes to
external framework conditions to analyze
outcomes of an agertased model

Gibon

Uses an integrated understanding of a lo
landscape as an SES to build an
ABM/LUCC that projects plausible
behavior of thesystem under a range of
alternative scenarios, focusing on
colonization by ash (Framusexcelsior) in
an agricultural landscape in the Pyreneeq
National Park area (France)

Gourguet

Used perturbation scenarios to assess th
response of aystem model of shellfish
aquaculture in the Normasigreton Gulf in
France; findings used to id&fy actions
that may improve the sustainability of
shellfish aquaculture.

Gray

Explore current and projected equilibrium
states and therelationship to
desired/undesired state outcomes under
different pressures and management.

Hanspach

Explore how current development trends
may be amplified or dampened in the futd
in southern Transylvania, based on
assessments of soc@inditions and naturg
capital bundles, SES dynamics, and currg
development trends.

Har m§|

Develop valuedasd participatory
scenarios that consider multiple values,
actions by different types of stakeholders
and their potentidmpacts on people in
protected areas in Czechia; using a
combination of Life Framework of Values
and Three Horizons opens up futsire

Hashimoto

Explore the implications of alternative
development pathways on land use,
biodiversity, andecosystem services;
highlighting the role of a rapidly declining
population in rural Japan

Henriques

Elaborated existing management scersa
for water management challenges in
England and Wales, using DPSIR to
identify drivers,interdependencies, and
influence on system dynamics.

Huber

Projects water supply and demand under|
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explorative socioeconomic/climate
scenarios; uses tharigiage of prediction
rather than projection/plausibility.

lwaniec

Co-develop positive and loAgerm
alternative future visions in the Central
ArizonaPheonix Longterm Ecological
Research site; explicitly aim to open up tf
solution space to incogpae diverse
perspectives and question the limits of wi
is normally cosidered
possible/desirable/inevitable.

Jiren (a)

Developed explorative scenarios for the
future of humarwildlife coexistence in the
Zambezi region of Namibia based on
stakehtder engagement.

Jiren (b)

Engaged with drivers of Séhange and
possible development trajectories for a ry
landscape in southwestern Ethiopia, and
how these scenarios influence food secu
and biodiversity conservation.

Kamei

Develop narative scenarios for Japan's
built environment that areonsistent with
the shared socieconomic pathways.

Kankam

Explore the supply of cultural ecosystem
services under different land use plannin
scenarios in southwestern Ghana.

Karner

Develop regional land use scenarios
reflecting land sharing, land sparing, and
more intermediate developments for five
different European landscapes.

Kebede

Combined the global RCP, SSP, and SP
scenario framework to explore climate
mitigation and adatation options in three
deltas in West Africa and South Asia.

Lacitignola

Develop a minimally descriptive model of
tourism destination in southern ltaly and
tested the model against different scenar
related to the coexistence of different
tourism classes andquilibria stability.

Langmead

Modeled the effects of four explorative
future development scenarios on the mar
environment of the northwestern Black S
Shelf.

Le

Uses the Land Use Dynamics Simulator
framework to assess tindative impacts of
policy interventions (i.e., the widest
plausible range of options for a given
policy) of a mountain watershed in centrg
Vietnam.

Liu

Propose a future land use simulation mog
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to simulate longerm spatiatrajectories of
multiple land use cover changes;
demonstrated in China.

Malinga

Developed explorative scenarios of socia|
ecological changes in an agricultural
landscape in South Africa, from which
ecosystem services can be identified.

Manuschevich

Explore the cosajuences of three
conservation and land use scenarios for
native forest conservation in Chile.

Martinez
Fernandez

Used scenarios as one (relatively small)
part of an integrated methodological
framework forSES assessment; scenario
used to represgexogenous drivers and te
system's vulnerability; demonstrated in th
Canary Islands in Spain.

Martinez
Sastre

Assessed future scenarios under differen
drivers of land use change, including
analyzing how changes impact people an
their accessat ecosystem services in the
Sierra Morena mountain range in Spain;
uses the language of likelihood (i.e.,
probability) but develops explorative
scenarios.

Merrie

Uses science fiction prototyping to develd
scenarios for the future of global fisherie
in a changing ocean. Study explicitly usin
novel methods to loosen cognitive
restrictions

Mistry

Develops contexspecific futures for an
SES in Guyana tovaluate whether
indigenous strategies to respond to
environmental challenges are "future
proof".

Mitchell

Evaluates governance possibilities again
different context scenarios in the Australi
Alps.

Newell

Developed scenarios dffferent
community development patterns for
Squamish, British Columbia, Canada;
implications of comurity development
explored within an integrated assessmen
model.

Norman

Envision and evaluate plausible future
scenarios of land use changetie year
2050 in the Santa Cruz Watershed
(Arizona), and use these scenarios to
develop spatially explitfootprints of land
use change under these scenarios.

Onaindia

Scenarios explored current and future
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changes to ecosystem services and the
associated influence on human wellbeing
Biscay.

Palacios
Agundez

Describe plausible scenarios 2050 in
Biscay that analyze how ecosystem servi
and human wellbeing may change.

Palacios
Agundez

Scenarios explored the plausibility of
scenarios developed by Onaindia et al.
(2015) by modeling them within a spatiall
explicit model.

Palomo

Used patrticipatory scenario planning to
explore social perceptions about conditio
trends tradeoffs, and future ecosystem
services and wellbeing in the Dofiana
sociatecological system and its protected
areas in southwestern Spain.

Pereira

Scerarios used to envision radical
transformations toward sustainable future
in southern Africaexplicitly to create
transformative spaces.

Planque

Aimed to develop explorative scenarios f
a marine SES based on contrasting
'perspectives' and thercimporate them
into common multiperspective scenarios;
explicit aim to produce a broad range of
contrasting futures and to enable
deliberation.

Plieninger

Assess the possible future drivers of
cultural landscape changes and their like
impacts on eog/stem services provision a
perceived by local actors in a biosphere
reserve in southern Germany.

Poonacha

Use apatrticipatory "transformative scenar
planning" process to develop explorative
scenarios for Bangalore.

Qui

Simulated ecosysitnservice changes unde
four contrasting narrative scenarios
depicting the future of the Yahara
Watershed by Carpenter et al. (2015).

Raudsepp
Hearne

Develop scenarios depicting plausible
sustainability transitions; use thvanoa
mashup from Pereird al., which opens up
futures.

Ravera

Develop explorative scenarios to evaluatg
livelihood vulnerability in a semiarid
agropastoral system in Nicaragua, includ
how it has been affected by multiple drive
overtime, and identify policy options

Rawluk

Introduce an approach for developing
plausible valuedased scenarios applied t
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bushfire management in Australia.

Ruiz-Mallen

Develop four plausible scenarios for
climatic, policy, andociceconomic
horizons to 2030 in Bolivia andexico;
use these to explore desired adaptation
options of rural communities in each
country.

Sahroui

Evaluates impacts of land use planning
scenarios on landscape connectivity usin
combinedecological network modeling
with a participatory approadh the
metropolitan region of Bordeaux.

Saito

Develops nationagcale future scenarios
exploring changes in natural capital,
ecosystem services, and human vbeling
in Japan.

Sellberg

Explored a transformed sustainable food
system in the $tkholm city-region in
Sweden.

Shoyama

Evaluate changes in land use land cover
biodiversity and ecosystem services in
Japan.

Song

Predict land use changésough a spatial
temporal evaluation model and use resulf
to establish adaptatidrénsformation plans
for a coastal wetland in South Korea.

Termansen

Project how land use may change under
different environmental/policy scenarios i
the UKUplands, and evaluate the impact
land use change on landscape vegetatior
patterns.

Thonmpsm

Use four divergent narrative scenarios to
describe changes to land use in New
England; translate scenarios into spatial
simulations.

Zavalloni

Assess land use, public goods, and welfa
conseqguences from agricultural productig
from threealternative scenarios (e.g.; 1
land use allocation driven by maximizatio
of agricultural income).

Zia

Explore implications of management
scenarios for Ruaha National Park in
Tanzania.
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Allan

Non
normative

(1)

Strategic,
backcasting

@)

Imaginative,
visioning

©)

Score

Rationale

X

Scenarios werexploratory only. Used to
inform policy implications at the end of th
scenario process

Andreotti

Used participatory games and workshopg
conduct a backastng process. Visions
simply guided the backcasting process al
focused orlandscape change; were not
explicitly imaginative.

Baggio

Exploratory scenarios only (i.e., the
interaction of changing resource abundar
shifting cultural practices, lgsdf key
productive households)

Bennett

Indicated thécontrollability' of different
explorative drivers of change. Envisioned
possible and plausible futures, including
one desirable scenario. Discussed action
adapt to change and achieve therdds
future.

Bohensky (a)

Exploratoryscenarios only.

Bohensky (b)

Exploratory scenarios only. Focused on
uncertainties affecting the possibility to
sustain ecotourism in the future.

Bohnet

Elicited desirable visions, depicted visual
to inform discussions, and used those

normative visions as inputs into a mappin
process.

Booth

Quantitative simulation of exploratory
gualitative scenarios.

Brown

Exploratory scenarios are used to evalua
policy robustness.

Bruley

Stakeholders envisioned ordgesirable
future. The study focused on backcasting
achieve that vision.

Brunner

Developed explorative scenarios of globg
change (nomormative) combined with
policy strategies with combinations of
different interventios; evaluated for
changes to ecosystem services local
residents value.

Bush

Scenarios are exploratory only.

Butler

Combined explorative scenarios for
livelihoods, aspirational visioning, and
normative backcasting.

207



Carpenter

Process fogsal on exploratory scenarios
that included both desirable and undesirg
outcomes.

Daconto

Exploratory scenarios included strategies
(controllable drivers of change), though
these were integrated with uncontrollable
drivers in the scenarios.

Dada

Scenarios are exploratory and only focus
on analyzing the implications of lostgrm
(press) and shoterm (pulse) dynamics.

de Chazal

Develop scenarios that focus on the
ecosystem services valued by stakeholdg
but the scenariahemselesare non
normative.

Enfors

Scenarios are exploratory, helping evalug
the robustness of smaltale water system
technologies to future change.

Franklin

Scenarios were exploratory only, elicited
from critical uncertainties.

Fredstrom

The study encouraged imagination, thoug
results were both desirable and undesira
E.g., workshops began with writing news
headlines about futures that are frightenir
exciting, etc.

Garteizgogeasg
coa

Scenarios were exploratory, focusing on
key uncertainties and their implications.

Gaube

Explorative scenarios are primarily non
normative.

Gibon

Used scenarios of alternative future polic
to evaluate outcomes on the local
landscape.

Gourguet

Explorative scenarios ar®n-normeétive;
used to identify actions to improve
sustainability.

Gray

Scenarios are exploratory (multiple stable
states for the SES). Analyzed later for
desirability.

Hanspach

Scenarios are exploratory only.

Har m§|

Theprocess was valdeased and
participants envisioned future impacts, by
scenarios were primarily namormative.

Three Horizons Framework discussion
focused on pathways to achieve "balance
as a desirable state.

Hashimoto

Exploraory scenarios of alternative
development pathways; nagrormative

Henriques

Scenarios are exploratory.
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Huber

Scenarios are exploratory only. Scenario
consider water supply and demand as
influenced by soci@conomic trajectories
and climatechange scenarios.

Iwaniec

Scenarios are informed by the 'Sustainal
Future Scenarios' framework, which
combines strategic, adaptive, and
transformative scenario logics.

Jiren

Scenarios are nemormative, derived from
causal loop diagrams audtical
uncertainties that generated scenario
narratives.

Jiren

The scenario process focused on
exploratory scenarios; used to motivate a
discussion about moving toward desirabl
future trajectories.

Kamei

Scenarios are nemormative scenars for
the future of the built environment in Japa
that are consistent with shared secio
economic pathways

Kankam

Focused on exploratory scenarios; depict
the potential increase in the relevant supj
of cultural ecosystem services under
possble land use land change scenarios

Karner

Scenarios are exploratory, focusing on
different land use options in the context g
global scenarios. Stakeholders discuss th
desirability of scenarios after thaye
generated.

Kebede

Scenarios focsed on adaptation policy
trajectories under different soeawonomic
trajectories.

Lacitignola

Scenarios generated from a model that
explores interactions between the type of
tourism and ecosystequality.

Langmead

Scenarios focused on bayasielief
network modeling; quantifying causal
relationships of alternative development
pathways (not strategic; assumed target
audience of scenarios has no control ove
development)

Le

Scenarios evaluate the implications of
various strategipolicy options.

Liu

Scenarios explore loAgrm land use land
cover change scenarios and simulate fou
development trajectories that consider
sociceconomic and climatic factors.

Malinga

The scenarios were exploratory, focusing
onchanges that imgapeople and
ecosystem services in the future.
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Manuschevich

Analyzed both desirable and undesirable
scenarios; comparing businessusual
with different policy approaches to land u
and conservation

Martinez
Fernandez

Process explicitly fimed around strategic
sustainability goals, strategic questions, &
indicators

Martinez
Sastre

Developed nomormative plausible
scenarios of landscape configurations an
socioeconomitrajectories, then evaluated
desirability and preferences among
stakeholders for different land use
configurations

Merrie

Ocean futures were explorative; one
scenario identified as "most hormatively
positive" in the discussion

Mistry

Scenarios nomormative; used to test
strategies for whether they wefature
proof'.

Mitchell

Scenarios are exploratory, focusing on b
biophysical, social, and governance drive

Newell

Baseline and community development
scenarios represented future conditions i
all existing strategic plans were approveq
(residential and commercial development

Norman

Scenarios are exploratory; evaluating
plausible land use scenarios to 2050.

Onaindia

Scenariothemselves are nemormative;
used to facilitate discussions about the
'positive’ and 'negative'ahents of the
explorative scenarios.

Palacios
Agundez

Combined exploratory scenarios with a
backcasting process that generated
managemerngtrategies.

Palacios
Agundez

Used nomormative explorative scenarios
to analyze the sustainability oblicy
options.

Palomo

Backcasting process is used to propose
management strategies to achieve a
desirable future

Pereira

Aim to envision positive narratives for the
future in southern Africa; explicitly used
creative experimental techniquescreate a
transformative space

Planque

Scenarios include desirable and undesirg
aspects of the future; differeiperspectives
do not represent visions of a desirable
future but rather different views on how th
marine SES works
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Plieninger

Explorative scenarios describe both posit
and negative future outcomes from cultur
landscape change

Poonacha

Included a visioning process and strategi
identification of key actions to achieve it.

Qui

Quantitative simulation of explatory
qualitative scenarios.

Raudsepp
Hearne

Focuses primarily on envisioning desirab
futures, and also focuses on actions mov
toward those futures.

Ravera

Combined envisioned desirable futures,
explorative climate scenarios, and
backcating strategic scenarios.

Rawluk

Scenarios are nemormative, developed
from contrasting values in a 2x2 matrix.

Ruiz-Mallen

Combined nomormative explorative
scenarios with backcasting to move towal
more 'desirable’ scenarios.

Sahroui

Combined several approaches to develoj
strategic (realistic) andlansformative
(ideatrealistic) scenarios and explore
desirable outcomes from visioning.

Saito

Scenarios are explorative, considering ke
indirect and direct drivers of change tthae
nortnormative.

Sellberg

Envisioned novelransformed food futures
and pathways; included discussion about
conflicts and opportunities for moving
towards the envisioned future.

Shoyama

Land use simulations were based on-non
normative exforative scenarios.

Song

Scenariosnalyze land use change and
fragmentation of wetlands under different
sociceconomic and policy trajectories.

Termansen

Scenarios explore land use change unde
different policy and environmental
scenarios.

Thompson

Scenarios werexploratory land use chang
only, translated to spatial simulations.

Zavalloni

Analyze land use, public goods, and
welfare outcomes from various policy
approaches (e.g., land use allocation bag
on the maximization adigricultural income
versus societal welfare).

Zia

Evaluates different management scenariq
against several criteria (economic welfare
good governance, etc.)
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Lead author

Epistemological lens

Positivist,
objective

(1)

Critical
redist,
CONSensus

)

Pluralistic
, discord

(3)

Score

Rationale

Allan

Downscaled SSPs, translated to narrative
scenarios and then quantified. Assumed @
common set of scenarios validated by
stakeholders.

Andreotti

Incorporated variouperspectives and
knowledge systems, ultimately aiming to
achieve consensus regarding the desired
vision and pathway to achieving it

Baggio

Focused on hypothesis testing and
mathematical modeling.

Bennett

Developed a common set efenarios
through a participatoryrpcess. Not explicit
about how knowledge was validated throu
the process.

Bohensky (a)

Scenarios were developed by combining
different sources of data and perspectives
academic and neacademicsources.
Discussed how broad participation imprsv,
credibility, salience, and legitimacy.

Bohensky (b)

One common set of scenarios is used
explicitly to build consensus, though authd
acknowledge that a diversity of perspectiv
is desirable.

Bohnet

Includes diverse perspectives and values
(e.g., 2 distinct visions of a desirable futur
yet also aims for integration and shared
goals. Also reflects these as quantitative
measures for analysis in disciplinary modg

Booth

Biophysical modeling reflects a positivist
perspective; thougimformed by qualitative
scenarios that served as inputs to the stug
(Carpenter et al).

Brown

The process allowed for diverse ways of
engaging and learning about the future;
attempted to adopt a reflexive approach

Bruley

The process drew froparticipant
preferences and perspectives to generate
common scenario set.

Brunner

Use of integrated assessment models
validated against traditionatientific
metrics.

Bush

Discussion of resilience, uncertainty, and
risk-oriented toward psitivism.

Butler

Explicitly adopts a reflexive approach,
surfacing multiple actor perspectives and
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values.

Carpenter

Discussion abouprovocative' scenarios an
multiple perspectives reflects some degre
of pluralism, though focus on '‘combig'
perspectives and ensuring they are consig
with scientific knowledge reflects critical
realism

Daconto

The participatory process allowed groups {
arrive at a consensus on focal questions

Dada

Combined an SES framework with various
forms of data to develop and test scenario
embracing different perspectives but
ultimately developing a common set of
scenarios

de Chazal

Used multiple stakeholder values to enabl
multiple assessments of vulnerability in th
same or different locains

Enfors

Comparison of participants' contributions {
scientific knowledge reflects criticakalism
and consensugriented lens

Franklin

The approach to developing and analyzing
the agenbased model reflects a more
positivist stance, bugcenario development
based on stakeholder workshops that elici
key system drivers reflects mardtical
realism

Fredstrom

Used critical futures methods to try to ope
up the scenario process to transformative
change

Garteizgogeas|
oa

Proces collected diverse views of the
future; scenarios developed from most
common drivers ancespective narratives

Gaube

Stakeholder and expert involvement ensu
validity; comment that they were not able
validate data on historical trends due&ok
of data

Gibon

Combining and applying diverse methods
understand interactions and feedbacks in
local landscape/landse system

Gourguet

Process elicited diverse stakeholder views
which were reconciled into a conciliated
view of the gstem

Gray

FCM model is used to collect and
"standardize" the perceptions of diverse
stakeholders; used to aggregate and encd
perspectives into one representation of
shared knowledge

Hanspach

Combined multiple forms of knowledge an
perspetive into an integrative causal loop
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diagram; combined previous stages to ma
perceived trends for each village

Har m§| |

Used the Life Framework of Values and
Three Horizons to coreate pathways

explicitly rooted in multiple actor values ar
perspectives

Hashimoto

The analysis focused on simulation model
validated according to historical data.

Henriques

Scenarios developed through stakeholder
workshops; validated by experts with
diverse backgrounds

Huber

Participatory scenaridevelopment and
simulation modeling verified scenario
plausibility; stakeholder dialogues and
diverse perspéiwes are considered
important for a shared understanding

lwaniec

Scenarios incorporate diverse perspective
co-producing futuresisions, yet also

building consensus around the desired
future; process oriented to broadening thé
limits of what ispossible

Jiren

While the process allowed for disagreeme
among participants (e.g., about preferred
scenario), scenaridevelopment itself
assumed one common set of scenarios

Jiren

Participatory scenario development, use 0
causal loop diagms, narratives, and other
methods; validated through stakeholder
workshops

Kamei

Drew primarily fromliterature, trend
analyses, etc. from scientific studies. Expe
panel to validate.

Kankam

Study was framed around expectations th
stakelolders would have divergent
perceptions of and preferences fedand
use systems. Soniedication of a
‘consensubased' approach where
stakeholders had to agree on narratives, |
narratives themselves incorporate diverge
views.

Karner

Combining stakeholder knowledge with
biophysical data into one set of scenarios.

Kebede

Combine stakeholdexxpert perspectives;
collaborative development, testing, and
validation of scenarios; integrating multiple
perspectives

Lacitignola

The simuétion model aimed to be as
'realistic' as possible

Langmead

A multidisciplinary approach was used to
model development; historical data was uj

214



to validate model performance where
possible

Le

Focuses on scientific experimentation and
modelirg to characterize system behavior

Liu

Simulationmodel

Malinga

Embraces pluralist perspective to some
extent by focusing on diverse perspectives
and stakeholders, though ultimately aims
build consensus for one set of scenarios

Manuschevih

Focused on scientific data forodeling land
use and other indicators under different
scenarios

Martinez
Fernandez

Explicitly encourage ceroduction of
knowledge that brings together academic
and noracademic perspectives to obtain t
"begd available" knowledge for eadase.
These are said to contribute to deliberativg
processes and help with decisioaking.

Martinez
Sastre

Involve local stakeholders in aspects of th
scenario assessment, in addition to
simulation models. Validateduring a
stakeholder workshop.

Merrie

Drew from diverse sources of data includi
technology trends, marine/natural science
fisheries science, etc.; aimed to generate
high degree of content credibility

Mistry

The approach aims to draexplicitly from
multiple types of knowledge. Framing of tH
process of scenario development as a too
for 'consensusuilding'.

Mitchell

Participatory process bringing together
different perspectives to generate one
common framework foscenarios; vadated
by participants

Newell

The approach draws from community
participants' knowledge, which is then
modeled and refined based on feedback.

Norman

Scientific modeling

Onaindia

Scenarios developgaimarily through
participatory methds, no evidence of
evaluation against metrics; validated
participatory process against landscape
outcomes (consensus)

Palacios
Agundez

Participatory methods focused on conseng
among perspectives (e.ghoosing most
relevant drivers)

Palacios
Agundez

Scenario mapping was used to test the
credibility and internal consistency of the
scenarios; iterative feedback from
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stakeholders was used to improve the qué
of the scenarios

Palomo

Process explicitly focused on divergent
visions, buthen ultimately wanted
consensual management strategies

Pereira

Uses diversity to push boundaries; focuse
on 'radically different' scenarios and visior
of a good Anthropocenexplicitly
described as experimental

Planque

Scenarios developgrom multiple
perspectives; integrated into the final stag
of the process but explicitly called "multi
perspective" scenarios

Plieninger

Drew from local actoperspectives to
develop scenarios; used
credibility/dependability criteria that relied
on consensus among participants

Poonacha

Participatory scenario development; relied
on consensus to determine key drivers;
aimed to promote sharemhderstanding

Qui

Scientific modeling of participant
knowledge

Raudsepp
Hearne

Epistemdogical lens not explicit; seeds
method aimed to explore transformative
futures; represent diverse perspectives

Ravera

Triangulated a range of information
including scientific and participatory
research

Rawluk

Scenarios rooted in differenalue systems;
represent differentand divergent
perspectives on the future

Ruiz-Mallen

Participatory method; validated by
stakeholders

Sahroui

Companion modeling approach; scientists
and stakeholders emonstructed together;
stakeholdergvolved for ever step of modeg
validation

Saito

Agreement among survearticipants in the
Delphi method used for validation

Sellberg

Participatory method; validated by
participants; methodological choices madg
to maximize diversity; focuseah conflicts
and tensions

Shoyama

The simulation modelalidated against
historical data

Song

The simulation model validated against
historical data

Termansen

Scientific modeling; combine methods
explicitly to improve validation

Thonpson

Epistemological lens not explicit. Used
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participatory scenarios as inputs into land
use land cover change simulations

The simulation model developed through

Zavalloni X 2 | participatory approach; concerned with
validation
Methoddogy explicitly aims to demonstrate
Zia X 3 | variability across stakeholder values unde

different management scenarios
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Lead author

Formalization

High
1)

Low (2)

Linked,
high & low

3)

Score

Rationale

Allan

X

Story-andsimulation approach

Andreotti

Serious games texplore farmer decision
processes and participatory backcasting

Baggio

Network modeling

Bennett

N || N DN

Qualitative narrative scenarios; group
drawing and storytelling exercises

Bohensky

Used formalized ecohydrology modsel
estimate qualitative changes to ecosyster
services and welbeing under 4 qualitative
scenarios

Bohensky

Focused on the participatory developmen
of narrative scenarios

Bohnet

Used participant visions of a desirable
future as inputinto land simulation models

Booth

Introduces a new, transparent method for
developing spatiotemporally explicit
biophysical models consistent with
gualitative scenario narratives

Brown

Focused on qualitative participatory
scenarios for social leany

Bruley

Participatory process including serious
games to identify adaptation objectives;
supplemented by a qualitative analysis to
identify NCA (nature's contributions to
adaptation) solutions

Brunner

Quantitative modeling of priority ecgstem
services under various global change
outcomes

Bush

Scenarios are narrative descriptions of
possible strategies

Butler

Qualitative analysis of drivers of change,
drivers of change, anekplorative
scenarios; backcasting as well

Carpente

Narrative scenarios fed into quantitative
time series of weather, land use cover, ef]

Daconto

Narrative scenarios from participatory
mapping exercises, etc.

Dada

Qualitative description of 3 scenarios;
evaluated against more rigoraflosit still
gualitative) SES framework

de Chazal

Social and ecological drivers linked throu
semiquantitative matrices

Enfors

Focused on developinmarrative scenarios
of agroecological conditions, livelihood
sources, and lifestyles
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Frankin

Linked stakeholdedriven narrative
scenarios to ABM

Fredstrom

Manoa method and causal layered analys
are both qualitative methods

Garteizgogeasco

Exploring futures through the use of
narratives

Translated social goabnd visions from a
participatory approach into scientific

Gaube categories and formalized modeling
language
Gibon ABM of land use covechange simulations
Gourguet Qualitative participatory modeling of
system feedback
FCM as a tool fosemiquantitative
Gray scenario analysis; encoding stakeholder
knowledge
Linked semiquantitative andjualitative
Hanspach methods like system dynamics and narra
scenarios with spatial mapping
Har m§| k Qualitative, valuebased scenarios
Qualitative storylines simulated in spatiall
Hashimoto explicit scenarios; reflecting Story and
Simulation (SAS) approach
Qualitative scenarios explored with
Henriques significant detail; emain qualitative with ng
guantitative models
Huber Agen;based model and spatially explicit
mapping
Linked a wide range dbw and high
Iwaniec formalization techniques to enrich the
scenario process
Jiren 4 qualitative narrative scarios
Jiren Used causal loop diagrams and scenario
narratives to generate narrative scenarios
Usednarratives, tables, and other
Kamei gualitative ways of describing the future @
the built environment in Japan
Scenario narrates combined with spatially
Kankam explicit modeling tools and participatory
mapping exercises
Linked global storyline, regional qualitativ
Karner storylines, stakeholder workshops, and
spatially explicit land use maps
Narratives from sharesbcioceconomic
Kebede pathways used for quantitative simulation
models
Lacitignola Focusedrimarily on simulation modeling
Driveri PressuréStatelmpactResponse
Langmead

framework used to construct conceptual
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models, simulated using Bayesian Belief
Networks

Le

Uses multiagent system models;
empirically validated alsubmodels and
multi-agent model

Liu

=

Focused primarily on simulation modeling

Malinga

Focused on developing narrative storyling

Manuschevich

Started with pmts of contention from a
congressional discussion as roots of
scenarios, which were formalized models

Martinez
Fernandez

Proposes a whole SES sustainability
assessment approach; including formaliz¢
simulation models in addition to more
gualitativenarrative scenarios and
participatory approaches.

MartinezSastre

Paired narrative scenarios with mapping
using GIS

Merrie

Narrative scenarios developed by
combining multiple types of data/methods
on existing and emerging themes

Mistry

Used the Delphi technique and taxis
scenario method to develop qualitative
narratives

Mitchell

4 qualitative narrative scenarios

Newell

Scenarios developed by local governmen
and community stakeholder groups;
explored in an integrateabsessment mode
(SAS)

Norman

Spatially explicit scenario modeling

Onaindia

Storylines developed through a
participatory process describing possible
futures for Biscay

Palacios
Agundez

4 qualitative narrative scenarios

Palacios
Aguncez

Established plausibility and coherency of
storylines about the future of Biscay from
Onaindia et al. (2015) using a spatially
explicit land use model

Palomo

Focused on developing qualitative
storylines

Pereira

Used acombination of galitative futures
methods (seeds, future wheels, three
horizons) combined with artistic media
(theatre)

Planque

Qualitative storylines maintained through
early scenarios (from different perspectivg
and integration into multiperspective
scenarios

Plieninger

Open, narrativdased approach
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Poonacha

Narrative scenarios (2x2 matrix)

Integrating qualitative scenarios with

Qui biophysical models
Qualitative narrative scenarios using futu
wheels, backcastinigprecasting using Thre
Raudsepgearne Horizons, and creative storyline
development
The participatory method combined with
Ravera conceptual mapping to develop a qualitat
understanding of the system
Rawluk Focus on gualitative narrative scenarios
Ruiz-Mallen Qualitative narrative scenarios
The companiomodeling approach;
Sahroui included qualitative scenarios, landscape
graphs
: Qualitative scenarios from the Delphi
Saito
method
Sellberg Bot_tomup, participatory narrative sceinas
(using bright spots, seeds method)
Translated qualitative langse scenarios
Shoyama . . . )
into quantitative simulations
Song Focus on simulation modeling
Termansen Focus on simulation modeling
Translated participatory enarios into
Thompson simulations of land use amahd cover
change
Zavalloni Land allocation model
Qualitative multicriteria decision analytica
Zia framework used to evaluate managemen

scenarios

221



Lead author

Participation

None(1)

Knowledge

)

Learning

(©)

Score

Rationale

Allan

The purpose of the scenarios was to
inform policy discussion, but also
explicitly discuss how the scenario
development process can contribute tg
learning loop

Andreotti

Participatory game sessions aarte
explore farmer decisiemaking and
stimulate social learning; an approach
aimed to support collective scenario
evaluation toward landscape transition

Baggio

Surveys were conducted to collect
information as inputs to the model

Bennett

A survey of participants after the
scenario development process showeq
that the process contributed to particip
learning.

Bohensky

Participants contributed their knowledg
to the scenario development process

Bohensky

Participantcontributedtheir knowledge
to the development of scenarios; chan
in perception before and after the

scenario process demonstrated learnir]

Bohnet

Focused on participatory tools to
facilitate social learning

Booth

Scenariogleveloped through an itenae
approach including stakeholder
elicitation

Brown

Scenario process explicitly aimed to
stimulate social learning; evidence of
double loop learning (Reframing)

Bruley

Participatory backcasting and series
games aimed to initiate a reflection
strategies for achieving a shared visior

Brunner

A simulation model with no stakeholde
input

Bush

None

Butler

Adopted a participatory systemic inquit
approach

Carpenter

Participation contributed to scenario
development (kowledge) and garnering
new insights

Daconto

The scenario process aimed to promof
strategic reflection on eterm
challenges for park management

Dada

Participation is primarily framedround
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knowledge contributions

de Chazal

Participaton focused on knowledge
contributions

Enfors

Rigorous patrticipation to input
knowledge into the scenarios. Brief
mention of empowerment of local
stakeholders in the discussion.

Franklin

Stakeholder workshops primarily
contributed to the iddification of key
system drivers

Fredstrom

The study aimed to reveal the power o
transdisciplinary scenario approach for
sustainability transformation; the CLA
methodexplicitly seeks 'action learning’
modes of knowing through the creatior
of transformative spaces

Garteizgogeasco

The participatory scenario process ain
to explore different futures and create
collaborative space for dearning and
strengthening connections between
researchers, policymakers, and users
the marine SES

Gaube

Transdisciplinary modeling with
participant reflection designed into the
process

Gibon

The study was preceded by a
multidisciplinary participatory study; the
process outlined in the paper focused
modeling

Gourguet

Participatorygualitative modeling
approach; focused on knowledge
elicitation, no mention of participant
learning

Gray

This studyfocuses on participation as
knowledge input, though advocates for
the use of FCM as a "quick and dirty"
method to promote social keang and
deliberation among diverse stakeholde

Hanspach

Participation is prominent in the metho
butfocused on inputs to scenario
development with no mention of social
impact/learning

Har m8| k

While participant learning is often a go
of transdisciplinary careation, the
paper does not explicitly discuss the
learning component. Assumétht
participation focused primarily on
knowledge input.
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Hashimoto

None.

Henriques

Most participation focused on
knowledge inputs to scena
development; inclusion of stakeholderg
in dialogue also aimed to help create
strategicconversations about water ang
the environment (reflective thinking,
etc.)

Huber

Participation contributed primarily to
scenario development (specifically
spatally explicit scenarios for land use
and tourism development)

Iwaniec

Rigorous engagement via several
methods aimed to expand traditional
future projections, broaden decision
making capacity

Jiren

Engagement primarily focused on
knowledge catributing to scenarios.

Jiren

Participation contributed tecenario
development (causal loop diagrams,
identification of critical uncertainties).
Researchers also had clear intentions
build "adaptive capacity" and evaluate(
whether the exercideelped participants
think about the future in different ways

Kamei

Participation primarily contributed to
scenario development and validation; 1
indication of participant learning

Kankam

Participation primarily contributed to
scenario develpment and analysis

Karner

Stakeholdeworkshops focused on
scenario development

Kebede

Participation focused on knowledge
contributions, including inputs,
evaluation/validation, and
revisions/remodeling

Lacitignola

=

None

Langmead

None

Le

Stakeholder analyses afatus group
results are used as inputs into the
modeling process

Liu

None

Malinga

The original aim was to use participatiq
as knowledge generation, though latte
insights focused on how scenario
devdopment triggers important
discussions among stakeholders
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Participation was only included in the
up-front determination of policy

Manuschevich narratives, which were points of
discontent observed during discussion
unrelated to the scenario process
The proposed SES sustainability

Martinez assessment approach suggests a
Fernandez deliberative participatory process to feg

the assessment

MartinezSastre

Study participants contributed to
scenario development but also explore
scenarios in etail using various
methods, framed as a-t&arning process

Merrie

Academic exercise, not participatory

Mistry

Framed the participatory scenario
process as a platform for dialogue and
shared learning

Mitchell

After stakeholders partigated in
scenario generation, the questionnaire
revealed that high percentages of
participants learned through the proces

Newell

Participation used to solicit feedback o
the model; shown to produce scenario
with higherrelevance to local context
and needs

Norman

The framing of the study is informed by
public dialogues, but the study itself dg
not include participation

Onaindia

Participation is used to ensure scenari
are relevant to the locabntexts and to
foster the applicatio of the conclusions
drawn from the scenarios

Palacios
Agundez

Participation was primarily framed
around knowledge contributions, but
discussion highlighted learning as
participants began to see otlpaints of
view

Palacios
Agundez

Evaluatedparticipatory scenarios from
Onaindia et al. (2015) within a spatially
explicit land use change model

Palomo

Participation contributes to scenario
development, but the study had the
explicit aim tocontribute to social
learning

Pereira

Highly creative participatory process;
aimed to create a transformative space
that inspires action; third day of
participatory dedicated to reflecting on
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learning through the futuring process

Planque

Discusses the role of scenarios in help
participars confront their notions of the
future and to be better prepared for a

range of scenarios; the scenario proce
did not explicitly evaluate this learning

Plieninger

The aim was tgenerate enriched
knowledge and for local participants to
enhance tair capacity to deal with
landscape change

Poonacha

Transformative Scenario Planning (TS
explicitly aims to transform
understandings, relationships, and
intentions amon@ctors

Qui

Significant participation to develop
scenario narratives (vich were not the
focus of this paper), which were then
integrated into the biophysical modelin
done here to analyze spatial/temporal
characteristics

Raudsepp
Hearne

The process was designed to include
participant reflection and to explore
factorsnot typically central in scenario
development

Ravera

Participation primarily focused on
knowledge input also aimed to stimulal
discussion

Rawluk

Value-based participatory scenario
planning is explicitly framed to engage
stakeholders in a naaingful discussion
about different perspectives and possil
conflicts between them

Ruiz-Mallen

Rigorous participation likely encourage
thelearning of participants, but this wa:s
not explicit in the framing or discussion
of the process

Sahroui

Explicit aim to develop a common
knowledge base between scientists an
stakeholders

Saito

An expert working group assembled to
inputknowledge into the process

Sellberg

Rigorous patrticipation likely encourageg
the learning of participantbut this was
not explicit in the framing or discussion
of the process

Shoyama

=

None

Song

x

=

None

Termansen

None
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Scenario calesign process; framed

Thompson X around the need for participants to ma
sense of complexity and learn
A participatory approach for model
Zavalloni development; stakeholders provided
input
Zia None
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Leadauthor

Knowledge t

pe

Scientific

1)

Local,
Indigenous

)

Multiple,
connected (3

Score

Rationale

Allan

w

Participatory process irgeated
qualitative/quantitative data and the
perspectives of diverse stakeholders

Andreotti

Usedserious games to elicit farmer

knowledge and behavior; linked with
expert knowledge through participator
backcasting

Baggio

Focused on mathemedil network

modeling. They collected information
from participants via targeted surveys
which generated scientific knowledge.

Bennett

The participatory scenario planning
process involved local stakeholder
groups.

Bohensky

Scenarios developéd expert
workshops

Bohensky

The purpose of scenario development
was tointegrate the knowledge of

scientists, experts, stakeholders, etc.,
and to evaluate changes in perception

Bohnet

Considered local and practitioner
knowledge on equal faimg with
scientific knowledge, using both
throughout all stages of tlpgocess

Booth

Used Yaharacenario narratives
developed by linking different types of
knowledge (see Carpenter et al), but t
paper focused on developing

spatiotemporally exfit biophysical
models consistent with those narrative

Brown

Participatory scenariplanning
primarily to surface local knowledge
and diverse perspectives; no formal
effort to link with scientific/expert
knowledge

Bruley

Focus primarily orthe participatory
process that elicited stakeholder
perspectives on approprigtategies of]
'levers' to achieve visions. Also used
simulation models alongside the
qualitative data

Brunner

The simulation model focused on
scientific knowledge.

Bush

Knowledge type not explicitly stated,
two scenarios assumed todir@awn
from expert knowledge only.
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Butler

Participatory scenario and adaptation
pathways approach focused on
stakeholder knowledge

Carpenter

Brought together local stakelder
perspectives, and social and natural
sciences.

Daconto

Scenarios focused on local knowledgg
through participatory workshops with
local stakeholders

Dada

The study involved participatory
processes for understanding SES
dynamics, linkedvith scenarios that
were developed using literature reviey
andco-author experience. However,
scenarios themselves only developed
using expert/scientific knowledge

de Chazal

Stakeholder processes to identify and
prioritize drivers; linked with scidific
data in the development of interlinkag
andscenario projections

Enfors

Focused primarily on farmer
perceptions and local knowledge, and
these contributions were checked
against official development statistics
and trends in the region

Frankin

Elicited key system drivers from
stakeholders; modeled in artegrated
agentbased model

Fredstrom

Participatory process drawing from
local knowledge

Garteizgogeasc(
a

The participatory process elicited
knowledge from different pepgctives
(including experts and neexperts)

Gaube

Integrated modeling process aimed tg
scientifically integrate diverse factors
and to support local stakeholders'
"strategic orientation process"

Gibon

Scientific knowledge only; integrating
multiple disciplines

Gourguet

Usedstakeholder perceptions to devel
qualitative models of system feedback

Gray

Local expert workshops were used to
develop the fuzzy cognitive map that
served as an input to the model

Hanspach

Expert knowledge for village
assessment, participatory workshops
with diverse stakeholders for regional
analysis, and then combined in a
mapping exercise
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Har m§| K

The transdisciplinary process involveq
both participants and researchers in @
co-creation pocess

Hashimoto

The analysis focused on simulation
models and scientific knowledge

Henriques

Participatory workshops were used to
elicit key drivers; invitees were all
experts from various disciplines

Huber

Scientific knowledge was uddo
develop an agefiiased model, with
local stakeholder workshops
contributing to the development of
guantitative and spatialgxplicit
scenarios for land use and tourism
development

Iwaniec

Scenario development explicitly frame
as acollaboraton between practitioner
and academic stakeholders

Jiren

Focused on multistakeholder
workshops, providing a platform for
divergent aspirations to deliberate
together

Jiren

The participatory process primarily
drew from localbrganizations and
stakeholders

Kamei

Primarily drawn from studies and
scientific/social scientific knowledge
via an expert panel who helped valida
and refine the scenarios

Kankam

Involved diverse knowledge holders
throughout varioustages of the
process; e.glocal knowledge in
scenario development and participato
mapping; experts throughout and to d
GIS mapping

Karner

Regional stakeholders developed

explorative land use scenarios in a
workshop, which was combinedth
sociceconomic and biophysat data

Kebede

Expertled scenario development;
stakeholder evaluation and evaluation
expert revisions and remodeling

Lacitignola

Developing a simulation model

Langmead

Scientific knowledge in thenodeling
process

Le

Simulationmodel only

Liu

Scientific data focusing on system
dynamic and cellular automata
modeling
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Malinga

Scenarios developed through
participatory workshops only; scientifi
assessment to evaluaeosystem
services important under each scenar

Manuschevich

Focused primarily on analyzing three
policy scenarios according to simulati
models.

Martinez
Fernandez

Proposed processes involve simulatio
models alongsidparticipatory
processes

MartinezSastre

The participatory processvolved
scientists, local stakeholders, and locg
administrators

Merrie

Academic exercise only

Mistry

Develops scenarios through a
participatory process witimdigenous
communities and nationddvel
stakeholders before validating them
aganst studies and literature

Mitchell

Brought together key informants,
scientists, and organizational
representatives in a focal workshop

Newell

Localgovernance and community
knowledge used to develop storylines
incorporated into an integesd
assessment model informed by
scientific knowledge

Norman

Developing a simulation model using
the SLEUTH urban growth model

Onaindia

Scenarios developed through citizen
participation only

Palacios
Agundez

Scenarios developed through
participatory process with diverse
participants including experts and
linked with Millennium Assessment
scenarios which drew froguantitative
models

Palacios
Agundez

Evaluated scenarios developed by
Onaindiaet al. (2015) with spatially
explicit land use models informed by
scientific knowledge

Palomo

Local participatory knowledge was
primary

Pereira

Diverse participants are involved in th
participatory process, including
scientistsartists, etc.

Planque

The participatory preess involved
diverse participants, including
representatives of the fishing industry
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NGOs, researchers from various
disciplines, etc.

Plieninger

Scenarios developed through a
combination obackground literature
review, several scientific studigsthe
region, and workshops with local acto

Poonacha

The purpose of transformative scenar
planning is to generate a shared
understanding of the system among
actors; workshopbkrought together
diverse stakeholders including
government, expertsytists, etc.

Qui

Developing simulation model using
Agro-IBIS; used to model participatory
scenarios

Raudsepp
Hearne

Participatory process, breakout group
includedscientists, representatives of
the specific theme (seeds), facilitators
artists, etc.

Ravera

Triangulated data from scientific
research and participatory processes

Rawluk

Focus on participation among people
a context to developaluebased
scenarios

Ruiz-Mallen

Focused on communitgvel
participatory workkops to generate an
validate scenarios

Sahroui

Companion modeling brought togethe
scientists and stakeholder knowledge

Saito

Scenarios developeatrough expert
workshops

Sellberg

Workshops involved diverse experts,
stakeholders, etc.

Shoyama

Scientific knowledge only

Song

Focused primarily on scientific
knowledge to develop a simulation
model

Termansen

Engaged withocal users to conduct
choice experiments that fed into the
simulation model; still under the
framework of scientific knowledge

Thompson

Co-designed scenario process to
increase the range of viewpoints and
expertise in the scenaritevelopment
process

Zavalloni

Local stakeholders involved in
participatory workshops that generate
the models

Zia

Scientific knowledge only

232



Lead author

Drivers

Top (1)

Bottom

)

Cross (3)

Score

Rationale

Allan

=

Downscaled SSPs (which are structura

sociceconomic global scenarios) to locg

scale to discuss implications; primarily to
down

Andreotti

Forecasting focused on the game, whic|
revolves around individual landse
decisions andollaboration

Baggio

X*

Consider changing social sharing and
cooperation networks and resource
availability (topdown). Interactions

manifest througla network, so drivers are
both topdown and bottorup.

Bennett

Scenarios focused @xternal stressors
impacting coastal communities

Bohensky

Focused primarily on tedown drivers

(global development and Australian
development) and then anagd

conseqguences on the Great Barrier Re(

Bohensky

Scenario focused arlimate change and
technology; focused on unpredictable
elements that act upon the system

Bohnet

Considers both bottomp actions like
changing agricultural practices,dtop
down trends such as urbanization. All ar

considered under the sarfinemework.

Booth

Qualitative scenarios from Carpenter et
incorporate both bottorap and topdown
drivers. Biophysical modeling
contextualizes these drivers further.

Brown

Focus on internal sensitivities to externg
drivers toevaluate robust response optio

Bruley

The participatory game focused on how
individual activities (bottorup) work
within the context of toflown
climatic/socieeconomic drivers.
Backcasing then focused on the individug
human agency tachieve desired outcome

Brunner

Scenarios used to compare sectoral poli
actions that attenuate the negative regio
implications of global pressures

Bush

Scenarios based on two managetne

approaches (bottomp), evaluated against

range of structural conditions (political,
ecological, etc.)

Butler

Scenarios are a 2x2 matrix of exogenoy
drivers; identified strategies that are 'ng
regrets' optionshoth incremental and
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transformaitve; considered linkages

Carpenter

Considers how social/environmental
processes (including management) with
the Yaharavatershed interact with
external/global drivers of change

Daconto

The scenario process considered a wid
range of contréhble and controllable
drivers. Ultimately integrated on

centralization of governance and
management imposed bgntral
government and the balance of influenc
between Sherpa and outside investors; b
were drivers that stakeholders did not fe
they hadcontrol over

Dada

Scenarios focused primarily on tdpwn
drivers that generate press and pelgents;
analyzed within the PPD framework whig

integrates with bottorup change.

de Chazal

Links structural conditions (e.g., scenariq
based ecgstem change stimulus) with
scenarios of land use change at each of
study sites (e.grenewal of current
declining agricultural practices)

Enfors

Scenarios focus on important uncertainti
and feedback processes that affect differ
developmentrajectories

Franklin

Primary drivers of change considered in {
scenarios focus on critical uncertaintieg
exogenous to the management systen

Fredstrom

The Manoa method based on future see
focuses on bottorap drivers of change.
Causal &yered analysis contextualized
scenarios according tonderlying
worldviews/myths.

Garteizgogeasco

Primarily focused on external drivers as
boundary conditions for discussing possi
futures (pollution, population growth, etc

Gaube

Explicitly frame the scenario analysis as
defining possible future trajectories
depending on both external (framework
conditions) and internal (local/regional
policies, preferences of individual agents

factors.

Gibon

The model focuses atetailed,
hierachically-nested socia¢cological
interactions; tests the implications of poli
scenarios of land use against those

scenarios

Gourguet

Created system dynamics model of the
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system of interests; tested implications ¢
perturbation scenarios (Strucl)r

Gray

X*

Variables in FCM range from botteop
(conservation education) to tamwn
(bushmeat market value, unplanned
wildfires). No clear distinction.

Hanspach

Scenario development did not explicitly
focus on both bottomp and topdown
drivers, though discussion revealed hoy
both were considered and influenced
scenario outcomes

Har m§| k

Scenarios based on values held by differ
stakeholders and the different actions tak
evaluated for their impacts on nature an
quality of life

Hashimoto

Scenario analysis focuses on how futur

land use patterns vary dependimgteo

external drivers (local natural capital an
demographic trends).

Henriques

4 core socieeconomic scenarios focus o
external drivers (material consumption a
long-term resilience/sustainability).
Scenarios are contextualized using drive
andpressures from DPSIR, which are

external.

Huber

Water supply: demand implications
considered under external drivers (secic
economic and climate change)

Iwaniec

Scenarios explicitly integrate strategic
(bottomup) with explorative techniqude
imagine positivescenario visions

Jiren

Critical uncertainties were focused on-o
down drivers, but Three Horizons
Framework was used to discuss bottom
(strategic) changes

Jiren

Process for developing scenarios focuse
both topdownandbottomup drivers, as
framed more around controllability and

uncertainty and analyzed through feedba

in a causal loop diagram; included
agricultural techniques (potentially botten
up) alongside land distribution

Kamei

Translates global SSRs Japanese built
environment; focuses primarily on top
down socieeconomic pathways

Kankam

Analyzes the supply of cultural ecosyste
services under different policy scenario

Karner

Scenarios emerge from land use transiti
rules; all scenams incorporate various
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aspects of land use and management {
allow subsequent quantification of multip
ecosystem services and biodiversity
indicators. up of land use;

Kebede

Scenarios combine downscaled SSPs 4
four distinct adaptation policydjectories;
explicitly aim to demonstrate the value 0

crosslevel scenarios

Lacitignola

The model characterizes the interplay g

tourists, quality of ecosystem goods an

services, and capital. Unclear whether-tg
down or bottorrup, but largely treted as
structural drivers of which stakeholders ¢
not have control

Langmead

Scenarios focused on the primary approz
to governance and main values driving
society; analyzed for broad structural

implications (social, economic, etc.)

Le

Evaluating sociakcological implications o
land use policies; system simulated as
multi-agent system

Liu

Explicitly couple a topdown system
dynamics with a bottorap cellular
automaton model to simulate future lan
use patterns; incorporates mogtp-down
drivers and interactions

Malinga

Scenarios characterize general social a

biophysical changes in the region and th

effect on land use; the most uncertain a

important drivers used to form starting
points of scenarios

Manuschevich

Scenarios are alternative land use polic
scenarios that diverge from business a
usual

Martinez
Fernandez

Scenarios characterizing exogenous driv
are used to explore available managemé

and planning options in a combined
scenario (toglown)and policy assessmer

MartinezSastre

Scenarios made up of land use change
framed as exogenowbanges that are
analyzed for their implications on
ecosystem services

Merrie

Scenarios characterize broad structurg
conditions (i.e., collapseds. sustained or
connected vs. fragmented).

Mistry

Scenarios link global scastructural
change to local scale structural change

Mitchell

Developed scenarios from biophysical al
social drivers. These were largely structu
conditions, inalding the local community
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(e.g., social capital). The scenarios uniqu
consider governance influences.

Newell

Scenarios primarily consider community,
development plans and their outcomes

Norman

Scenarios considered tolown drivers

(primarily urbanization/population) as 3

scenarios; current trendsynservation,
megapolis

Onaindia

Scenarios based on global drivers from t
Millennium Ecosystem Assessment,
focusing on governmental, economic, ar
sociapolitical drivers

Palacios
Agundez

Soft multilevel drivers; compiled list of
drivers includes both tedown (global
demographic trends) and bottam
(participatory governance)

Palacios
Agundez

Focused on making scenarios from
Onaindiaet al. (2015) locally relevant by
analyzng implications for ecosystem

services supply, demand, and traudts

Palomo

Drivers were technology, participation,

climate change, and migration, which ar

top-down drivers of change (for the
context).

Pereira

Radically different visionsfahe future
produced using 'seeds' in the present th
emerge asainstream in the future

Planque

Characterizes different futures for the
marine SES based on different
'‘perspectives' on the future of fisheries
management... Resulting scenarios foc
primarily on topdown drivers (fisheries
production, effects of climate warming,

etc.)

Plieninger

Includes globalevel drivers (structural)
such as the type of economy and leleakl
drivers (agency) such as consumption
patterns and preferences

Poonacha

Primary drivers othange for scenario
construction are 'appropriate institutiong
and 'collaborative action'. Unclear wheth
these are framed as structural conditions
agency; assumed they set the context f
individual agency.

Qui

4 scenarios of Yahaiatershed are
considered togown structural constraints
under which the nine ecosystem service
were modeled

Raudsepp

The seeds method is used to explore
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Hearne

bottomup (transformed) futures.

Ravera

Exploratory exrcise tadepict visions of the
future; climate scenarios developed to
develop topdown boundary conditions,
deliberative focus group for backcasting
systematically link toglown changes and
backcasting exercise

Rawluk

Scenarios defined hyifferert values
regarding humaimature interactions

Ruiz-Mallen

Scenarios define climatic, policy, and sac
economic horizons to 2030; used as a tq
to discuss local adaptation options

Sahroui

Focused on land use plannisgenarios ang
their impacs on landscape/musipecies
connectivity

Saito

Scenarios developed based on key top
down drivers (climate change,
depopulation, etc.) and their implications
ecosystem services and wellbeing

Sellberg

Seeds method to develop scenarioscivh
create bottormup narrative scenarios

Shoyama

Land use scenarios developed from
intensive/extensive land use intervention
considering biophysical and socioeconon

factors

Song

Scenarioglriven by actor actions to
preserve wetlands (scei@l - current
maintenance; scenario-2levelopment

acceleration; etc.)

Termansen

Integrates behavioral models (bottam)
with broader system dynamics modeling

Thompson

Scenarios as drivers of land use chang
differentially altering potstial land use
pathways, and affect conservation prioriti

Zavalloni

Scenarios based on approaches to lan
allocation

Zia

Focus on implications afonservation
management scenarios on several social
environmental outcomes
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Lead author

Socialecological complexity

Scenarios
and

outcomes

linear (1)

Outcomes
emergent

)

Scenarios
emergent

©)

Score

RATIONALE

Allan

Usequalitative scenarios to explore
interdependencies and interactions acrd
key themes (land, climate, etc.). The
Shared Socioeconomic Pathways
framework sets conditions for these
scenarios.

Andreotti

Participatory forecasting focused on far
decisions to adopt specific agricultural
practices, which generate landscape
scenarios; backcasting focused on
strateges to achieve a desirable future.
Scenarios are ‘what ifs' for exploring
farmer choices.

Baggio

Explore implications ofcenarios
(changes in resource
abundance/distribution due to climate,
shifting cultural practices, etc.), includin
structural poperties of cooperation and
sharing networks

Bennett

Scenarios are business as usual, worst
case, and best caskscussion focuses of
elaborating implications of these scenatr
and discussing adaptation options

Bohensky

Scenarios simply 2xghatrix; interactions
and emergent outcomes regarding well
being and environmental sustainability
explored withmore detail

Bohensky

Four scenarios from a 2x2 matrix; the a
was to integrate knowledge through
scenario development; implications not
explored with significant complexity

Bohnet

Scenarios reflect a sociatological
framework thaviews 'landscape’ as a
concept that brings together diverse
socialecological interactions;
implications of these scenarios are
modelled and explored imore detail
(tradeoffs)

Booth

Use gqualitative storylines to develop lan
use changscenarios; translate as inputs
into quantitative models that are spatiall
explicit, temporally continuous, and
consider various biophysical outcomes
(e.g., nutriat application, climate, etc.)
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Brown

Scenarios based on 2x2 matrix; used to
develop robust response options reflect
single, double, triple loop learning;
scenario outcomes not considered
emergent

Bruley

Scenarios developed through backicas
approach; were explored igentify NCA
that contribute to the objectives and

capacity of ecosystems to supply them

Brunner

Scenarios of global change are press a
pulse outcomes to test resilience (e.g.,
green growth, local sustainability cet
test outcomes tha&merge from the
interaction of policy strategies with
scenarios.

Bush

Two relatively simple scenarios were
analyzed using an integrated assessme
of linkages/feedbacks between four key
sociatecological dynamics

Butler

2x2 matrixscenarios created 4 scenario
considered diverse drivers and whether
they were systemic or proximate; used
simple scenarios to inform the
identification of 'neregrets' actions and
linkages

Carpenter

Diverse drivers of change and
implications translated into qualitative
narrative storylines; while interactions a
emergent outcomes are not analyzed
systemically, outcomes are not
determined from a 2x2 matrix and are
thus emergent from participants'
understanding of the complexity

Daconb

2x2 matrix method where the future
emerges at the intersection of two drive
of change. Implications elaborated
gualitatively but without explicit
consideration of complexity and
emergence.

Dada

The generic scenarfamework shows
outcomesas emerging from the
interactions of prespulse events, human
dynamics/institutions, and ecosystem
structures/functions

de Chazal

Two simple scenarios of prospective lar
use; implications analyzed as complex
interactions across ecosystem services
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Enfors

Scenarios are combinations of different
states for multiple drivers of change;
implications detailed including impact o
the effectiveness of smaltale water
storage

Franklin

Scenarios as combinations of six critica
uncertaintiesimplications analyzed in an
agentbased model

Fredstrom

Used Manoa method and future 'seeds'
scenarios emergent from systemic
interactions resulting from mainstreame
seeds

Garteizgogeascoi

Scenarios as 2x2 matrix; combinations
differentdrivers of change; translated int
narratives; implications contrasted with
local stakeholder visions but no obvious
lens on complexity and emergence

Gaube

Scenarios simulated based on interactiq
of external framework conditions,
local/regional pticies, and individual
agent preferences

Gibon

Tested the implications of ‘what if'
policy/sociceconomic scenarios for thei
outcomes on thiandscape

Gourguet

A qualitative model of system feedback:
tested for implications of perturbation
scenarios

Gray

Scenarios as stable states of the social
ecological system emerging from
interactions in FCM

Hanspach

Scenario outcomes are depicted as
emerging from historical conditions,
external framework, and internal
dynamics

Har m8| k

Scenarios emerge from different values
held by diverse actors in the context an
interactions in the Three Horizons
Framework

Hashimoto

Exploratory scenarios based on
contrasting levels of reliance on domest
natural capital and deographic change;
analyze for complex implications on lan
use patterns, biodiversity, and ecosyste
services

Henriques

Scenarios developed from two axes of
change; consumption patterns and
governance system; implications explor
through the causahain (DPSIR)
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Huber

Six future scenarios are defined from
combinations of land use, tourism, and
climatechange. Implications of these
scenarios are modeled in an ageased
model, in which both water fluxes and
socioeconomic actors are represdriig
agents that interact and create complex
feedback loops

Iwaniec

Scenarios are definextcording to key
themes, goals, and visions for change;
outcomes are elaborated via modeling,
strategic actions, etc.

Jiren

Scenarios developed from 2r#atrix;
discussed Three Horizons for a preferre
scenario

Jiren

Scenarios developed from causal loop
diagrams and critical uncertainties

Kamei

Scenarios downscaled from SSPs;
outcomes detailed blihear

Kankam

Land use land changeenarios develope
from stakeholder dialogues. Their
implications on cultural ecosystem
services are richer and hint toward
emergent complexity.

Karner

Scenarios emerge from interactions of
global/European storylines and land use
transition rules tht generate different
spatially-explicit scenarios including lang
use and management

Kebede

Scenario contexts emerge from
combinations of RCISSP. adaptation
policy trajectories bundled under differe
socigeconomic outcomes

Lacitignola

Scerarios emerge from the model of

interactions between ecosystem goods
services, capital, and tourism; according
to adjustments of a bifurcation parametg

Langmead

Implications of narrative change in socig
economic variables analyzed for more
compkx/emergent outcomes (e.g., the
direction of change in each of the Drive
sectors and activities)

Le

Policy intervention scenari@nalyzed for
implications in a multagent system
model

Liu

Four scenarios along two axes are teste
for implications in a complex future land
use simulation model (system dynamicg
and bottoraup cellular automata)
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Narrative scenarios analyzed for

Malinga R :
implications on ecosystem services
Scenarios are land use alternatives to
businessasusual; evaluated according t

Manuschevich their outcomes on the landscape,
including erosion, carbon stock, and wo
production.
: Scenario analysis looks at vulnerabilitie

Martinez X .
of a complex sociatcological system to

Fernandez

exogenous drivers

MartinezSastre

Four plausible scenarios analyzed for
emergent outcomes on ecosystem serv
andtradeoffs; conflicts among
stakeholders

Merrie

Method of science fiction prototyping
used to address two limitations of other
scenario methods: 1) inqmrating non
linear change and 2) involving <o
evolutionary dynamics of integrated
sociatecological systems

Mistry

Fouraxis framework was used to develg
local scenarios; implications analyzed ir
detail and linked to scenarios at higher
scales (ntonal, international)

Mitchell

Two scenarios generated frdrnighest
importance/uncertainty drivers;
implications analyzed based on the syst
model of multiple social and ecological
drivers

Newell

Implications of community development
scenaios modeled in a system model. T
model analyzedommunity development
scenarios (and associated density) agai
outcomes and relationships between thg
such as walkability, social diversity, etc.

Norman

SLEUTH model used to simulate land u
implications of three socieconomic

trends;SLEUTH model outcomes emerg
from neighborhood rules

Onaindia

Qualitative storylines explore some
interactions, but were largely linear

PalaciosAgundez

Scenarios start from two primary drivers
of change; developed further by making
assumptions about how these drivers
influence others. Scenarios were then
analyzed for implications on ecosystem
service provision and wellbeing
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PalaciosAgundez

Analyzed the land use implications and
tradeoffs of the qualitative storylines in
Onaindia et al. (2015)

Palomo

Scenarios developed from different
combinations of multiple drivers;
analyzed for implications on ecosystem
services and humamellbeing

Pereira

Futures considered emergent from seeq
of Good Anthropocenes. Futures wheel
exercise and Three Horizons exercises
qualitative but consider complex
interactions and tradeffs

Planque

Storyline scenarios arelatively simple
depictions of the future from multiple
perspectives on ¢hmarine SES.

Plieninger

Possible combinations of two drivers

generated four scenarios; participants
selected the two most relevant scenario
scenario®laborated and analyzed for
implications on ecosystem services and
quality of life

Poonacha

Four scenarios developed from two
drivers of change on two axes;
implications explored
(threats/opportunities); not analyzed wit
significantcomplexity

Qui

Simulation of nine ecosystem services
under four contrasting scenarios

RaudsepgHearne

The seeds method seeks to develop
futures as emergent from complex

interactions (e.g., seeds in futures whee
andinteractions)

Ravera

Exploratory exercise captured conflictin
visions of the future, combined with a

climate scenario to conduatbackcasting
exercise; Each scenario and componen
overlapped to conceptual model (systen
diagram) to infefuture trends of changes
in vulnerability indicators performance

Rawluk

Combinations of values underpinned thg
scenarios; analyzed in madetail for
associated management actions

Ruiz-Mallen

Two drivers of change were used to
develop four scenarios; used to frame a
discussion about local adaptation optior|

Sahroui

Scenarios developed from a discrete
number of drivers; outcomes landscape
connectivity modeled

Saito

Scenarios developed from twioivers;

244



implications on changes to natural capit
and ecosystem services analyzed in de

Sellberg

The seeds method seeks to develop
futures as emergent from complex

interactions (e.g., seeds in futures wheg
and interactions)

Shoyama

Land use scenarios emerge from
intensive/extensive land use interventio
and interacting biophysical and
socioeconomic factors

Song

Three scenarios: current state,
developmat, and restoration are analyzs
using a system dynamics modekatial

simulation, and landscape simulation

Termansen

The integrated model was used to analy
the implications of different scenarios of
singlefarm payment

Thompson

Scenario miix (2x2) translated into
guantitative inputsanalyzed in the
dynamic cellular land change model

Zavalloni

Analyze land use, public good levels, ar
welfare deriving from agricultural
production in three different scenarios

Zia

Explore fivemanagement scenarios
against thénypothesis that conservation
oriented scenarios generate higher valu
for higher scales and mixed or balancec
management scenarios generate highe
value for local scales
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Lead author

Spatial scale

Single,
social (1)

Single,
biophysical
2

Cross/
multi-
scale (3)

Score

Rationale

Allan

X

w

Coastal Bangladesh; integrates
socioeconomic/biophysical elements
across multiple scales

Andreotti

Agroforestry system in Nicaragua

Baggio

Focus on three Arcticommunities

Bennett

Two coastal fishing communities in
Thailand

Bohensky

Great Barrier Reef; considers both globa
and regional development (soft linkages

Bohensky

Milne Bay Province, Papua New Guinea
analytical frameworkncludes stakeHder
knowledge of exogenous (global) and
endogenous (regional) scales (soft
linkages)

Bohnet

Focus on two contrasting landscapes in
Wet Tropics

Booth

The YaharaRiver watershed in south
central Wisconsin, USA

Brown

3 different casstudies: Argentinian
coastal management in an estuary;
Colombian in a biodiverse region of the
Pacific coast; Mexican case in the forest
management area

Bruley

Two municipalities in the central French
alps

Brunner

Valley in the Swiss alpsriplications of
global drivers on local context (dealt witt
under 'drivers')

Bush

Considers multiple spatial scales
throughout the discussion of scenarios

Butler

Province containing two islands in
Indonesia; characterize global climate
changeas part of a mukiscale social
ecological system

Carpenter

Watershed scale; soft linkages to others
through qualitative storylines

Daconto

2 towns in Australia Mossman, and
Julatten and their surrounding landscap|

Dada

National pak; analytical framework
includes exogenous (global) drivers linkg
to drivers at the park scale

de Chazal

Study sites are locations in thentral
French alps

246



Smallholder farming community,

Enfors 1 | development trajectory of the region;
focusel on local level scenarios
Franklin 2 | Kenai River, Alaska
Climate change scenarios for a Swedish
Fredstrom 1 L
municipality
. Peruvian MSES tied to the Humboldt
Garteizgogeasco 2 Current Upwelling System (HCUS)
Gaube 1 Municipality in Uppe Austria
Gibon 1 | Group of four neighboring villages
Gourguet 2 | NormandBreton Gulf in NW France
Gray 1 | village-level study
Aggregated across several village scale
Hanspach X 3 | framework used to analyze integrates
across scales
Three protected areas in Czechia;
Har m&4d k 5 s_cenari0$ foc.us ona local scale; discuss
: discusse@mplications across scales (e.g
local action vs higher scale regulations)
Hashimoto 2 | Noto peninsula of Japan.
Henriques ! England and Wales
the LongTerm SocieEcological Researc
(LTSER) sitevaMaey
Huber 5 the Province _of Bolzano/Bozen, South
Tyrol, Italy (Fig. 1). The catchment has &
area of 91.6 km2, with elevations rangin
from about 1200m a.s.l. to 3725 m a.s.l.
. Central ArizonaPheonixLong-term
Iwaniec 1 . : .
Ecological Research metropolitan regior|
Jiren 1 | Zambezi region of Namibia
Jiren 1 | Jimma zone, Oromia regional state,
southwestern Ethiopia
Kamei 1 National scale; ensure consistency with
global S®s
Thecoastal landscape in southwestern
Kankam 2
Ghana
Regional agricultural scale; Explicit
methodology adopted to select a commg
Karner X 3 | global storyline, develop 3 contrasting
narrative storylines for land use;
interactions across considdre
Explicitly multi-scale approach; three
Kebede X 3 | deltas in West Africa and South Asia in
the context of global change
Lacitignola 1 | Marine protected area
Langmead 2 | Northwestern Black Sea shelf
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Le 2 | Watershed
Liu 1 | National (Chin
, Soft linkages across scales, with a focus
Malinga X 3 . .
on regional (social)
The Araucaniaegion in soutkcentral
Manuschevich 2 | Chile; includes the coastal area, central
valley, and part of the Andes mountains
Martinez 5
Fernandez Oceanic iand
Mediterranean cultural landscape; Easte
Sierra Morena; boundaries defined
MartinezSastre 2 | through a combination of socioeconomig
and biophysical considerations; focused
a specific scale
Merrie 2 | Global ocean scenarios
Multi-scalar scenarios; hard linkages
Mistry X 3 | through matrix characterizing feedbacks
national scale asraediator
Mitchell 2 | Australian Alps; explicitly landscape sca
District of Squamish, British Columbia;
Newell 1 | focused on implications of community
development outcomes locally
Norman 2 | santa Cruz Watershed
Storylines based on global scenarios frg
Onaindia X 3 | the MEA, loosely consider the global
change in the context of the Biscay area
Palacios x 3 Coherence across scales achitlg
Agundez downscaling MEA
Palacios Storylines based on glpbatenarios from
Agundez X 3 | the MEA, loosely consider the_global
change in the context of the Biscay area
Palomo X Soft link across global to local scales
. Focuses on southernida; soft linkages
Pereira X 3 i ]
across scales in narratives
The Barents Sea; different perspectives
Planque « 3 incorpc_)rated in'go the m_uItiperspecti_ve
scenarios considered different spatial
scales
Biosphere reserve, focusing on two
Plieninger 1 | municipalities;the focus is on local scale
drivers and actions
Poonacha ! City of Bangalore
Qui 2 | Yahara Watershed
Raudsepp 1
Hearne Northern Sweden
Esteli, semiarid plateau in northern
Ravera X 3 | Nicaragua; conceptual model included

crossscale inteactions
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Rawluk 1 | Victoria, Australia
RuizMallen X 3 Communltylevel; discusses multiple
policy scales
Sahroui 1 | Metropolitan area of Bordeaux
Saito 1 | Nationatscale
Stockholm city; Seeds methodology
Sellberg 1 | helped understand moceossscale
dynamics
Shoyama 1 | National scale
Song 2 | songdo wetlands
Termansen 1 | National park
Thompson x 3 Multiple scales; state, county, town,
watershed
Zavalloni 2 | Hilll/mountain area in Bologna, Italy
Explicitly analyzing crossscale tradeffs
Zia X 3 | in Ruaha National Park, Tanzania (local

national/international)
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Temporal scale

. A T )
Lead author g cingle LrlREs] S | Rationale
shortterm | longterm | fastand | 3
(1) (2) slow (3)
Allan X 1 | 2050 and 2100
A . Vision focused on the ideal situation in
ndreotti X 2
2040
Baggio X | None provided
Bennett X | None specified
Bohensky X 2 | 2100
Bohensky X 2 2040
Bohnet X 1 | Approximately 20 years
Booth X 2 | 2014 to 2070
For reference, the future wasyde e d
Brown X 1 |lbeing over the nexX
human generationd)
Focus on desired future in 2040 and
Bruley X 3 | strategies and levers for reaching it ove
time.
Brunner X 1 ]12034
Bush X | None provided
Scenarios to 2090; backcastimglink
Butler X 3 short term
Carpenter 2 | 6 decades to the year 2070
Daconto 2 | 25 years
Dada X | None specified
de Chazal X 1 | 2030
Enfors X 1 | tothe year 2030 (1 decade)
Franklin X | None specified
Fredstrom X 2 2050
Garteizgogeasco X 1 | 20-year period
Gaube X 2 | 30year simulation period from 2006
Gibon x 1 5-year time step for the ABM; baseline
2003 and horizon at 2030
Gourguet X | None specified
Gray X | None provided
Hanspach X 2 | 30years
Har m§| Kk X | None specified
Hashimoto X 2 | 2050
Henriques X 2 | 2050
Huber 2 | period of 2015 to 2050
Iwaniec " 3 Considered 5, 20, and long (2060 or
2100) term
Jiren 1 |inthe next 20 years.
Jiren 1 | 20year time frame
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Kamei X | Nonespecified
Kankam X | None
Karner X 1 | 2030
Assessment and comparison of
Kebede X 3 implicatior_15 of change in three delta sin
short/medium term (2050) and long tern
(2100)
Lacitignola X | None specified
Langmead 2 | 25year time horizon
Le X 1 | 20 years
. Demonstrate 2012050 in 4, 16year
Liu X 3 |.
intervals
Malinga X 1 | 2030
Manuschevich X 1 | 2030
Martinez X 1
Fernandez 20122025
MartinezSastre X 1 | 2030
Merrie 2 | 2050 and 2070
Mistry X 1 2030
Mitchell X 1 | future state ir2030.
Newell X 1 | 2036
Norman 2 | 2050
Onaindia 2 |2050
Palacios 2
Agundez 2050
Palacios >
Agundez 2050
Palomo X 1 |2035
No single time horizon was stated thoug
Pereira 3 | scenarios include mention of lotgrm
horizons (2318)
Different perspectives incorporated into
P the multiperspective scenarios
anque X 3 . ) . .
incorporated into multiperspective
scenarios; loosely linked
Plieninger 2 2040
Poonacha X 1 | 2030
Qui 2 | 2070
Raudsepp >
Hearne 100-year time horizon
Ravea 2 | 2050
Rawluk X | None
Ruiz-Mallen X 1 | 2030
Sahroui X 1 | 15year time horizon
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Saito 2 | 2050
Sellberg X | None specified
Shoyama 2 | 2050
Song 1 ]2030
Termansen X | None specified
Thompson 2 | 2050
Zavalloni X | None specitd
Zia X | None specified
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Appendix E

Round 1 and 2 interview protocols

Round 1 Interviews

Part A: Participant information

1. How would you describe your expertise in the Red River Basin?
2. What isyour current role and with what organization?

Part B: ScenarioExogenous change

3. *What do you think are themost important and uncertain external social future developments
influencing governance and management of the Red River Basin in the coming 30 years (to 2050)?
Brainstorm and choose 3, using prompts on the ldaard if needed.

4. *What do you think are thmost important and uncertain external ECOLOGICAL/
ENVIRONMENTAL future developments influencing governance and management of the Red

River Basin in the coming 30 years? Brainstorm and choose 3, using promip¢siind board if
needed.

SOCIAL Global
Regional agricultural
energy demand Regional
Prompts EEER agricultural
+ Economic development SYET”‘”’
. technology
- Demographic trends &
- Political stability . Indigenous
-+ Government resource policies Rezine governance
+ Market incentives CTTemE and land
- Media organization development ngiE Cultural values
(related to the
environment)
ECOLOGICAL Global
biodiversity
loss; relative
I Gltalazl importance on
- Climate patterns climate R
+ Pollution patterns change
+ Flows into and out of river
basin Nutrient
loading /

eutrophication

Figure E-1: Screershot of Miro template after one interview. The virtual sticky notes captured the most important
and uncertain future developments discussed.

5. *What possible mutually exclusive end statesan you imagine for &h of these social and ecological
future devebpments in 30 years?
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Figure E-2: Screenshot of Miro template used to question 5. The future developments from questions 3 and 4 were

Cultural values

Shift away from
animal-based meat
products toward
plant-based

Status quo

Global Global climate
agricultural change
demand

Relative advantage
of upper Great
Plains as a reliable
food producer
when subjected to
more climate stress

1) climate relatively
benign; relatively
advantage

2) climate impacts
extreme, relative
disadvantage

Global

biodiversity loss

put in the top row, with mutually exclusive end states discussed in thews below.

Part C:

Resilience

Defining resilience

We

often hear

t he

term oO6resil

with change and avoid transitioning to an undesirable state.

encebod

understood

In our research we define fésnce broadly to include all of these: the abilibywithstand disturbance, the
ability to recover from a disturbance, and to adapt and improve following a disturbance.

Resilie

nce to what?

Resilience is usually determined in relation to a forrdigtirbance some sort of longerm stressor or shock.
In initial framings of this study, we were interested in resilieldacreasing climate variability and change,
primarily in the form ofshockdike floods and droughts but also letegrm stressors assated with changing
seasonality and weather patterns.

6. What do you think are the most important impacts of existing @tudef climate variability in the Red

River Basin (i.e., increasing frequency and severity of extreme floods and droughts)?

Resilienceover what time frame?

We are looking at midentury scenarios to 2050 in order to see how pretmntesiliencebuilding efforts will
serve the Red River Basin of 2050.

Resilience in the Red River Basin

7.
8.

9.

10.

What does a resilient future look like to you?
What (potentially innovative) practices or projects are being pursued in the RRB that may contribute to

resilience, in youview?

What features of the Red River Basin need to change to achieve this future?
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RRB contribute to resilience?

Optional questions (if naesponded to, the responses to questidng Bwill suffice):

11. *What do you think are thmost important and uncertain ECOLOGICAL/ENVIRONMEN TAL

future developmentsrelevant to resilience to climate variabilitythe Red River Basin in the coming
30 years? Brainstorm and then choose 3, using prompts if needed.

12. *What do you think are thmost important and uncertain SOCIAL future developmentsrelevant
to resilience to climate variabilityy the Red River Basimithe coming 30 years? Brainstorm and then

choose 3, using prompts if needed.

Quality of
ECOLOGICAL Dominant wetland &
drainage system Frequency riparian
(sub-surface, & severity Reg\onal zones
Prompts multi-purpose of floods climate (T,
fist., rvoi :
+ Type of human-constructed o Il ] growing
facilities (e.g., infrastructure) — 2232::3 season)
+ Productivity of the system (i.e., of droughts
water availability) Type of
- Predictability of the system Sl
(i.e., climatic variability) measures
. for floods
- Storage characteristics
SOCIAL Policy signals for
ety Decision ag shift (farm
Water law data and support
Prompts " forecasting PP bill, carbon
e SIS markets,
« Governance organizations and networks compatibility) R - ‘
- consumers)
- Property rights
+ Rules (operational, collective choice, constitutional) e
+ Monitoring and enforcement
- Population and demographics Infrastructure
Leadershi ial ital funding Non-structural
« Leadership, social capita Govel;nance Water measures Indigenous
. i top down / d d & r AP
Technologies used (b P ' im"”‘ insurance, reconciliation
+ Political conflict (IR IE allocation buyouts)
collaborative / n——
competitive) —

Figure E-3: Screenshot of completed Miro template to support questions 11 and 12. The virtual sticky notesptured

the key variables associated with resilience.

13. *What possible end statesan you imagine for each of these social and ecological future

devebpments in 30 years (if time)?

Climate risk Policy signals for
ag shift (farm bill,
carbon markets,

consumers)
Physical risk overwhelms Net-zero emissions
institutional adaptive from ag costed
capacity; tax revenues (externalities)

plummet; etc..

Physical risks within current  |Regenerative ag
coping capacity; proactive risk  benefits monetized
management via climate

resilience investments

Status quo
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Figure E-4: Screenshot of Miro template to support question 13. The véables from questions 11 and 12 were put in
the top row, with mutually exclusive end states discussed in the rows below.

Closing script

14. Can yourecommend any other participants | should talk to? For each suggested participant ask for
contact informatioror ask the interview if they would be willing to forward an invitation on my behalf.

Thank you so much for your responses to these questionsviM@aceive a thank you letter and eGift card
shortly. With your permission | magontact you for the purpes of clarification, validation, and elaboration of
your interview up to 3 weeks from today and once all stage 1 interviews are completeehd/ijioal a
summary of the synthesis of stage 1 for your feedbafith your permission you may hear from meiwan
invitation for a follow up interview and/or workshop.

Thank you very much for participating in this study.

Round 2 interviews

Participant mformation

15. How would you describe your expertise in the Red River Basin?
16. What is your current role and withhat organization?

Describe the interview purpose

The method we are using to model these {tar1gh scenarios is called creisspactbalances. This method

describes the future as combinations of multiple-states for different future developments. Inmd 1

interviews, we developed a list of multiple future social and environmental developments relevant for efforts to
build resiliene to climate variability and change in the Red River Basin. We determine multiple possible end
states for each of thosetfue developments in 2050. We also generated a list of interventions for resilience
[describe how these are incorporated in the matD based on the type of data collected in round 1

interviews].

In this interview, | will ask you a series of questig@staining to your expertise on [insert relevant expertise].

The purpose of these questions is to determine the #fi
uncertainty.

Do you have anquestions?

STEP 1: Direct influences between sociadl @nvironmental developments

The first step is determinindjrect influencedetween social and environmental developments identified in
round 1 interviews. | will share a Miro board on my screen twhelp us do so using a conceptual map. *share
Miro board* We are going to draw arrowsdifect influencebetween the future developments on this screen.

17. *Does future development Hirectly influencefuture development Y? [Repeat systematically-bype
one through each combination of social or ecologicatligments]
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Global agricultural markets
Global climate change
Status quo

Agricultural economy l—— igher demand Optomistic

Indigenous water rights —
Middle-of-the-t

Regional climate

] Intensive agriculture o — v ——— Warmer & wetter
Status quo More intensive agriculture B s e p———

Diversified and regenerative

agriculture
k Demographics

Urbanization

Hotter & drier

Water security

Water quality
Adequate

Improved

Unequal

e RuUFal revival

Deficient

Cultural & political drivers Mass growth

Private landowner & economic

interests .
A S — Approach to infrastructure for

public goods & environmental CRENE LA S L L resilience
Urbanization promotes private

interests Integrity

Centralized infra

h restricts private

Distributed infra Improved

3 Natural ecosystems Degraded
Government investment
priorities

Status quo

Enhanced
Transhoundary governance

Reactive Level of authority

-3: strongly restricting influence

-2: moderately restricting influence
-1: weakly restricting influence

0: no influence

+1: weakly promoting influence
+2: moderately promoting influenc
+3: strongly promoting influence

Collaborative
Data & knowledge systems Bottom-up, watershed

Cooperative
Patchwork Top-down, state/province/federal

—

Independent
Coordinated & scientific

Collective & integrated

Figure E-5: Screenshot of the Miro template after one of the interviews. The red arrows in the network diagram
indicate the judgment sections that were both uncertain and relevanttothent er vi ewee’' s experti se.
sticky noteswere filled out by the interviewer as the interviewee shared their rationale for a direction and strength of
the influence.

STEP 2: Influence judgements between states of social and environmeetabdsents

In step 2, we are going to determine iefice judgments between the mutually exclusive states of the future
developments that we determined are directly related in step 1 These influence judgements are integers (i.e., 1,
2, 3) ranging as foll@s:
1 -3: strongly restricting influence
-2: moderatelyestricting influence
-1: weakly restricting influence
0: no influence
+1: weakly promoting influence
+2: moderately promoting influence
+3: strongly promoting influence

= =4 —a —a —a A

Moving oneby-onethrough each square of the matrix depicted in the Miro boardsthalevant for each , ask
the following:

18. *Suppose the only piece of information given about the future of the Red River Basin is that future
development X has the state Would you expetcthe direct influence of X on future development Y to
be a hinthat scenario factor Y has the statéppsitive points), or as a hint that scenario factor Y does
not have the state gnegative points)?

Example for claritySay two factors determined step 1 interviews are Ajimate changeand B)economic
development. Step 1 interviews will also determine factor statée., 2 to 4 mutually exclusive possible end
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states for each factor. For example,chinate changecould beseverg RCP8.5) high (RCP4.5) omoderate

(RCP2.6), and Bg¢conomic developmentouldbegrowing, stagnantpr declining.Question 3 asks experts to

relate factor states to one another. So, in the wordi
information given abouhe future of the Red River Basin is tltfimate changeis sevee (RCP8.5) Would

you expect the direct influence dfmate changeon economic developmento be a hint thaéconomic

developmentis declining, or as a hint thatconomicdevelopmentis not declining?

19. *What is the scale of that influence(to +3)?
Example for clarity.Following from the example above, interviewees will be asked to rate the degree of
influence according to a Likert scale frefito +3. For example, dlimate changeis severe (RCP8.5nd the

expert indicates they expect this to bdra thateconomic developmenis declining, they will be then asked to
rate this relationship a4, -2, or-3.

Step 3: Influence judgements between resilience interventio

For each of the interventions for resilience, either:

20. *Repeat questions 3 anddr the components of the matrix relevant for resilience.
AND/OR
Imagine a future in which this resilience intervention is scaled and mainstream.

21. Which end states do you think would be impacted (promoted or discouraged) by this resilience
intervention?
22. (optional) How do you think different end states would impact this resilience intervention?

More details for clarity:n step 1 interviews, partigants identified innovative practices being pursued in the
Red River Basin that may contribute to resitienwhat features of the Red River Basin need to change to
become resilient, and what features need to be preserved to become resilient. Thesepvdkbated in the

CIB model agitheralternative states for future developments in the CIB matrasexternal perturbations to
the CIB matrix. For the former, these alternative factor states will be related to the others through influence
judgementg-3 to +3) by repeatinguestions 3 and 4 abaveor the latter, experts will be askedestions 7 and

8, which indicate which factor states would inform a perturbation/intervention analysis.

Closing

Thank you so much for your responses to these questi@u will receive a thank you letter and eGift card
shortly. With your permission | magontact you fothe purposes of clarification, validation, and elaboration of
your interview up to 3 weeks from today and once all stage 2 interviews are compiéiteehd you a

summary of the synthesis of stage 2 interviews for your feedback.

In this study | am gakring a variety of perspectives. If there are major differences between your judgements
today and those of others, | may invite you to a short woxkstith other interviewees to discuss them, with
your permission. With your permission you may hear froenwith an invitation to later stages of the study

Thank you very much for participating in this study.
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Appendix F

Influence judgments in cross-impact matrix

The tables below are judgment sections that summarize the influence judgments. In a judgment
section, thevariants in the row influence the variants in the column. The influence judgments are promoting (+)
or inhibiting () on a scale foveak (1), moderate (2), or strong (3). According to the conventions of the CIB
method, a row in a judgment sectionmustdum zer o. The 6érationaled col umn s
the influence judgments in the row, as stated by interviews aimdliiterature.

The primary sources of data for the influence judgments were the round 1 and 2 interviews. The
Osuppodr tceodl ubnyn i ndi cates the degree to which intervie
given section. The check§ indicates that statements from at least two interviewees in round 1 interviews
and/or at least one (expert) interviewee fromne 2 interviewees support the rationale for the row. The
guestion mark (?) indicates that interviewee statements may suppiatidmale for the row, but there
remained a lack of clarity of disagreement among interviewees. The ddadi¢ates thatriterviewees did not
offer statements about the row.

Literature was used to triangulatkyd netelrwvinre waeles o e
indicates whether literature supported the rationale offered by interviewees. The\thaukdates thattdeast
one literature source clearly validated the stated rationale. The question mark (?) indicates that literature may
validatethe stated rationale, but there remained a lack of clarity (e.g., considering @pdeific factors in the
Red River Basip The crossl) indicates that literature did not validate the interviewee claims (e.g., because no
literature was available).

The uncertain influence judgments were subject to
column, any noizeroinf uence judgments that are not subject to s
non-zero influence judgnés that are uncertain (i.e., due to lack of support from interviews and/or literature)
were marked according to which type of sensitivity analffsey are subject to. Type | addresses new
relationships not included in the baseline, Type Il involves adjists of the scores for certain Apero
relationships in the baseline, and Type Ill addresses combinations of different sensitipiiesdixG
describes the protocol for the sensitivity analysis in detail.
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Global climate change

Optimistic

Moderate

Severe

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Global ag markets

Status quo

Status quajlobal agriailtural markets are
associated with the shared socioeconomic
pathway (SSP) that does ru#viate
significantly from historical trends (SSP2). SS
2 is associated with moderatkeallenges with
mitigation. Thus, 'status quo' agricultural
markets influence gbal climate change toward
a moderate outcome and restrict both optimisi
and severe oabmes.

\Y,

N/A

None

Higher
demand

Higher demand' global agricultural markets
reflect the SSP describing a fosiiel driven
economy (SSP5), which is associhteith high
challenges with mitigation. Thus, 'higher
demand' agricultural markeisfluence global
climate change toward a moderate or severe
outcome and restrict an optimistic outcome.

N/A

None

Sustainable
diets

Sustainable diets' global aguitural markets
reflect the SSP that is a sustainable future
(SSP1), which is associated with low challeng
with mitigation. Thus, 'sustainable diets'
agricultural markets influence global climate
change toward an optimistizitcome and
restrict both modrate and severe outcomes.

N/A

None

Everyone for
themselves

Everyone for themselves' agricultural markets
reflect the SSP that is a highly fragmented fut
(SSP3)m which is associated with high

challenges with mitigation. Thus, 'everyone fo
themselves' global agricultural markets influer|
global climate chang®ta moderate or severe

outcome and restricts an optimistic outcome.

N/A

None
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Rural ag economy

Intensive ag

Diversified &
regenerative

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Global ag markets

Status quo

Status quajlobal agricultural markets are associated
with the shared socioeconomic pathway (SSP) that d
not deviate significantly from historical trends (SSP2)
SSP 2 is associatevith moderatehallenges with
mitigation. Thus, 'status quo' agricutibmarkets
influence global climate change toward a moderate
outcome and restrict both optimistic and severe
outcomes.

\Y,

\Y

None

Higher
demand

Higher demand' global agriculalrmarkets reflect the
SSP describing a fosdilel driveneconomy (SSP5),
which is associated with high challenges with
mitigation. Thus, 'higher demand' agricultural markets
influence global climate change toward a moderate o
severe outcome and restragt optimistic outcome.

None

Sustainable
diets

Rationale 1:Sustainable diets' global agricultural
markets reflect the SSP that is a sustainable future
(SSP1), which is associated with low challenges with
mitigation. Thus, 'sustainable dietgrigultural markets
influence global climate change towaad optimistic
outcome and restrict both moderate and severe
outcomes.

Rationale 2: Existing intensivenultinationals would
capture new demaratesented by international market
pressure.

Rationale 1 included in
baseline. Type Il
sensitivity analysis of
rationale 2.

Everyone for
themselves

Rationale 1: Everyone for themselves' agricultural
markets reflect the SSP that is a highly fragmented
future (SSP3)m which is assated with high challenge
with mitigation. Thus, ‘everyone for themselves' globg
agricultural markets influence global climate charge {
moderate or severe outcome and restricts an optimis
outcome.

Rationale 2: Greater pressure to produce for domesti
self-sufficiency increasegressure to intensify

Excluded from
baseline. Type |
sensitivity analysis of
both rationale 1 and 2.
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Regional demographics

Urbanization

Rural
revival

Mass
growth

Supported by

. Literature
Rationale

Interviews

Sensitivity analysis

Global climate change

Optimistic

-2

Optimistic climate change scenariofluence | V \%
demographics away from mass growth, as
climate change impacts will be less, and
fewer people are motivated to migrate.

None

Moderate

Influence too uncertain. Could be trends in| - -
any direction.

N/A

Severe

Severeclimate change scenarios resultin | V \%
significant climate change impacts,
influencing people to migrate to regions of
relative climate security like thieed River
Basin.

None

Regional climate

Warmer
wetter

Warmer
extreme

Hotter
drier

Supported by

Rationale

Literature

Interviews

Sensitivity
analysis

Global climate change

Optimistic

-3

Optimistic global climate scenarios lead to sategree of warming
by 2050 due to locked in emissions but avoid major and more ext
climatic shift. Increasing temperature leads to increased atmosph
moisture content, which increases average anneaiptation.

\Y

\%

None

Moderate

Moderde global climate scenarios influence the regional climate
toward a more extreme and unpredictable temperature & precipit
regime in the RRB. Higher chance of heat waves, heavy precipitg
events, etc. Moderate global climate scenarios inflei@weayfrom
warmer & wetter outcomes as climate shifts outside of normal rar]
of variability. Still potential to have more extreme hot and dry
scenarios.

None

Severe

Severgylobal climate change outcomes influence the regional clin
of the RRB bward a hotter and drier scenario. This will occur
particularly if climatic tipping points are crossed and/or storm trac
shift. Potential still to have a hotter climate with more extreme
variability (i.e., avoidingsevere drought outcomes).

None

| Reg. cultural & political |

Rationale

Supported by |

Sensitivity analysis
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drivers

Private Public

Literature

Interviews

Regional demographics

Urbanization

-2 2

Rationale 1:Urban politics tend toward more
progressive politics, which ofteamphasize
environmental issues. Fewer farmers with
traditionally greater focus on private landowne|
and economic interests.

Vv

Vv

Rationale 2:Urbanization takes morgeople out
of rural aeas, so people will not bear witness @
mitigate land degradation, reinforcing a
paradigm of private landowner and economic
interests.

Excluded from baseline. Type
| sensitivity analysis of
rationale 1 and 2.

Rural revival

Rationale 1:Rural revival brings more city
dwellers closer to the agricultural economy, sa
they will empathize more with challenges of
growing food on private land and adopt private
landowner & economic interests. Assumed
influence to public goods rural demographic
change would be minor in comparison.

Rationale 2:Rural citizens tend to act more on
environmental stewardship as they are closer
nature. More rural citizens witiring more
people into this culture, moderately promoting
public goods and envirorental interests.

Excluded from baseline. Type
| sensitivity analysis of
rationale 1 and 2.

Mass growth

Mass growth may influence both private and
public values, depending on the demographic

characteristics of those migrating to tiegion.

N/A

Rural ag economy

Intensive ‘ Diversified &

Rationale

Supported by

Literature

’ Interviews

Sensitivity anajsis
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pressure. Potential weak link to more
intensive as available ag land is pressure

produce more.

ag regenerative ag
Urbanization leaves fewer people in rural Supported by interviews
areaswith diverse skills for the labour forcg and literature.
further entrenching existing intensive
Urbanization 3 3 economicsystem. High urbanization rates
encroach on agricultural land, intensifying
land that already exists as ag. Assumed
increased urban demand would not push
greaterdiversification.
n Ruralrevival brings more people with Excluded from baseline.
£ diverse skills to rural areas, offering Type | sensitivity
g opportunities for diversified economy. Mo analysis.
g: people in rural areas to buy logabducts
IS Rural revival -2 2 will increase demand for more diverse Uncertainty regarding
g products. Assumption that there is no whether this relationship
§ increase in compeibn for land for housing holds under 2st century
o etc. conditions (e.g.,
2 automation).
x Rationale 1:Mass growth will bring more | 7 Excluded from baseline.
2 > people with diverse skills and needs to bg Type | sensitivity
urban and rural areas, offering opportunity analysis for rationale 1
and demand for diversified economy. and 2.
Mass growth Rationale 2: Questions remain about how
many people and where they are housed,
1 1 and associated implications on land

Water security

Supported by

Sensitivity analysis
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Adequate | Unequal

Deficient

Rationale

Literature

Interviews

Regional demographics

Urbanization

-1 2 -1

Urbanization reduces rural water

urban water resources, potentially
driving unequal outcomes between
rural and urban areas

demand but puts pressure on existin

\Y,

\Y,

None

Rural revival

to associated agricultural activity.
Potential for unequal or deficient
outcomes.

Challenge with rural outmigration tied V

None

Mass growth

Pop growth in botlural and urban

economic ativity across the board,
strongly increasing the risk of
deficiency

areas increases demand and associg

\Y,

None

Gov investment priorities

Status
quo

Flexible | Reactive

Rationale

Supported by

Literature

Interviews

Sensitivity analysis

Regional demographics

Urbanization

Sparsepopulations in rural areas have

challenges attracting government funds

(i.e., more investment per person, so

disincentive for government involvement

potentiallycontributing to a reactive
approach.

u

Y,

Excluded from baseline. Type
| sensitivity analysis

Rural revival

No direct influence

N/A

Mass growth

No direct influence

N/A

Rural ag economy

Rationale

Supported by

Sensitivity analysis
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Intensive | Diversified Literature Interviews
ag regenerative
Private landowner and economic interests \Y \% None.
" reinforce existing intensive agriculture or
% Private 3 -3 motivate more intensive agriculture, limiting
<% regenerative agriculture or diversification due 1
3 longerterm, more uncertain economic benefits
g Environmental values moderately promote \% \% None.
= regenerative/organic agriculture for its
; Public 2 2 sus@alnablllty benefits. For example,‘ if people :
o} paying farmers for wetland restoration and
@ ecosystem benefits, or if farmers choose to tal
action hemselves due to thi@dwn value system.
Transboundary governance . Supported by Sensitivity analysis
- : Rationale - -
Collaborative | Cooperative| Independent Literature Interviews
" Private cultural values imped U \% Excluded from baseline. Type
= collaborative decision making, as diver: | sensitivity analysis.
g_ Private -3 1 2 interests and needs are evaluated agai
. profit maximization and individual land
I owner priorities.
3 Public cultural values influence hi# U V Excluded from baseline. Type
?03 away from highly independent decision | sensitivity analysis.
> Public 2 1 -3 making, as public goods are shared an
014 require greater collaboration or
cooperation to meaningfully address.
Infra resilience Supportd by Sensitivity analysis
. Distributed Rationale Literature Interviews
Centralized infra Natural
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Reg cultural & politics

Private

Private values influence uptake of centralize
or distributednfrastructure, which are highly
managed and can offer ndarm economic
gains. Disincentive to preserve wetlands if th
are not compensated equal to agricultural
profits. Possible restricting of distributed as
would require many landowners to contribate
portion of productive land.

None.

Public

Public values influence natural or distributed
infrastructure outcomes, since they offer
clearer benefits to the environment (e.qg.,
valuing ecosystem services)

None.

Governmeninvestment approach

Conventiond | Enhanced| Reactive

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Reg cultural & politics

Private

Private economic & landowner interests have
moderate positive influence on reactive and
status quo approach. Across the basin,
landowners are highly involved in local and
regional government and if they believe there
nothing wrong with the way things are then
they will want to stay the same (i.e., status q
and reactive).

u

Y,

Excluded from baseline. Type
| sensitivity analysis.

Public

Public goods and envirorental interests have
a moderate positive influence on the enhanc
approach, but would also weakly promote
reactive because emergency measures may
always be needed andépend primarily on
other factors.

Excluded from baseline. Type
| sensitivity analysis.

Indigenous water rights

Fully | Status |

Supported by

Rationale

Literature

[ Interviews

Sensitivity analysis
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recognized quo
é’ Private landowner and economic interests drivir] V \% None.
3 . decision making would negatilyeinfluence
a | Private -2 2 Iy .
o further recognition of Indigenous values and wa|
= rights, reinforcing the status quo.
=2 Public goods andnvironmental interests are mo v v None.
3 | public 2 2 compatible with Indigenous relationships to the
2 land, so would moderately inflnee further
o recognition of Indigenous values and water righ
Regional demographics Supported by Sensitivityanalysis
o Rural Mass Rationale Literature Interviews
Urbanization .
revival | growth
Intensive griculture leads to more \% \% None.

- centralization, with agglomeration in largg
€ farming organizations. This trend has
s} 2 -2 0 L e
£ caused thexisting trend of urbanization
2 over the last century. Assumed no direct
2 Intensive ag influence on mass growth
= Diversification would strongly promote \% \% None.
5 rural revival and reduce urbanization,
@ -3 3 0 because there will be moamenities and

Diversified diverse jobs available. Assumed no direc

& regen ag influence on mass growth.

Reg. cultural & political

drivers

Private | Public

Supported by

Rationale

Literature | Interviews

Sensitivity analysis
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Rural ag economy

Intensive ag

Intensive agriculture tends to be necessarily more
extractive to get a return on your investment. When
agriculture has a more hierarchicausture, there is
conventionally less interest in the labour and inputs t
goes into food and more interest ifivate landowner
and economic interests. This is a reciprocal; self
reinforcing relationship.

None.

Diversified
& regen ag

The rehtionship between the type of rural economy a
cultural values was weak historically (i.e., influenced
primarily by other factors), but this link may be strong
now. Farmers values are oriented toward wanting to
something about climate change, susthility, etc. but
currently do not see an economically viable pathway.

None.

Wateravailabili

ty

Adequate

Unequal

Supported by

Deficient Rationale

Literature Interviews

Sensitivity analysis

Rural ag economy

Intensive ag

Intensive agricliure has significant water
demand if driven by irrigation, and in the
RRB agriculture is prioritized over other
sectors potentially driving inequalities.

1 Also, intensive agriculture perpetuates a
drainage culture that moves water off the
landscape and dawtream quickly,
potentially reducing water availability in
times of scardy.

\% \%

None.

Diversified
& regen ag

Diversified and regenerative agriculture
distributes water demands across differe|
products and sectors. Also, regenerative
agricultue includes perennial crops and
improves soil health, which retainsore

moisture across the landscape.

None.

Water quality

Improved

Poor

Supported by

Rationale

Literature Interviews

Sensitivity analysis

Intensive ag

-3

3

Intensive agriculture influences water quality to be poor d

V V

None.
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to chemical and nutrient inputs onto the landscape that ar
washed into water bodies.

Diversified
& regen ag

Shift toward diversified & regenerative agricultuneproves
water quality due to decreased nutrients and chemical inp
Additionally, improved soil health obtained through
regenerative agricultural practices is expected to reduce
erosion, improve water retention, etc. Some evidence tha
improved crop diersity would aso reduce nitrogen and
phosphorous leaching. Improvement to water quality has
slow response time, so significant improvements may not
seen on the landscape before 2050, even if practices chal
quickly in the 2020s.

None.

Ecological
integrity

Supported by

High | Low Rationale

Literature

Interviews

Sensitivity analysis

Rural ag

economy

Intensive ag

3 3 Intensive agriculture promotes ecological degradation
primarily due to land disturbance and pollution.

\Y,

\Y,

None.

Diversified

Regenerative agriculture promotes higher ecological integr
3 -3 due to improvement of ecosystem services and promotion

& regenag

biodiversity and wildlife habitat.

\Y,

\Y,

None.

Infra resilience Supported by

Distributed Literature

Centralized . Natural Rationale
infra

Interviews

Sensitivity analysis
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? Vv Excluded from baseline. Type | sensitivity
analysis.
Intensive agriculture influences . T
0 0 5 approach to infra resilience to H In addition tolla.ck oﬁ/alldatloq |n.I|terature,
E centralized or distributed, as it aspects of this mflyencg are indirect and
S requires drainage systems that relr]f_orce the relationship between cultural &
S| Intensive are highly managed and polltlcal drivers and _the approach to
@ ag controlled. infrastrudure for resilience.
& U Y, Excluded from baseline. Type | sensitivity
© analysis.
&

D 1 1 Diversified and regenerative ag In addition to lack of validation in literature,
economy influences approach f aspects of thisfluence are indirect and
infra resilience to be natural or reinforce the relationship between cultural &

Diversified distributed to service a wider political drivers and the approach to
& regen ag range of economic needs. infrastructure for resilience.
Rural ag economy Supportedby
Diversified Literature | Interviews
Intensive & Rationale Sensitivity analysis
ag regenerative
ag
Rationale 1: Adequate water availability allows | U U Excluded from baseline. Type |
for continuation of status quo (intensive) or sensitivity analysis of rationale 1
2 -2 opportunities to become moreter intensive. No and 2
influence to shift toward more regenerative
2 AR e agricultural system.
% q Rationale 2: Adequate water availability allows | U U
= for continuation of status quo tensive) or
= 1 -1 opportunities to become moneter intensive. No
5 influence to shift toward a more regenerative
© agricultural system.
= Rationale 1:Unequal water availability may ? V Excluded from baseline. Type |
reduce viability of intensive agriculture, sensitivity analysis of rationale 1
Unequal -1 1 particularly if itrequires irrigation. Potential and 2.
incentive to shift toward
diversification/regenerative ag.

271




Rationale 2: Unequal water availability results ir
some closure of smallerrfas, resulting in further|
consolidation in intensive agriculture. Only
weakly promoting more intensive agriculture as
water allocations may be restricted.

Deficient

Rationale 1:Intensive agriculture is only possib
with sufficient water avigability, including
irrigation under drought scenarios. Deficiency
reduces the viability of this type of system and
may influence a shift in the system toward
regenerative ag.

Rationale 2: Deficient water availability leads to
mass closures of smaller farms, dramatically
consolidating and entrenching the intensive
agriculture system.

Excluded from baseline. Type |
sensitivity analysis of rationale 1
and 2.

Transboundary governance

Supported by

Collaborative

Cooperative

Independent Rationale

Literature | Interviews

Sensitivity analysis

Water availability

Adequate

Rationale 1: Adequate water
availability encourages meaningful
collaborative or cooperative
relationships between jurisdictions

=8

U Vv

Rationale 2: Adequate water
security offers no incentive for
jurisdictions to work together, so it
would inhibit collaboration and
promote independence. There is
always some degree oboperation.

Excluded from baseline. Type |
sensitivity analysis of rationale 1
and 2.

Unequal

Rationale 1: Unequal water
availability strains collaborative ang
cooperative governance
arrangements, as jurisdictions
attempt to protect their own
resources, at the expense of other;

Rationale 2: Unequal outcomes
-2 would bring people together to soly

issues collectively, driving

Rationale 1 included in baseline.
Type Il sensitivity analysis of
rationale 2.
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collaboration or cooperation.
Rationale 1:Deficient water Y V Rationale 1 included in baseline.
availability creates conflict and Type Il sensitivity analysis of
-2 -1 3 . ;
breaks dowrtooperation and rationale 2.
collaboration.
- Rationale 2: Deficiency would ) Vv
DEEe! drive a collaborative approach. Aftd
a single event, people might move
2 1 -3 .
toward anindependet approach,
but chronic deficiency over time
would bring jurisdictions together.
Gov investment priorities Rati I Supported by Sensitivit i
Conventional| Flexible | Reactive ationaie Literature | Interviews ensiivily analysis
Adequate water availability reinforces a U Vv Excluded from baseline. Type |
Adequate 2 1 1 conventional government investment sensitivity analysis.
approach, as there is no incentive to pivot
- toward other approaches.
= Unequal water availability would prorea U \% Excluded from baseline. Type |
g reactive or status quo approach, because ol sensitivity analysis.
'§ Unequal 1 3 2 need for crisis management. Government
® q would only be motivated to adopt an enhang
g approach if the lack of availability is chronic
< |
= and money must pour into the syst.
Chronic deficiency would force governmenty U V Excluded from baseline. Type |
Deficient 3 > 1 to reqct with an enhanced approach. Still sensitivity analysis.
reactive approach would coexist because of
need to support ned&erm issues.
Authority Supported by
Local ;’(;)VF\/)n Rationale Literature | Interviews Sensitivity analysis
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2 Adequate Adequate water availability encourages local, bottgm U \% Excluded from baseline. Type |
% 2 -2 governance sensitivity analysis.
= Unegqual Unequal water availability causes conflict, encouraging mq U \% Excluded from baseline. Type |
= -2 2 top-down, commanéhndcontrol governance sensitivity analysis.
5 Deficient water availability causes loss, damaand conflict, | U \Y Excluded from baseline. Type |
T | Deficient encouraging "states of emergency" anddogn, command sensitivity analysis.
= -2 2 andcontrol governance.
Approach to infra foresilience ] Supported by o )
Centralized | Distributed | Natural Rationale Literature | Interviews Sensitivity analysis
Fully recognized Indigenous water rights and m¢ V \% None.
prominent Indigenous values would positively
influence an approach to infrastructure for
* resilience that prioritizes n#ral ecosystems and ¢
_‘CED Fully 3 1 5 whole-system (or distributed) approach.
‘= | recognized Additionally, it would pomote a shifawayfrom a
gj centralized system, which results in winners ang
g losers and conventionally protects urban areas
0 prominent economic sectors over Indigentzuml
o) and communities.
o Continued status quo (meaning lack of) role of | U U Excluded from baseline.
S Indigenous values and water rights in decision Type | sensitivity analysis.
= making would moderately reinforce the centraliz
Status quo 2 1 -3 system and significantly egrioritize natural
ecosystemsThese were assumed based on the
inverse of the raticale articulated above.

Cultural & political
drivers

Private | Public |

Rationale

Supported by

Literature | Interviews

Sensitivity analysis
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Fully recognized Indigenous water rights would img V \% None.
%) more prominent Indigenous values in the culture ar
=) politics driving decision making. This would hin
= Full litics driving decisi king. Thi Id hint
= y -3 3 toward a culture that prioritizes public goodsldahe
) recognized . . .
= environment over private landowner and ecoromi
= interests when required, as this better reflects
3 Indigenous relationships to the land.
2 Inverse of rationale above. Status quo (meaning la| V \% None.
_83 of) role of Indigenous valuesd water rights in
2 Status quo 2 -2 waterrelated decisiomaking moderately reinforces
- the existing support for private landowner and

economic interests.

Rural economy Supported by
Intensive | Diversified & Rationale Literature | Interviews Sensitivity analysis
regenerative
%) Resource intensity and ecological \Y, \Y, None.
S degradation driven by intensive agricultu
§ is generally not compatible with an
g FuIIy_ 2 5 Ind?genous worldview. FuIIy_recognized
4] recognized Indigenous land and water rights wad
o moderately influence a shitbward a
o diversified and regenerative agricultural
'Té economy.
= Status quo 0 0 No direct influence. - -
Data & Knowledge Systems Supported by
Coordinated| Collaborative Rationale Literature Interviews Sensitivity analysis
Patchwork S .
& scientific & integrated
% Fully recognized Indigenous valueg V \% None.
= and water rights would strongly
Q influence preference for a
g collaborative and integrated data al
Fully

4] recognized 0 -3 3 knowledge system over
. coordinated & scientific knoweldge
o system, due to the strengthened ro
© of Indigenous and local knowledge
c . .. .
= holders in decision making.
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Assumed no influence on patchwor
data collection, because it would bg
influenced by other factors.

Status go

The status quo moderately
influences preference for
coordinated & scientific data and
knowledge systems and restricts
collaborative & integrated
knowledge systems, because
Indigenous and local knowledge
holders' role in decision making is
not prevalent. Assumed no influenct
on patchwork data collection,
because it would be influenced by
other factors.

None.

Transboundary governance

Supported by

Collaborative

Cooperative

Independent

Rationale

Literature Interviews

Sensitivity analysis

Indigenous water rights

Fully
recognized

-1

-2

Fully recognized Indigenous
water rights would require high
degrees of collaboration to
resolve challenges associated w
allocation, etc.

\% \%

None.

Status quo

Status qugovernance lacks
common gals and meaningful
involvement of Indigenous
communities in governance and
decision making. Status quo
reflects historical exclusion of
Indigenous communities from

transboundary decision making.

None.

Water security

Adequate| Unequal | Deficient

Rationale

Supported by

Literature | Interviews

Sensitivty analysis
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Warmer and wetter climate promotes adequate | V \% None.
Warmer 3 1 2 water availability, as extremes are manageable ¢
o | & wetter within the range ofariability buffered by existing
g infrastructure.
S | warmer Warmer & extreme cIimat_e encourages promote{ V Vv None.
§ 2 3 > 1 unequa_l avzfulablllty over time and space due to
S| extreme hydroclimatic uncertainty beyond extremes
2 buffered by existing infrastructure.
o Hott Y, \Y, None.
otter
& drier -3 1 2 Hotter & drier climate encouragegficient water
availability.
Water quality Supported by o )
Improved | Poor Rationale Literature | Interviews Sensitivity analysis
Rationale 1: An abundance of watevould flush \% \% Excluded from baseline. Type |
2 2 contaminants into water bodies, both during snowmelt & sensitivity analysis with both
rainfall events. This would increase the load of rationale 1and 2.
Warmer contaminants in the Red River system.
& wetter Rationale 2: An abundance of water would flush Vv Vv
1 1 contaminants into water bodies, but it would also reducg
their concentration and residence time, which would
o slightly improve the water quality.
IS More extreme variability would fllsmorecontaminants | V \% None.
E | Warmer into water bodies during peak flow events. Any buildup
c_ou & -3 3 contaminants on the landscape during-ftaw or drought
S extreme events would also be flushed into the system. This woul
= increase the load of contaminants in the Red River syst
& Rationale 1: A hotter and drier climate sees less water o| V \% Rationale 1 included in baseline.
the surface, which means poorer quality in terms of Type Il sensitivity of rationale 2.
Hotter 2 > temperature, concentration of contaminants, etc. Even
& drier under a hotter & drier scenario there will still taénfall,
and because the Prairies are continental these rainfall
events will likely be more extreme.
Rationale 2: A hotter and drier reduces landscape runofl V Vv
;322; 1 -1 so lessontaminants are drawn into the Red River syste
Iﬁﬁ?é%?i'&al Rationale Supported by Sensitivity analysis
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High | Low Literature Interviews
? \% Excluded from baseline. Type |
sensitivity analysis.
Uncertainty remains regarding
whether a warmer & wetter climat¢
Warmer 1 1 would improve ecological integrity
& wetter Overall, a warmer & wetter climate would improve egital (e.g., by introdaing more moisture
" integrity because you're increasing ecological activity by addi and biological activity) or would
IS more moisture to the environment and avoiding severe dry sp decrease ecological integrity due t
% This influence is weak because it is tempered by the higher warmer temperatures that shift the
= tenmperature, which changes the type of organisms thathwivle climate regime away from its
= in the ecosystem. "natural state".
'qa; Warmer & more extreme variability reducesological integrity, | V \% None.
o | Warmer because the ecosystems are always trying to bdwawdefrom the
& -1 1 more recent dry spells. This influence is weak because it is
extreme tempered by the positive role of disturbance in facilitating
ecological activity.
Hotter & drier climate promotes low ecological integrity becau| V \% None.
availability of water is a key indicator of survivability as
Hotter ; .
& drier -2 2 ecosystems are constantly recovering from severe dry p_erlod
Also, the temperature regime is extended beyond i
preferred range.
Ecological integrity Supportedy I .
High | Low Rationale Literature Interviews Sensitivity analysis
Improved water quality improves ecological integrity, for| V \% None.
2 Improved 3 -3 example agutrophication and algal blooms are diminishg
© . .
3 due to reduced nutrient loading.
5 Poor water quality exacerbates ecological degradation. | V \Y None.
= Poa 3 3 example, nutrient loading contr_lbutes to eutrop_hlcatlon 3
= algal blooms and poor watquality affects benthic
integrity.

Water quality

Supported by

Sensitivityanalysis

Improved

| Poor |

Rationale

Literature [ Interviews
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K > Higher ecological integrity improves the capacity | V \% None.
75| High 2 -2 the system tmaturally capture and treat
2 contaminants. Lower risk of algal blooms, etc.
O C
W Low -2 2 Invers rationale as above \Y Vv None.
Water quality Supported by _ .
Improved | Poor Rationale Literature | Interviews Sensitivity analysis
A collaborative approach with common U \% Excluded from baseline. Type |
goal and understanding among jurigidias sensitivity analysis.
Collaborative 3 -3 would significantly improve water quality

o by resolving the upstreaipwnstream

2 dynamic.

s ? Vv Excluded from baseline. Type |

§ Cooperation between institutions helps sensitivity analysis.

S negotiate between multiple interests in

> Cooperative 1 -1 efforts to improve water quality. Still Uncertainty due to history of cooperative
g limited by lockedin perspectives and commitments to improving waterajity
S individual goals limit significant yet there is a lack of evidence that they
S improvements. have improved water quality.

% u Y Excluded from baseline. Type |

= sensitivity analysis.

Independent -2 2 Tension and locketh perspectives betwee Uncertainty due to history of cooperative
jurisdictions restrictmprovement to water commitments to improving water quality
quality, because it is difficult to motivate yet there is a lack advidence that they
voluntary commitments have improved water quality.

Data systems

Supported by |  Sensitivity |
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Coordinated| Collective Rationale Literature | Interviews analysis
Patchwork and &
scientific integrated
Collaborative governance meaningfully engages with all | V \% None.
. jurisdictions and perspectives at all levels, including
Collaborative 1 2 : . 8
> Indigenous. Would be conducive environment for a more
S integrated and collective approach to data and modelling
% \% \% None.
e ) Cooperative governance still driven by independent goals
3| Cooperative 2 -3 encouraging coordinated/scientific for better dateecage,
2 but lacks common goals and Indigenous engagement for
8 truly collective/integrated.
= Independent governance strongly influences a patchwork V \Y None.
approach, as each jurisdiction pursues data collection
Independent 1 2 independently. Lack of sicture for coordination or
collective action.
Infra resilience Supported by
Centralized Disitr:ifl?:ted Natural Rationale Literature Interviews Sensitivity analysis
Collaborative governance suprts U \% Excluded from baseline. Type |
approaches that benefit the whole systg sensitivity analysis
2 | collaborative 1 1 rather than individual needs. Positive
> influence toward distributed and natura
% approaches as demonstrated by existin
e bottomup initiatives.
3 Cooperative governance would support U \% None.
2| Cooperate 0 0 all three types, so no direct influence to
S any.
= Independent governance encourages | V \% None.
| centralized infra, as it helps secure
ndependent -1 -1 L S .
individual needs (e.g., major diversions
sometimes atheexpense of the whole.
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Authority Supported by
Local ng?,'n Rationale Literature Interviews Sensitivity analysis
? . Collaborative governance connects botom U \% Excluded from baseline. Type |
Collaborative 3 -3 S . . o .

e initiatives to a larger wholeempowering learning, etc. sensitivity analysis.
3 ) - - None.
o § Cooperative 0 0 . .
Q No clear direct influence
g Independent | -3 3 Independent governance creates potential for ? \% Excluded from baseline. Type |

P conflict/tensions that lead to mot@p-down contré sensitivity analysis.

Indigenous water rights

Supported by

FuIIy_ Status Rationale Literature Interviews Sensitivity analysis
recognized| quo
> Assumption that transboungagovernance that \% \% None.
§ meaningfully includes Indigenous communities g
2 | Collaborative 2 -2 leaders in decision making would have a weak t
3 moderate influence on Indigenous values and w.
2 rights becoming more prominent.
S | _Cooperative 0 0 No direct influence. - - None
~ | Independent 0 0 No direct influence. - - None.
Gov investment priorities _ Supported by o _
Conventional| Enhanced| Reactive Rationale Literature | Interviews Sensitivity analysis
U \% Excluded from baseline. Type |
) ) sensitivity analysis.
Patchwork 1 5 1 Lack of (updated) information makes
atchworl . govermments more reactive or lets them
@ fall back on proven solutions with value
g that is proven and eagg-understand.
3 More coordinated scientific data also | V \Y Excluded from baseline. Type |
o c 7 reveals cosof inaction (reactive). While sensitivity analysis.
o oordinated SR .
it more holistic scientific data may clarify
I and 1 2 -2 -
) S the value of both status quo and flexiblg
scientific . . ;
investments, it may not reveal the hidde
costs of status quo options.
. More holistic approach to data collectio| U \% Excluded from baseline. Type |
Collective& . . : e )
; -1 3 -2 helps reveal cost of inaction (i.e., the sensitivity analysis.
integrated L
reactive investment approach) and the
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hidden costs of status quo investments
This would encourage a shift toward
more flexible options.

Infra resilience

Centralized

Distributed
infra

Natural

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Data systems

Patchwork

-2

Rationale 1:If data systems are
patchwork, decigin makers will not know
what is happening on the landscape and
to "control" uncertainty and resort to
conventional investments in centralized
infrastructure. Assumption that distribute
infrastructure is more restted than
natural.

Y,

Y

Rationale 2: Same as rationale 1, but
assumed that distributed infrastructure ig
more restricted than natural.

Rationale 1 ncluded in baseline.
Type Il sensitivity analysis of
rationale 2.

Coordinated
and
scientific

Coordinated and scientiftata systems
help see the systems as a whole, enabli
distributed, watershedased approach to
managing water. Relying on natural
ecosystems also involved some degree
control, which may also benabled by
coordinated and scientific data systems.

None.

Collective &
integrated

Collective and integrated data system
enables design and coordination of a
distributed system. Because local and
Indigenous knowledges are aisaluded,
would more strongly support natural
ecosystems approach. Alseyeals hidden
costs of centralized system (e.g., divertin
problems elsewhere; downstream

impacts).

None.
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Supported by

Water quality
Improved | Poor Rationale Literature Interviews Sensitivity analysis
Data& knowledge systems allow for targeted U \% Excluded from baseline. Type |
-08)’ Patchwork 1 1 water quality mterventlons. Patchwork data . sensitivity analysis.
3 systems contribute to lack of knowledge regardi
= where and what interventions will work.
2 : Cooperative & scientific data and knowledge U \Y Excluded from baseline. Type |
X< | Cooperative . . : e .
L 1 -1 system allow for targeted interventions to impro sensitivity analysis.
3 | & scientific X
o] water quality.
‘fi . Collective &integrated data and knowledge U \Y Excluded from baseline. Type |
O | Collective & : . : o .
integrated 1 -1 sydem allqw for targeted interventions to improv sensitivity analysis.
water quality.
Indigenous water rights Supported by Sensitivity analysis
Fully Status Rationale Literature Interviews
recognized| quo
Patchwork 0 0 No direct influence. - - None.
% Coordinated 0 0 No direct influence. - - None.
ko) & scientific
% g Collective and integrated data and knowledge V \% None.
g ‘g wouldinclude Indigenous voices, contributing
® ®| Collective & further empowerment of Indigenous interests
© . 1 -1 - . o .
= integrated waterrelated decision making. This interaction
o is reciprocal, and stronger in the opposite
direction.
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Transboundary

Collaborative

Cooperatie

Independent

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Patchwork

-1

-1

Lack of data acts as a key barrie| V
to more cooperative and
collaborative forms of
governance.

?

None.

Coordinated
& scientific

No direct influence. -

None.

Data & knowledge system

Collective &
integrated

A collective & integrated data an( V
knowledge system would
reinforce a collaborative
governance approach. This
interaction is reciprocal and
stronger in the opposit#irection.

None.

Data systems

Supported by

Patchwork

Coordinated
and
scientific

Collective
&
integrated

Rationale

Literature

Interviews

Sensitivityanalysis

Gov investment approach

Conventional

Status quo investment priorities
encourage either patchwork systems
currently exist) or investment in
coordinated/scientific data systems
required to calculate status quo ROIs,
etc.

Excluded from baseline. Type |
sensitivity analysis.

Enhanced

Flexibleinvestment priorities
encourage coordinated or collective
data systems, as it encouragesaaanm
proactive approach and investment in
soft infrastructure

Excluded from baseline. Type |
sensitivity analysis.

Reactive

-2

Reactiveinvestment priorities
encourages a patchwork data system
the alternatives require a longterm,
pro-active view

Type | sensitivity analysis.
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Infra resilience

Centralized

Distributed
infra

Natural

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Gov investment approach

Conventional

Status gquo government investment
priorities encourage centralized infra
systems, as larggcale, centralized
systems cater to traditional investment
tools/assessment techniques and do not
similarly value other forms of investment

Included all stated influence judgments
in this section in prototype 0.

\Y

\Y

None.

Enhanced

Rationale 1:Flexible government
investment priorities encouragéstributed
and natural systems, as these systems n
be more economically efficient than
centralized but difficult to finance under
status quo prioritiesAssumption that
distributed will be more strongly promote|
than natural infrastructure.

Rationale 2: Same as rationale 1.
Assumption that natural will be natlira
more strongly than distributed
infrastructure.

Rationale 1 included in baseline.
Type Il sensitivity analysis of
rationale 2.

Reactive

Rationale 1:Reactive investment
priorities reinforce centralized infra
systems; difficult to move toward
alternatives like distributed/natural.
Assumption that distributed is more
strongly restricted than natural.

Rationale 2: Same as rationale 1.
Assumption that natural is more strongly;
restricted than distributed.

Rationale 1 included inbaseline.
Type Il sensitivity analysis of
rationale 2.
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Water security

Supported by

Sensitivity analysis

Adequate| Unequal | Deficient Raionale Literature | Interviews
Rationale 1:Centralized infrastructure protects| V V Excluded from baseline. Type Ill
against major deficiency like the 1930s drough sensitivity analysis of rationales
or worse, but storing wat and redirecting it as 1,2, and 3 (i.e., rationale 1 for
3 -1 -2 needed during flood events. Centralized influence of centralized,
infrastructure avoids devastating outcomes fro distributed, and natural on water
either floods or droughts and batzs out security in combination, etc.)
unequal competition.
Centralized Rationale 2:Centralized infra systems push \% \%
problems elsewhere, perpetuating unequal acg
-3 2 1 Uncontrolled drainage reduces t&sice to
drought/lowflow periods, promoting deficient
outcomes.
Rationale 3: Centralizednfrastructure systems | V Vv
promotes unequal security because there will g
-3 2 1 . .
winners and losers. Uncontrolled drainage
© reduces resilience to drought/ldlew periods.
o Rationale 1:Distributed infrastructure would ? V Excluded from basline. Type llI
2 provide soméuffer against extremes but would sensitivity analysis of rationales
2 -1 2 -1 ultimately promote an unequal outcome becau 1,2, and 3 (i.e., rationale 1 for
o it wouldn't have enough capacity for peak influence of centralized,
£ extremes. distributed, and natural on water
— | Distributed Rationale 2: Distributed infra systems retain ? \% security in combination, etc.)
infra water on the land whereis needed, helping
3 -2 -1
reduce unequal access (problem not pushed
away) and improvingesilience to lowflow
Rationale 3:Distributed system would weakly g V \Y
2 -1 -1 moderately improve water security, as it reduce
landscape runoff.
Rationale 1:We know nature gives us ecosystg ? V Excluded from baseline. Type Ill
3 1 > services and some resilience to drought throug sensitivity andysis of rationales
flood storage. However, it would lead to deficig| 1,2, and 3 (i.e., rationale 1 for
water availability as it wouldn't handle the peak influence of centralized,
Natural Rationale 2: Natural ecosystems inhibit ? \Y, distributed, and natural on water
-2 1 1 adequacy because hydroclimatic variability security in combination, etc.)
exceeds natural pacity tobuffer.
3 -1 -2 Rationale 3:Natural infra systems retain water v v
on the land and built an even stronger natural
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buffer to low flow by improving capacity of soil
to retain moisture. Many things would have to
change for this to be in placg B050, but if it
were that would strongly promote adequate. Th
system has been so modified, so if you were a
to restore some ecosystem functions that woul
be positive.

Water quality

Improved | Poor

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Infra resilience

Centralized

-2 2

Centralized infra perpetuates uncontrolled drainage culty
which causes contaminants to migrate more easily from
land to waterways.

\Y,

\Y

None.

Distributed
infra

Distributed infrahelps retain water where it lands, reducir| V

upstrearrdownstream runoff. Ability to optimize the
system to meet various water quantity and quality
objectives.

None.

Natural

Rationale 1: Wetlands and habitat provide water
purification service.

Rationale 2:Natural systems may not perform their
functions, e.g., due toontextspecific factors, such as
whether the nutrient loading reaches a criticalshotd
beyond which the wetland cannot handle, or if a wetland
not managed to ensure plants that release nutrient upta
back into the system are removed seasonally. W

Rationale 1 included in baseline.
Type Il sensitivity analysis of
rationale 2.

Ecological
integrity

High | Low

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Infra resilience

Centralized

-2 2

Centralized systems negatively impact ecological inteigyty
disrupting natural flows and draining wetlands. Idtasin

transfers risk introducing new potentially harmful biota to the

Red RiverBasin system.

\Y,

\Y

None.

Distributed
infra

Distributed infrastructure creates opportunities to restataral
flow regimes and for habitat to develop around ponds. and
reduce degradation from centralized infra systems. However

this influence igempered by lack of priority to restore and

Excluded from baseline. Typd
sensitivity analysis.
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protect diverse natural habitats, including different types of
naturl wetlands, etc. Also, reduces ecological integrity becal
there are more interventions on more landscape.

Natural

Natural ecosystem approach directly improves ecological
integrity by prioritizing habitat restoration and associated
ecosystem goods and services.

None.

Data systems

Patchwork

scientific

Coordinated

Collective
integrated

Supported by

Rationale

Literature

Interviews

Sensitivity analys

Authority

Local

Local, bottorup authority encourages
collective and integrated data systems as
local/Indigenous/scientific knowledge is
utilized as needed to solNeacal challenges
(e.g., via citizen science). Potential for
patchwork due téack of topdown
coordination.

\Y,

\Y

None.

Top-
down

Top-down authority encourages coordinated,
scientific data to diagnose tajpwn solutions
or patchwork data due to retance to disclose
data.

None.

Infra resilience

Centralized

Distributed
infra

Natural

Supported by

Rationale

Literature

Interviews

Sensitivity analysis

Authority

Local

Local, bottomup authority encourages natural an
distributed infraas water is managed where it lan|
and localstakeholders are aware of ecosystem
services of distributed or natural systems.

U

\Y

Excluded from baseline. Type |
sensitivity analysis.

Top-
down

Top-down authority includes centralized infra, as
is more conducive to@mmandandcontrol
approach. Highly managed distributed system m
also be compatible with a distributed system.

Excluded from baseline. Type |
sensitivity analysis.
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Appendix G

Sensitivity analysis

The influence judgments describedAppendixF were subject to a detailed sensitivity analysis. First,
prototype 0 includes only the influence judgments that are 1) not subject to sensitivity analysis (i.e., are not
uncertain), or 2) are the better supported rationale (i.e., by interviellgexatue) for judgment sections
subject to type Il sensitivity analysis (i.e., adjustments tezen influence judgments). All remaining
judgment sections were uncertain and were zeroed, including those sdtgdgpe | (i.e., introductions of
new influence pdgments) or type lll (i.e., combinations of sensitivities). The eimgact matrix for Prototype
0 is depicted in Figure-1.

a1 AZ B1 Bz | | B3 B4 BS c1 c2| |ca D o2 03 D4 D5
abcd abc aboc ab ac abe ab abec ahb ab abc aboec abec abec ab
A1 Gl ag markets
a - Stahs quo FTZF] [2[9]0] (o9 [3=] [o]o]o] [o[9] [o]o[o] [2]0] [O]0] [ofa[o] [o]o]0] [a[e[0] [o]o[q] [o[0]
b - Higher demand F=11Z| [ofa]o] (o0 [=}=| [o[o[o| [o[0| [o[o[o| [2]0] [o[0] [ofa[o] [o]o[o| [ofe[0] [ojo[a| [O]0]
& - Sustainable diets 22| [oe(e| [ofe =2 [ojo[e| [9[o) [@{ofe| (o]0 [o{e| [@[a[o| [o[e[q| [oo[9| [ojafa| [o[O]
d - Everyone for themselves 7= [oalo] (@@ (@@ [ofofo] (o0 [@Ee (@0 (@] @0 @6 @6 @06 [©0)
A2 Gl. climate changes - - ]
a - Optimistic oJoJo]0 [z] [o[e] [ofo] [ofofo] [o]o] [z[4F=] [o]o] [eofe] [o]o]o 0 o[ofo] [o]ofo] [o]o
b - Moderate o[o[o[0 o[o]o] (oo [ofa] [ofofo] [o[o] F=l2(1] [e]e] [o[o] [ofefe] [o]ofo] [ofa[g] [o[o[o] [o[g]
c - Severs o[ojo[0 S2[F [ofe] (o)) [ofo[o] [o]o] F=(o0E] [o]0] [o(e] [@]ofo] [ofe[e] [ofo[o] [o[ofq] [o[O|
E1 Demographics - - ]
a - Urbanization oJo]oJo] [ofo[o o[o] (2] F[2F] [o]0] [o7ofo] [o]o] [ofe] [a]o]o] [ofe[q] [ofo[o] [o[o[q] [o]O|
b - Rural revival olo[o[o] [@[o]e oo (oo [=[] [ofo] [e[olo| [o[e] [ofe| [ofalo| [o]o[a] [ofa[g| [o[o[a| [o]0]
c - Mass olojofo] [efe]o ofa] [ofo] [sl+]2] [ofo] [efolo| [ofe] [ofe] [ofolo] [ofofo] [ofolo] [ofofa] [ofo]
B2 Culture/politics
a- Frivate aTa[o ] EEE [o7ere] [arere] (R
b - Pubfic olojo[o| [o[e[o] [Oo[o[0 [o[o1o] [o[9] [o[9] [ofe[0] [(O[e[e] [e[E[9 [FEO[E [0[0
B3 Rural economy
a- btensive a oTe[o]e] [2[e[e] [ EEE [O[a70] [[e[e] [Erere
b - Regenerative ag o[o[ofo] [E[EE EEE [o[0] [T]o]m] == [EE0] [@oE [EEE [OEm [EE
B4 Water availability
a - Adegquate o[efofo] [o]oJo] [ofefo] [ofo] [afa] [o]o] [o]o]o [o]a] [ofofo] [o]ola] [ofof[o] [ofofa] [o]o
b - Unequal o[ofofo| [o]oJo] [ofcfo] [o]o] [ofn] [o]o] [ofofo [o]o] [1f]2] [o]olo] [ofof[o] [o]o]o] [ofo
¢ - Deficient o[o[o] [o[e[o] [O[o[e] [o[0] [ofd] [0[0] [o[0]o [o[e| [=FT= [O]o[e] [ofa]9] [o[o[g] [o[o
BS Indigenous water nghts
a - Fully recognized o[o[o[0] [o]e[o] [o[o]0] (o[ o] 0] [o]0] 0] EENEIENEEREDERENERDE
b - Stats quo ofofofd] [ofefo] [ofofo] (oo [ofofo] (o[ of o] (oo} [=[n 0] 2[-7] [ofofa] [ofofo] [ofo
C1 Regonal dimate
a - Warmer & wetter oloJoJo] [ofefo] [ofofeo] [ofo] [ofo] [=[iF2] [o]0] [o]o] [ofa]o] [ofofo] [ofe[o] [ofofo] [o]o
b - Warmer & exfreme olojofo] [ofe[o] [o]ofo] [ofo| [o]o] [=[z[1] [o]o] Fil1] [efale] [o]ofo] [ofalo] [ofofo] [o]o
- Hotter & drier o[o[o[o] [@[o[e] [O[e]T (OO (O EOE [0 o[o[o] [O[0[g] [O[o[0] (o[0T [T[O
T2 Water quality
a- Improved oTe[e]e] [2[e[9] [O7e[e] (99 [ EHE EE [a7eg] [arerq
b - Poor o[ojofo] (2T [EE(T [T @ [eelE [EmE [T 1= [Ee]e] [@ee [EEE [Eem [Le
3 Ecological integrity
a-Hgh ofafolo] [ofefo] [ofefe] [ofo] [ofe| [ofofo] [ofo] [ofo]o] ofofo] [ofefo] [ofofo] [ofefo] [ofo
b - Low olafolo] [ofofo] [ofolef [efo] [ofo| [ofofo] [ofo] [ofofo] ofofof [ofofo] [ofofof [ofcfo] [ofo
D1 Transboundary gov - - ]
a - Collaborative o[a[ojo] [o[e[o] [ooe| [o[q] (O]9 [o[o[e] [Z]=Z] [o[o[e] [O]0] [o]0 EIIEREEEREEENEE
b - Cooperative olojojo] [efz(o] [ofo(e] [ofa| (O]9 [o{ofe| [O]0] [o°{o[e| [O]0] (O[T IEEREEEROENEREE
« - Independent olojo[o] [0 [ ofa| (O]9 [ofofe| [9]0] [o{o[e] [O]0] (O[T HEEREEDERESEREE
T2 Data & nowledge syst — — ]
a - Patchwork ofofolo] [ofofe] [ofefo] [ofo] [ofe| [ofolo] [o]o] [olofo] [ofe] [ola] [z olafa] [sF2f1] [o]of
b - Coordinated & scientific olofolo] [o]ofe| [ofa]o| [olo| [ole| [olofo] [o]o] [o]ofo] [ofe] [ofa] [ofalo olala] [a[z[1] [o]o]
- Collective & integrated olofelo] [ofofe] [ofelo| [olo] [ole] [olefo] [4]4] olo] [ofo] [ofo] [ZhF ofala] [a[1f2] [o]o]
03 Gow. investment approach
a - Conwentional o[oJoJo] [ofe[e] [ofo]o] [ofq] [ofo] [ofofo] [o]o] [ofofo] [o]o] [ofe] [a]o]o] [ofef. 3FF2] [0
b - Enhanced olojofo| [efe[o] [o]oo] [efa] [o]o] [ofofo| [o[o] [o{ofo| [ofo] [ofe] [T]o]o] [ofo[®. SENREE
c - Reactive olojofo] [ofe]o] [oofD] [efq] [o]o] [ofofo] [o[o] [o{ofo| [ofo] [o(e] [a]o]o] [ofo[a. 3kzf] [0
T4 Infra resilience — — —
a - Centralized oloJofo] [efelo] [ofeofe] [efo] [ofo] [ofolo] [o]o] [ofolo] [2[z] Fzf2] [o]ofo] [ofefo] [ofclo [
b - Distributed olo]ofo] [ofcfo] [o]ofo] [ofe| [o]o] [ofofc] [o]o] [ofofo] [z]z| [ole] [o]o]o] [ofefo] [o]o]o 0[0
- Matural olojofo] [ofelo] [o]ofe] [efe] [o]o] [ofofo] [o]o] [ofofo] [z]z] [zFe] [e]ofo] [ofefo] [ofofo 0[0
T Level of authorfty
o ofeteta] feforal fostel fofel fefe fortel fofol faietel fotel fota fotorel Ffof fotoal fotoro
b - Top-down oloforo] [efe(e [oree) [ofel oo [oroefe] (oo [erefel (oo [o7el [erero) (2 [orere (oo

Figure G-1: Summary of prototypes in sensitivity analysis
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Prototype Oa, Ob, and Oc are differentiated by aeT\sensitv i t y
infrastructure

for

resi |l i

encebd

on

on the
6wat er

nfl
avail

of the judgment section, all of which were voiced by multiple participants butafavigich coutl be validated

with literature. Prototypes 1 (a, b, ¢) and 2 (a, b, c) include maximally diverse combinations of Type | and Il
sensitivity analyses as depictedrigure G2, where prototype 2 (a, b, c) both further augments the scope of
uncetainty coverd in prototypes 1 (a, b, ¢). Thus, the sensitivity analysis produced nine prototypes of the
model. However, only the six prototypes of 1 (a, b, ¢) and 2 (a, b, ¢) were analyzed. Prototypes 0a, Ob, and Oc
were not analyzed further: the reswltsuld not bemeaningful given the number of uncertain judgment sections

that were zeroedh detailed description of which influence judgments were changed from prototype O are
summarized in Table -G.

Prototype Oa

Prototype Ob

Prototype Oc

Uncertain
influences Preference for Preference for Preference for
zeroed centralized distributed natural
infrastructure infrastructure ecosystems
iLr;’frI]LCn(::: ;r; Prototype 1a Prototype 1b Prototype 1c
version 1
# ¢ Maximally
diverse
Uncertain
influences Prototype 2a Prototype 2b Prototype 2c
version 2

Figure G-2: Summary of prototypes in sensitivityanalysis

Table G-1: Detailed description of each prototype with associated changes from prototype 0
Prototype | Purpose Changes from prototype 0
0 a | Evaluate the Type Ill sensitivity analysis of the Adequate Unequal Deficient
influence of oOappr oac| [ cenralized 3 2 1
resiloneaweder availab a—
. . . . Distributed -1 2 -1
assumption that centralized infrastructure is m(
effective for improving water availability. Natural 2 -1 3
b | Type Ill sensitivity analysis ofie influence of Adequate Unequal Deficient
6approach to infrastr||cCentralized 1 2 1
Owater availabilityd Distributed 2 a1 a1
distributed infrastructure is mostfective for Natural 2 2 0
improving water availability.
¢ | Type lll sensitivity analysis of the influence of Adequate Unequal Deficient
6approach to infrastr| Genralized 1 2 1
6waawai l abilityd with —
. Distributed 2 -1 -1
natural ecosystems are most effective for
improving water availability. Natural 2 -1
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oo

Evaluate all Type | and Il sensitivities.

Transboundary governanég Water quality

Improved Poor
Collaborative 3 -3
Cooperative 1 -1
Independent -2 2
Transboundary goveanceA Approach to infra for
resilience
Centralized | Distributed | Natural
Collaborative -2 1 1
Cooperative 0 0 0
Transboundary governanég Level of authority
Bottomup Top-down
Collaborative 3 -3
Cooperative 0 0
Independent -3 3
Data systemg, Government investment approach
Conventional Enhanced Reactive
Patchwork 1 -2 1
Coordinated
& scientific 1 2 -3
Collective &
integrated -1 3 -2
Data systems, Water quality
Improved Poor
Patchwork -1 1
Cooperative &
e 1 -1
scientific
Collective & 1 1
integrated
Government investment approaghData system
Patchwork Coor‘dinat‘ed C_oIIective &
& scientific Integrated
Conventional 1 2 -2
Enhanced -3 1 2
Reactive 3 -1 -2
Approach to infra for resilienc& Ecological integrity
High Low
Distributed -1 1
Authority A Approach to infra for resilience
Centralized | Distributed | Natural
Bottomup -3 2 1
Top-down 2 1 -3
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2 a | Evaluate alternative rationales for Type | and Il Global agricultural markets Rural economy
b | sensitivities. Intensive Diversified &
c agriculture regenerative

agriculture

Everyone for

2 -2
themselves

Regional climatéy Water quality
Improved Poor
Warmer & 1 1
wetter
Hotter & drier 1 -1

Water availabilityA Rural economy

. Diversified &
Intgnswe regenerative
agriculture .
agriculture
Adequate 1 -1
Unequal 2 -2
Deficient 3 -3
Demographicgy Cultural and political drivers
Private Public
Urbanization 2 -2
Rural revival -2 2
Mass growth 0 0
Demographic#y, Rural economy
mersve [ DLCTTRS
agriculture agriculture
Mass growth 1 -1
Approach to infra4 Water quality
Improved Poor
Natural -1 1
Approach to infra4 Ecological integrity
High Low
Distributed 1 -1

Data systems, Approach to infra for resilience

Centralized

Distributed Natural

Patchwork 3

-1

-2

Government investment approaghApproach to infra for

resilience
Centralized | Distributed Natural
Enhanced -3 1 2
Reactive 3 -1 -2
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Appendix H

Scenario tableau of robust scenarios

Scenario #

3

[0 ] o | 1

[ 1

Global ag
markets

Status quo

Sustainable diets

Global climate
change

Moderate

Optimistic

7 [ 8 ] s 16 13 14
Higher demand Lohey
Severe

Demographics

Urbanization

| Rural revival

Mass growth

Culture &
politics

Private

| Public

| Public

Public

Rural economy|

Intensive agriculture

Regenerative agriculture and
diversification

Intensive agriculture

Water
availability

Unequal

Unequal I Deficient

Indigenous
water rights

Status quo

| Fully recognized

I Fully

Status quo | Fully recognized

Regional
climate

Warmer & extreme unpredictability

Hotter & drier

Water quality

Poor Improved

Poor

Improved

Improved

Ecological
integrity

Low High

Low

High

Transboundary
governance

Collaborative

Data &
ks

Collective &

Collective & i

integrated

Government
investment

Reactive

Enhanced

for resilience

o

Natural

[

Centralized

Level of
authority

Top-down

Bottom-up

Top-down

Bottom-up Bottom-up

Bottom-up

Top-down

Figure H-1: The scenario tableaulepicts the eight scenarios that are robust to at least two
versions (a, b, ¢) oboth prototypes 1LAND 2, in addition to nine additional scenarios that are
robust to all three versions (a, b, ¢) or prototype DR 2. The aiginal eight robust scenarios are
highlighted in yellow at the top of the tableau.
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Appendix |

Debrief workshop protocol
Presentation of study results
Breakout session 1

Explanation in full group:

Thank you for your attention during thatesentation! We are now ready to move on to our first breakout
sesshn.

The purpose of this breakout session is to explore your assumptions about the future of the Red River Basin
through the process of ranking the scenarios | just showed you accorttiedytd) desirability, and 2)
plausibility.

In this breakout, you il split into breakout groups of 4 to 5 participants. Each group will be joined by a
facilitator. You wil/ have access to t haadadandscape6 di st i
sketch.

Your group will be given [X] minutes to:

1. Rank X scenarios from most to least desirable
2. Rank X scenarios from most to least plausible
Please keep in mind:

1 Facilitator will be present to facilitate and will use a Miro board to assigth is a virtual equivalent
of a flipchart and sticky notes

1 If youare not finished ranking based on desirability after-2@%ninutes that is okay. Your facilitator
will move your group to the plausibility ranking.

T Donét si mpl y s tsdahe masenswhyyokdhosecertaid scenariosas more or less
desiralbe/plausible than others in as much detail as possible. Your facilitator may ask follow up
questions to find out thighy.

1 Like | said earlier on, this exercise is not about comingupwit he fAri ght o ranking (i
but about exploring the fute and our assumptions. The process may surface very different opinions or
desires about the future, and may expose tddfdebetween different goals. Try to be curious,
respectful, andpen to other perspectives.

Be prepared to choose one person tontdpack your reflections on the exercise. The report back will focus on
interesting assumptions and themes that surfaced, not on your final ranking of the scenarios.

With that, | will send you off to breakout rooms.

In breakout rooms:
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Facilitator explainsthe exercise again and shares their screen with a Miro board. The Miro board will depict
the 4-6 scenarios with brief descriptions. Facilitators and participants will have access to longer descriptions
presented in the introduction ithey need them.

Participants try to rank scenarios from most to least desirable and facilitator will use numerical indicators

to follow discussion (or move scenarios around on the board). Facilitators will ask fellprguestions as

needed to find out theationale behind rankings. Participants may agree on the ranking, but it is perfectly

AET A EE OEAU AT 110 jAscsh OEAOA AT O1I A AA Ox1 OAAT AOE

& BREAKOUT SESSION 1 RANKING PLAUSIBILIT

RANKING DESIRABILITY 1tos)
(1to5)

BREAKOUT SESSION 1

Scensrio 1:Friends in caviranmental crsis

Scenaria 3: Detarlorated seatus quo.

Scenario 4 Some people's parsdize

Figure I-1: Miro board for Breakout session #1

Report backm full group:

Breakout rooms are closed and participants return to the main Zoom room.
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I will now ask a representative from each group to give a 1 to 2 minute summary of the main themes and
ET OECEOO A&O1T i Ul 60 ¢Oi Ob8 $ judtbréader insighzue chdui OO OEA OAT &
facilitators is going to time you and stop you at 2 minutes.

Thank you so much for your engagement in this part of the session. We will now take a short18]
minute break, so see you back at X:XX.

---- BREAK----
Breakout session 2

Explanation in full group:

We are now moving into our second breakout session. The purpose of this breakout is to connect these
long term scenarios to actions we are taking to build resilience in the present.

During our interviews, | asked participants for exanples of initiatives that are happening now that they
think will contribute to a resilient future. | have gathered some together here.

During your breakout session, your facilitator will lead you through the following steps:

1. Chooseone example from the pre loaded stickies on the Miro board.
2. Discuss as a group which scenarios that initiative is promoting, and why. In other words,
which scenarios become MORE likely by pursuing this initiative?  For example, if | was
interested in building a large piece of greinfrastructure, | might start looking for scenarios with
OAAT OOAT EUAA ET Z#OAOOOOAOOOAGE AO OEA ATITETATO ADPDPO
what kind of scenarios are associated with that.
3. Discuss as a group which scenarios that initiative is  inhibiting, and why. In other words,
which scenarios become LESS likely by pursuing this initiative?
4. Choose another example from the list of initiatives and report step 2 (if time)

In breakout rooms:

Facilitator explains theexercise briefly again and shas their Miro board with preloaded sticky notes of
OET EOEAOEOAOGE8 O0AOOCEAEDPAT OO AAAEAA 11 Al ETEOEAOEOA (
Miro board of scenarios and leads participants through dissing which scenarios that itiative is

promoting versus inhibiting, and why.

(if time) With 5 minutes remaining, the facilitator stops the exercises and asks the group to diséfsst
does this exercise tell us about our near-term efforts to build resi lience in the RRB?
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Figure [-2: Miro board for breakout session #2

(if time) Debrief in full group:

Water
qualaty
trading
scheme

Each group please take a minute to share which initiative you chose and any insights from you discussion
about which scenarios it is promoting andnhibiting. One of our facilitators is going to time you and stop

you at 2 minutes.

Full group debrief

We have two questions that will discuss for the remainder of our time together:

1 Did this process of scenario development and discussion change the wayuytbink about the
future of the RRBWhy or why not? How?
T 7EAO AOA OEA EiI PIEAAOGEITO T &

Closing
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Appendix J

Influence judgments changed for strategy assessment

The table below summarizes the influence judgments thatchereged for thetrategy assessment,

asdifferentiated from prototype 1 (a, b, c).

Table J-1: Influence judgments that were changed for the strategy assessment

Prototype | Version | Purpose Rationale Judgment sections
3 a To evaluate | The most direct influence that | Water availabilityA Transboundary governamc
b collaborativ | evaluates a collaborative Colabora c . independent
e response | response to drought is to adjug oflaborative ooperaiive
c to drought | the jnflggnce of water Adequae 3 1 2
availability on transboundary
governance. In this strategy, Unequal 1 1 -2
deficient or unequal water —
availability promotes rather Deficient 2 1 -3
than restrict§ collaboraive Water availabilityh Level of authority
and cooperative governance.
Additionally, the assumption Bottomup Top-down
that‘ deflplent or unequal water Adequate 0 0
availability promotes tojlown
centralization of authority was Unequal 0 0
removed to aval contradicting —
these positive outcomes. Deficient 0 0
4 a To evaluate | Under a true market for Cultural & political driversA Rural economy
implications | ecological goods and services —
. L Diversified &
of a true both private and public interest Intensive agriculture| regenerative
I market for would promote a diversified agriculture
ecobgical andregenerative agricultural Privat > 5
goods and | economy, because the rvate .
services additional ecological goods an{ | pyplic 3 3
services offered by regenerat _ i :
agriculture would be valued in | Cultural & political driversA Approach to infra for
the economy. Also, the resilience
_restrlctlng |nf|l_Jen_ce of private Centralized | Distributed | Natural
interests on distributed and
natural infrastructure Private -3 1 2
appraches would flip to _
promoting influences, as Public -2 -1 3

landowners would benefit from)
the value of the ecological
goodsand services offered by
these approaches.
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To evaluate
the
implications
of effective
demand
managemen
t on water
availability

Effective demand managemen
reduces water demand, thereb
reducing anthropogenic
pressures on water availabjli
The two anthropogenic
influences on water availability
in the model are water use fro
the ruraleconomy and
demographics. The influence g
intensive agriculture on water
availability was zeroed to
reflect no significant influence,
whereas regenerative
agriculture improves water
availability as the soil quality
improves its water storage
capacity. Thenfluence of water
availability on the state of the
rural economy was also zeroeq
because demand managemen
would no longer be a source o
selectivity fa the economy.

Rural economyy Water availability

Adequate | Unequal Deficient
Intensive
agriculture 0 0 0
Diversified
& 3 1 2
regenerative - -
agriculture
Water availabilityA Rural economy
. Diversified &
Intensive :
. regenerative
agriculture )

agriculture
Adequate 0 0
Unequal 0 0
Deficient 0 0

Demographicgy Water availability
Adequate | Unequal Deficient

Urbanization 0 0 0
Rural revival 0 0 0
Mass growth 0 0 0
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Appendix K

Scenario narratives

Scenario 1: Friends in environmental crisis

In2050, moreric | usi ve wat er govVer neaqughéo ingrovk resiencaigtkerRB. Atai s n &t

global scale, global greenhouse gas emissions stabilize and the RRB experiences a gradual increase of average
annual temperature and a more extreme and unpreldictiinate, with floods and droughts more likalithin

the same year. Global agricultural markets are stable, reinforcing the existing intensive agricultural system. The
urbanization trend continues.

Despite continued reliance on intensive agriculturecthture and politics driving decision makiagpout water
prioritize public goods and environmental interests over private landowner and economic interests when
required. This creates an enabling environment for full recognition of Indigenous waterwigjbts reinforces

the protection of the envinment for its inherent cultural & social value, and promotes meaningful inclusion of
Indigenous interests and knowledge in decision making.

In response, transboundary governance of the RRB becomes highboratilee, as municipal, state,

provincial, Indgenous, and federal governance entities all meaningfully collaborate on shared goals. Data
collection is organized and shared across jurisdictions through aveigsriorum that brings together

scientific, lacal, and Indigenous data and knowledge. Despifgroved collaboration, the government

investment approach is reactive, focusing on emergency support and insurance rather than maintenance and
preventative measures. Still, bottarp initiatives drive a disibuted approach to infrastructure for resitien
buffering hydroclimatic variability with a system of ponds and controlled tile drainage and usingdatge
infrastructure only if required.

Despite these efforts, soe@onomic trends like intensiverazulture and urbanization drive unequal water
availability leading to seasonal competition for water across sectors and demographics. Water quality remains
poor and ecological integrity is low.

Scenario 2: Everyone's paradise

In 2050, people and natuire the RRB are in harmony. The world has traosed to a lowcarbon economy

and people around the world shift toward more sustainable diets. As a result, the climate of the RRB remains
relatively stable, experiencing only a slight increase of averagebremperature while climate variability

remans within recent historical ranges. To meet the stringent environmental standards on the global agricultural
market, the economy of the RRB diversifies and shifts toward regenerative agricultural practicesrisa

soil health and ecological integrity.

This economic diversification is accompanied by a reversal of the urbanization trend, leading to a revival of the
rural population and cultural life. Additionally, the culture and politics driving decisidingabout water in

the basin prioritize publigoods and environmental interests over private landowner and economic interests
when required. The enabling environment offered by this semmomic transformation leads to full

recognition of Indigenous wer rights.

In response, transboundary govertebhecomes more collaborative and inclusive, as municipal, state,
provincial, Indigenous, and federal governance entities all meaningfully collaborate on shared goals. Data
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collection is organized and sharemtass jurisdictions through a basivide forumthat brings together

scientific, local, and Indigenous data and knowledge. These initiatives are supported by an enhanced
government investment approach that includes soft, natural, and gray measures disisongdldr increments
with more flexible retums. In this future, water managers primarily buffer hydroclimatic variability with natural
ecosystems, supplemented by a distributed ponds and controlled tile drainagesdadegefrastructure is only
usedas a last resort.

Together, these shifts leanld more sustainable landscape in the RRB with adequate water availability for both
human and environmental uses, improved water quality in the RRB and Lake Winnipeg, and high ecological
integrity.

Scenario 3:Deteriorated status quo

In 2050, the status gueconomy and infrastructure approach break down under the pressures of climate change.
At a global scale, global greenhouse gas emissions rise and eventually stabilize, leading to a gradual increase of
avera@ annual temperature and a more extreme andedigiable climate in the RRB with floods and droughts

more likely within the same year. Global agricultural markets are stable, reinforcing the existing intensive
agricultural system. The urbanization tremttinues.

A continued reliance on intensive agiture reinforces a culture and politics driving decision making that
prioritizes private landowner and economic interests. These-soommomic factors contribute to a lack of
recognition of Indigenous wateghts, perpetuating the gwioritization ofIndigenous interests, lack of

recognition of inherent cultural and social value of the environment, and exclusion of Indigenous knowledge in
decision making.

In this scenario, governance and management dRiji¢ breaks down. Transboundary governance fneso
independent, with entities acting in their own interests without consultation. Data collection is patchy with
limited data sharing, reducing the quality of baside models and forecasts. Government innestt is
reactive, focusing on emergency sugpord insurance with insufficient spending on maintenance and
preventative measures. Hydroclimatic variability is managed primarily with-Eogle infrastructure, including
reservoirs, diversions, and intratérbasin transfers, with continued draindgem landscape, including via
uncontrolled tile drainage.

These trends drive unequal water availability leading to seasonal competition for water across sectors and
demographics. Additionally, water quality rams poor and ecological integrity is low.

Scenari o 4: Some people’s paradise

In 2050, the world has transitioned to a foarbon economy and people around the world shift toward more
sustainable diets. As a result, the climate of the RRB remains edyagbable, experiencing only a slight

increag of average annual temperature while climate variability remains within recent historical ranges. Despite
the stringent environmental standards on the global agricultural market, the RRB maintains iteintensiv
agricultural economy. The urbanization treswhtinues.

A continued reliance on intensive agriculture reinforces a culture and politics driving decision making that
prioritizes private landowner and economic interests. These-sooimomic factors contyute to a lack of

recognition of Indigenous vter rights, perpetuating the -geioritization of Indigenous interests, lack of

recognition of inherent cultural and social value of the environment, and exclusion of Indigenous knowledge in
decision making.

301



In this scenario, governance amé@nagement ohe RRB follows a middlef-the-road scenario.

Transboundary governance is cooperative, so different jurisdictions discuss their independent goals and
interests supported by formal agreements when requidath and knowledge systems are @ehensive and
coordinated, though focused on scientific data and exclude local and Indigenous knowledge. The government
investment approach is conventional, focused on gray/hard infrastructure measures with large financial
disbursements and clear returBsill, a bottan-up approach results in a distributed approach to infrastructure

for resilience, buffering hydroclimatic variability with a system of ponds and controlled tile drainage and using
largescale infrastructure onlif required.

Together, thesshifts lead ta more sustainable landscape in the RRB with adequate water availability for both
human and environmental uses, improved water quality in the RRB and Lake Winnipeg, and high ecological

integrity.

Scenario 7: Sgere socialecological breakdow

In 2050, theworld has failed to curb global greenhouse gas emissions, leading to a severe climate change
scenario. The result is a hotter & drier climate in the RRB leading to a highly unpredictable climate and
significantrisk of severe, mulyear ormulti-decadal cdbughts. Additionally, global agricultural demand for
conventional products from the RRB is higher, reinforcing the existing intensive agricultural system. Severe
climate change impacts around the world leach&ss migration into the RRBYiding populaton growth in

both rural and urban areas.

A continued reliance on intensive agriculture reinforces a culture and politics driving decision making that
prioritizes private landowner and economic interests. Thesi®economic factors contrilbel to a lack of
recognition of Indigenous water rights, perpetuating theraitization of Indigenous interests, lack of
recognition of inherent cultural and social value of the environment, and exclusion of Indigenaiedkeoin
decision making.

In this scenario, gvernance and management of the RRB breaks down. Transboundary governance becomes
independent, with entities acting in their own interests without consultation. Data collection is patchy with
limited data sharig, reducing the quality of baswide modelsand forecasts. Government investment is

reactive, focusing on emergency support and insurance with insufficient spending on maintenance and
preventative measures. Hydroclimatic variability is managed primaittycentralized largecale
infrastructure,ncluding reservoirs, diversions, and intra/ifbasin transfers, with continued drainage from
landscape, including via uncontrolled tile drainage.

Centralized infrastructure prevents chronically deficient matailability but drives uneg water availhility

leading to competition for water across sectors and demographics, particularly in the face of mass migration to
the area. Water quality remains poor and ecological integrity is low.
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Appendix L

Quotes from debrief workshop

Thefollowing table includes keguotes from debrief indicating participant perspectives on the

value of the transdisciplinary scenario exercise.

Table L-1: Key quotes from debrief workshop

Theme Quotes

Making sense | i | d onk ibchangedhhiow | thought about the basimitbé t he scenari o a

of complexity | effective. It presents a range, and you sort of look at these different gradations along the cor
and | just think itds an exompldsentuatexaesl
ié | think [oWwae tbmi ndhpdrtance of that s
When thinking about resilience in the Red
resilience in the basin without an acknowledgetofl ndi genous r i ghtushag
big part of the fabric... So, ités just s

that are brought togetheré these are hard

Surface
different
perspectives

i For a@me,lmanyigtha U.S. have said we need tdude more social science... But the tru
is our projects often arendt funded to do
dropped off and we really negtegktthatinclded inrame e
pr oj e c trking dn@md being part of this has influenced some of my thinking on that to t
harder on that aspectééo

Al We have] done a | ot onfaking® informedry bioth kind of tadts
andevigncelnt al so per spect iakosatgréupsHsaigood remimder thit wes

have priorities, biases, and just differe
il thinké there was a | ot of ent h udoigsascmhef
surface. I think we couldhav pr obably spent hours. |l 6ve

the understanding that starts to happen when you get the group together and just sharing,
understanding, and seeing the other perspectives

Hondt know neces haesthdt yame visiart on leow we ayetiooget yheres an
said earlier, not only is it different
ountry. o

O —

ot

[I't i s] r eassur ies maytdifierent gagiablesraadtmarty diffetee a r e
perspectives in the basin and thaté maybe
hange the way our future is shaped. o

(¢}

Affirming the

il |1 ooked at al | thédareespassidnaeanay seéeldifferent gibsiio rdachv
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value of
collaboration

that end goal, but the passion is definit

Ailt was kind of a reminder that by bringi
actually change the way our futurestsaped and how we prioritize. Recognitiorafigenous
rightsé seems to be kind of coming throug

filt reassured meé that we, in the basin,
and South Dakotagpt of the basin, we can work togg¢q
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