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Abstract 

The future of humanity and the biosphere is complex and increasingly uncertain, complicating 

efforts to understand and address 21st century environmental crises like biodiversity loss and climate 

change. Transdisciplinary scenario practice offers a promising avenue to make sense of this 

complexity and uncertainty. Scenarios are often defined as coherent, internally consistent, and 

plausible descriptions of the potential future trajectories of a system, and transdisciplinarity is an 

integrative, problem-oriented, and societally embedded research paradigm that aims to generate 

knowledge about complex and contested problems. However, despite its promise, transdisciplinary 

scenario practice grapples with persistent ambiguity (i.e., the existence of multiple valid frames), 

which emerges from the plural values and perspectives of diverse actors involved in knowledge 

production, resistance to integration via any singular frame offered by an individual discipline, and 

the inherent complexity of sustainability challenges. 

The lack of concepts, frameworks, and tools to operationalize ambiguity presents risks to the 

salience and legitimacy of transdisciplinary scenario practice. Ambiguity renders any scenario 

process as a partial framing of the future that focuses attention on what is most relevant and is 

contingent on how it was produced. Reflexivity (i.e., the process of examining how oneôs own beliefs, 

judgments, and practices influence the research) is cited as a crucial capacity for navigating such 

ambiguity, yet its role in sustainability science, and in scenario practice, remains unclear. Without 

reflexivity, those developing and using the scenarios are left without the means or motivation to 

critically reflect on how the scenarios are produced, their underlying assumptions, and their strengths 

and limitations for different modes of application. Further, the boundaries that delineate what future 

conditions and values are included and excluded from the scenarios are rendered invisible. This gap 

influences the salience and legitimacy of the scenarios to real-world sustainability challenges, 

particularly amid contemporary demands to enrich scenarios with the novel and potentially 

transformative conditions of the 21st century.  

This dissertation explores two opportunities to operationalize ambiguity through reflexivity in 

transdisciplinary scenario practice. First, the field of operational research has a multi -decade history 

grappling with theoretical and practical aspects of ambiguity through critical systems thinking (CST), 

offering opportunities for sustainability science. Second, most scenario methods require implicit 

trade-offs that reduce or ignore aspects of complexity (and thus ambiguity), failing to get the ñbig 
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pictureò roughly right. Semi-quantitative scenario methods like cross-impact balances (CIB) produce 

internally consistent scenarios by systematically and reflexively integrating diverse drivers of change, 

thereby reconciling some of these trade-offs and offering a promising yet underutilized scenario 

method for sustainability science. 

Paper I aimed to contribute to reflexive scenario practice in sustainability science by making 

ambiguity explicit and operational using the lens of CST. This investigation generated the Boundaries 

of the Future framework, a novel synthesis of literatures that characterizes how key boundary 

judgments (i.e., choices that delineate what is included or excluded from a system) involved in the 

design of a scenario process influence the scope of future potential (i.e., future conditions and values) 

reflected in scenario outcomes, and proposes the degree to which this scope of future potential may 

reflect the dynamics of, and/or conditions for, social-ecological systems (SES) change (i.e., a 

dominant complexity-based lens that views high-level system behavior as emerging from social-

ecological and cross-scale interactions and feedbacks). The most expansive choice under each of the 

ten boundary judgments in the framework enriches scenarios with the conditions for transformation 

(i.e., fundamental, systemic shifts away from existing systems; desirable or undesirable; navigated or 

unintended). The framework can be operationalized as an ex ante or ex post reflexive tool in 

sustainability research and practice by rendering each of the ten boundary judgments as an explicit 

site of critical reflection in a scenario process. Doing so can improve the salience and legitimacy of 

the scenarios, including by enriching scenarios with the potential for transformation. 

Paper II aimed to explore the potential for semi-quantitative scenario methods to enrich 

scenario practice for a) the development of óbig pictureô (i.e., integrative and holistic) scenarios in 

sustainability science and b) river basins attempting to build resilience to climate change. This 

objective was addressed through a case study transdisciplinary CIB modelling process in the Red 

River Basin, a transboundary river basin shared by the United States and Canada. The scenarios 

explore óbig pictureô scenarios of a river basin under climate change by characterizing future change 

as emergent from interactions between diverse efforts to build resilience and a complex, cross-scale 

SES. The results surface significant complexities and ambiguities surrounding efforts to build 

resilience in river basins and affirm the potential for the CIB method to generate unique insights 

about the trajectory of SESs.  
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Reflections on the irreducible ambiguity that persisted through Papers I and II led to the 

development of Paper III, which aimed to explore how key concepts, frameworks, and lessons from 

CST may be adapted to help address the challenges presented by ambiguity in sustainability science 

(i.e., beyond scenario practice). The major contribution of this investigation is an operational 

definition of ambiguity focused on the subjectivity of system boundaries (i.e., an emergent feature of 

the simultaneous and interacting boundary processes associated with being, knowing, and 

intervening in complex systems) and two recommendations for sustainability scientists to 

operationalize ambiguity as a valuable means of addressing sustainability challenges: 1) adjust the 

theoretical orientation of sustainability science to consider the potential for and consequences of 

theoretical incommensurability and discordant pluralism, and 2) nurture the reflexive capacities of 

transdisciplinary researchers to navigate persistent ambiguity. CST literature and four case study 

reflections (including the transdisciplinary scenario process from Paper II) were used to develop the 

novel framework of Reflexive Boundary Critique to guide critical reflection on ambiguity at all stages 

of the research process.  

In sum, this dissertation explored opportunities to operationalize ambiguity through reflexivity 

in transdisciplinary scenario practice, contributing to a rich and growing body of research that 

addresses the ambiguities inherent to research about complex sustainability challenges. My hope is 

that this contribution helps sustainability scientists give shape to and embrace ambiguity as a 

fundamental part of rigorous sustainability science.  
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Chapter 1 

Introduction 

1.1 Rationale and objectives 

1.1.1 Complex and increasingly uncertain futures 

The future of humanity and the biosphere is increasingly uncertain. The unprecedented scale of 

anthropogenic impact on the environment is pushing Earth systems past critical tipping points related 

to biodiversity loss and climate change, leading to nonlinear and irreversible changes (Rockström et 

al. 2009; Steffen et al. 2018). As a result, biophysical baselines are shifting in ways that can no longer 

be predicted using historical data; for example, river basins experience the impacts of climate change 

as climatic non-stationarity, resulting in more unpredictable precipitation regimes and an increased 

frequency and severity of extreme events (Mil ly et al. 2008; Marchau et al. 2019; IPCC 2021). 

Additionally, trade, financial, and communication systems are progressively more complex and 

hyperconnected yet homogenized across the globe, increasing the potential for novel risks and 

surprise events that are difficult to model (Young et al. 2006; Homer-Dixon et al. 2015; Keys et al. 

2019; van der Leeuw 2020). For example, disruptions to food production in an agricultural river basin 

due to an extreme drought may cascade into global supply chains, impacting global food security 

(Rockström et al. 2014a; Ray et al. 2019; Ghadge et al. 2020; IPCC 2021). In such complex systems, 

the interactions between multiple social and ecological drivers, and across multiple scales (i.e., local 

to global), are more likely to produce emergent, transformative outcomes than individual drivers 

alone (Westley et al. 2011; Lade et al. 2013; Moore et al. 2014; Rocha et al. 2015). However, because 

not all drivers and interactions are measurable and testable, efforts to anticipate the future of these 

systems inevitably exclude important future conditions (Bell 1997; Carpenter et al. 2009; Elsawah et 

al. 2020).  

These irreducible uncertainties are inherent properties of complex systems (Preiser et al. 2018), 

yet they complicate efforts to address the root cause of 21st century sustainability challenges. On the 

one hand, actors are responding directly to calls for deliberate transformation away from the 

unsustainability and injustice of the status quo (OôBrien 2011; United Nations 2015; McPhearson et 

al. 2021). Such transformations are motivated by profoundly different visions of the future in which 

new structures and processes address the root causes of persistent issues like biodiversity loss and 

climate change (Milkoreit 2016; Moore and Milkoreit 2020). While seemingly desirable, the pursuit 
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of transformation is contested and messy as actors pursue novel innovations based on diverse and 

potentially divergent visions of the future (Leach et al. 2010). These innovations interact with broader 

system structures ï which often resist such transformations ï to produce emergent and difficult-to-

predict outcomes (Moore et al. 2014).  

On the other hand, actors are trying to build the resilience of existing systems to novel risks, 

thereby nurturing the capacity to develop under a changing environment (Folke 2016; UNFCCC 

2019). In practice, such resilience building attempts to identify solutions that are adaptive to 

increasingly plausible yet more extreme future conditions, many of which are a direct result of the 

persistent environmental challenges that warrant transformation (Homer-Dixon et al. 2015; Helbing 

2013; Keys et al. 2019). For example, efforts to build resilience to climate change in river basins 

range from conventional large-scale diversion schemes to mass wetland rehabilitation and restoration 

ï two solutions that are rooted in divergent perspectives and interests in the existing system 

(Sendzimir et al. 2010; Mendez et al. 2012; Marshall and Alexandra 2016). Thus, seemingly 

contradictory efforts interact with one another and the larger systems within which they are a part, 

producing emergent outcomes that are difficult to imagine and nearly impossible to predict. 

1.1.2 The promise of transdisciplinarity and scenarios 

Sustainability science is tasked with the daunting challenge of trying to make sense of this 

complexity and uncertainty. The response to this challenge has contributed to two promising trends in 

the field. First, the ótransdisciplinary turnô of sustainability science emerged alongside other scientific 

paradigms like post-normal science (Funtowicz and Ravetz 1993) and mode 2 science (Nowotny et al. 

2003) in response to the recognition that pluralist and societally embedded knowledge systems are 

required for science to contribute to the transformative changes required to address the root causes of 

21st century environmental crisis (Cundill et al. 2005; Cornell et al. 2013; Caniglia et al. 2020). 

Transdisciplinarity grapples with complexity and uncertainty by bridging both disciplinary and 

science-society divides through reflexive, problem-oriented, and integrative research (Lang et al. 

2012; Brandt et al. 2013). The intention of this paradigm is not only to generate broader system 

knowledge, but to mobilize knowledge in ways that promote meaningful learning for scientists and 

actors, including that which is required to contribute to the transformative agenda of sustainability 

science (Shrivastava et al. 2020). 
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Second, scenarios are increasingly popular tools for making sense of complexity and 

uncertainty in sustainability science (Peterson et al. 2003; Bai et al. 2016). Scenarios are often defined 

as coherent, internally consistent, and plausible descriptions of the potential future trajectories of a 

system (Heugens and van Oosterhout 2001). Scenarios have been developed through diverse methods 

at various scales (Oteros-Rozas et al. 2015a; Moallemi et al. 2021) and have been used to directly 

inform policy making or facilitate social learning (Börjeson et al. 2006; Miller 2007; Elsawah et al. 

2020; Pereira et al. 2021). For example, explorative scenarios are used to identify solutions that are 

resilient or robust to multiple possible future climatic or socio-economic conditions (Lempert 2003), 

and normative scenarios are used to imagine and strategize pathways to desirable (e.g., more 

sustainable) futures (Börjeson et al. 2006). Scenarios have also been used to structure 

transdisciplinary research in which a model is co-produced through engagement with collaborators 

(McBride et al. 2017; Voinov et al. 2018; Moallemi et al. 2021). Recently, literature on the role of 

imagination in deliberate sustainability transformation has motivated the use of experimental scenario 

methods and creative media to build motivation and shared commitment for change (Galafassi et al. 

2018; Hebinck et al. 2018a; Pereira et al. 2018a). 

1.1.3 The importance of the social-ecological systems perspective 

The union of transdisciplinarity and scenario practice is accompanied by a third important trend 

that further renders complexity and uncertainty explicit in sustainability science: the social-ecological 

systems (SES) perspective. The prevailing command-and-control mode of natural resource 

governance assumed ecosystems respond to human intervention in predictable, linear, and 

controllable ways (Dietz et al. 2003). In contrast, the SES perspective views linked human and natural 

systems as complex adaptive systems (Levin 1998; Levin et al. 2013). This view grapples explicitly 

with complexity by focusing on the social-ecological interactions and cross-scale feedbacks that 

produce high-level system behavior (Folke 2006; Reyers et al. 2018). Moreover, the SES perspective 

accepts uncertainty as irreducible and inherent to complex adaptive systems, which have unique 

properties that produce emergent and often surprising outcomes (Preiser et al. 2018). For example, 

complex SES dynamics allow the system to fluctuate within a single stable state or push it across 

thresholds into alternative states through regime shifts or social-ecological transformations that may 

be difficult or impossible to reverse (Walker et al. 2004; Folke et al. 2010; Rocha et al. 2015).  
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The SES perspective informs both transdisciplinarity research and scenario practice in 

sustainability science. In the case of transdisciplinarity, the SES perspective is often operationalized 

as an overarching framework to facilitate integration across disciplines (i.e., between the ósocialô and 

the óecologicalô) and perspectives in research about complex sustainability challenges (Angelstam et 

al. 2013; Benham and Daniell 2016; Cockburn 2022). This often occurs through the use and 

adaptation of seminal frameworks in the field (e.g., Ostrom 2009; Folke 2016). In the case of scenario 

practice, researchers applying the SES perspective have used scenarios as sense-making tools to 

characterize, adapt, and build resilience to the irreducible uncertainties of complex systems (Peterson 

et al. 2003; Verburg et al. 2016), with particular focus on place-based SESs (Oteros-Rozas et al. 

2015a). Normative or target-seeking scenarios have also been suggested as essential tools in the early 

ópreparationô stage of social-ecological transformation (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 promising avenue to 

make sense of complex and uncertain futures in sustainability science. This potential is furthered by 

the complexity-based lens offered by the SES perspective. However, while these trends enrich one 

another, they also present a major challenge. Namely, in their efforts to make sense of complexity and 

uncertainty, they each grapple with the ambiguity (i.e., the existence of multiple valid frames) that is 

inherent to complex sustainability challenges. Transdisciplinary research surfaces ambiguity through 

the plural values and perspectives of diverse actors involved in knowledge production. This 

ambiguity persists because transdisciplinarity resists integration via any singular frame offered by an 

individual discipline (Leach et al. 2010; Preiser et al. 2018; Dewulf et al. 2020; Turnhout et al. 2020). 

Ambiguity also permeates scenario literature under different names including future openness, which 

stems from a combination of uncertainty and ambiguity (Bell 1997; Elsawah et al. 2020); the 

subjectivity of plausibility judgments (Wiek et al. 2013; Schmidt-Scheele 2020); and critical futures 

literature, which directly challenges the predict-and-control origins of early scenario work (e.g., 

Inayatullah 1998a, b). The SES perspective highlights ambiguity as a persistent feature of the study of 

ï and intervention in ï complex adaptive systems (Levin et al. 2013; Preiser et al. 2018). For 

example, CASs are radically open, which makes it nearly impossible to decide which system 

components are inside and outside the system. Consequently, any system interpretation is partial, 

provisional, and contingent on subjective boundary choices (Juarrero 1999; Preiser et al. 2018).  
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While ambiguity is considered a feature of research about complex sustainability challenges, its 

role in sustainability science remains unclear. Myriad interpretations of ambiguity exist in uncertainty 

literature (Funtowicz and Ravetz 1990; Walker et al. 2003; Dewulf and Biesbroek 2018) and, of 

particular relevance to sustainability science, science and technology studies literature (Stirling 2006; 

West et al. 2014). The latter reveals how ambiguity implicates the intersection of epistemology (ways 

of knowing) and ontology (ways of being) ï i.e., different frames emerge from and shape future 

action. While this conceptualization views ambiguity as inherent to complexity, it does not render 

ambiguity explicit and operational in ways that can be addressed in transdisciplinary scenario practice 

for sustainability science, and thus remains difficult to translate into policy and practice. Moreover, 

reflexivity (i.e., the process of examining how oneôs own beliefs, judgments, and practices influences 

the research) is often cited as a crucial capacity for navigating ambiguity and pluralism in both 

transdisciplinary research and scenario practice (Miller 2013; Miller et al. 2014; Popa et al. 2015; 

Haider et al. 2018).  In other words, reflexivity can translate ambiguity from a slippery phenomenon 

óout thereô to a process that can be embedded in research. Yet, reflexivity  in sustainability science, 

and for scenario practice, has been criticized for a lack of clarity and is not mainstream (Inayatullah 

1998a; Jasanoff and Kim 2015; Popa et al. 2015; Scheele et al. 2018). Interestingly, the importance of 

capacities like reflexivity is not only discussed within academic literature: the Inner Development 

Goals are an emerging suite of policy and practice-oriented objectives that aim to identify and nurture 

the inner transformative skills required to achieve the Sustainable Development Goals (Inner 

Development Goals 2023). 

The lack of concepts, frameworks, and tools to operationalize ambiguity through reflexivity in 

sustainability science is a crucial gap. Emerging frameworks and tools grapple with dimensions of 

ambiguity, such as by facilitating epistemological pluralism (Martin 2012; Tengö et al. 2014) or 

nurturing the unique capacities required of transdisciplinary researchers (Haider et al. 2018; 

Chambers et al. 2022). Research in sustainability science has also suggested the need to grapple with 

the subjectivity of system boundaries in research about complex SESs (Audouin et al. 2013). Yet, in 

the absence of holistic and operational modes of reflexivity, many sustainability scientists still operate 

from a middle space in which they embrace complexity and understand the need for pluralism broadly 

but struggle to overcome their tendency to evaluate knowledge against a singular óunambiguousô 

frame. In such cases, ambiguity is not explicit yet persists, leaving research vulnerable to myriad risks 

and power dynamics associated with uncritical transdisciplinary collaboration. These risks include 
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conflict and misunderstanding in collaboration across disciplines, paradigms, or sectors (Strang 

2009), and the power dynamics that cast less dominant perspectives as political or subjective and 

more dominant perspectives as neutral and objective (Turnhout 2018; Turnhout et al. 2020). 

The lack of concepts, frameworks, and tools to operationalize ambiguity through reflexivity is 

highly relevant to scenario practice. No scenario framework or method, even if applied in a 

transdisciplinary process, can reconcile the diverse domains, scales, values, drivers, and perspectives 

implicated in the future of complex sustainability challenges (Swart et al. 2004; Carpenter et al. 2009; 

Bai et al. 2016; Verburg et al. 2016). Therein lies the ambiguity: any scenario process produces a 

partial frame of the future that focuses attention on what is deemed most relevant and is contingent on 

how it is produced. Without reflexivity, scenario users are left without the means or motivation to 

critically reflect on the influence of subjective choices made in the design of a scenario development 

process (e.g., choice of framing or methods) and the strengths and limitations of these choices for 

their mode of application. Further, the boundaries that delineate the scope of future potential in the 

resulting scenarios (i.e., what future conditions and values are included and excluded) are rendered 

invisible. This gap influences the salience and legitimacy of the scenarios to real-world sustainability 

challenges; for example, by introducing the risk that scenarios are used in unintended or even 

inappropriate ways, or that scenarios are missing crucial conditions or values (i.e., more dominant 

frames of the future are reinforced, while those considering more novel or marginalized perspectives 

are cast aside). This latter risk is particularly relevant under contemporary demands to enrich 

scenarios beyond the status quo to reflect the unique conditions of the 21st century; for example, to 

motivate the pursuit of deliberate transformations to sustainability (Moore et al. 2014; Patterson et al. 

2017), help actors build resilience to novel risks and disruption (Keys et al. 2019; Pereira et al. 2021) 

or assess the long-term implications of unsustainability, e.g., loss and damages (Mechler and Schinko 

2016). 

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

This dissertation moves from the view that transdisciplinary scenario practice offers a 

promising avenue for making sense of complex and uncertain futures in sustainability science. 

Additionally, I view the social-ecological systems (SES) perspective as an important complexity-

based lens for furthering this potential.  However, these promising trends all grapple with persistent 

ambiguity, and the lack of concepts, frameworks, and tools to operationalize ambiguity through 
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reflexivity presents risks to the salience and legitimacy of the outcomes of the research. The resulting 

research gap is broader than can be addressed in a single dissertation, so I focus on exploring two 

opportunities.  

First, the field of operational research has a multi-decade history grappling with theoretical and 

practical aspects of ambiguity, offering opportunities for sustainability science. Critical systems 

thinking (CST) emerged from operational research to address divergence and conflict between first 

wave (i.e., positivist, hard systems) and second wave (i.e., interpretivist, soft systems) approaches 

(Midgley 1989; Flood and Jackson 1991; Jackson 2019). CST applies systems thinking, which is 

compatible with the social-ecological systems (SES) perspective. Yet, it does so through a pragmatist 

critique of the systems approach (Matthews 2006), moving from an epistemological ideal of critical 

awareness, emancipation, and pluralism (Flood and Ulrich 1990; Gao et al. 2003). In the process, 

CST grapples with conceptual challenges associated with ambiguity, such as theoretical and 

methodological pluralism (Midgley 1989, 1992; Ulrich 2003), in addition to practical frameworks 

that operationalize ambiguity through critical reflection on the subjectivity of system boundaries 

(Ulrich 1983; Midgley 2000). This lens complements the work of systems thinkers focused on the 

ethics and social impacts of systems thinking (Stroh 2015) and development psychologists concerned 

with the inner capacities required to break out of limited mindsets and embrace ambiguity (Kegan and 

Lahey 2016). Yet, CST is distinct in that it addresses ambiguity through a focus on system 

boundaries, presenting a unique opportunity to render ambiguity explicit and operational in scenario 

practice for sustainability science. Emerging research points to the promising lens offered by CST for 

sustainability research (e.g., Helfgott 2018; Rutting et al. 2022), yet the use of CST concepts and tools 

is still marginal.  

Second, sustainability science lacks the integrative and holistic scenario methods required to 

óopen upô scenario practice to complexity and ambiguity. Instead, most scenario methods require 

implicit trade-offs (e.g., due to practical constraints) that reduce or side-step aspects of complexity, 

and thereby ignore the potential for alternative frames, i.e., ambiguity (e.g., see the Fallacy of 

Misplaced Concreteness, Whitehead (1967)). Such processes fail to ñget the big picture roughly 

rightò, which is required to ñpeer through the mist of uncertaintyò surrounding decisions about 

contemporary sustainability challenges (Polasky et al. 2020). For example, quantitative methods may 

be data-informed and reproducible but exclude drivers of change or perspectives that cannot be 

measured in quantitative terms (Gerst et al. 2014; Moallemi et al. 2021). Conversely, qualitative 
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scenario methods consider a wider range of conditions, but, at times, lack the systematic approaches 

and analytical insights promoted by quantitative methods (Ramirez and Wilkinson 2014). Semi-

quantitative scenario methods have been applied in energy and climate change research and are 

uniquely positioned to expose and reconcile some of these trade-offs. For example, the cross-impact 

balances (CIB) method applies systems theory to generate internally consistent narrative scenarios 

from a network of interacting qualitative and quantitative drivers of change (Weimer-Jehle 2006; 

Weimer-Jehle et al. 2016). The systematic approach required to build the components of a CIB model 

(see Section 1.3.2) makes all assumptions about the trajectory of these different drivers and their 

interactions explicit, facilitating a form of reflexivity that may surface unique complexities and 

ambiguities in the context of application (e.g., alternative frames of the same system). Moreover, the 

system-theoretical approach of CIB has unique compatibilities with the SES perspective that have yet 

to be explored. An opportunity exists to experiment with how such integrative and holistic (i.e., big 

picture) scenario methods can be used to structure transdisciplinary processes that take complexity 

and ambiguity seriously, thereby óopening upô scenario practice to reflect a wider range of drivers and 

perspectives. 

1.1.6 Dissertation purpose, objectives, and major contributions 

The purpose of this dissertation is to explore these two opportunities (Section 1.1.5) in service 

of a more reflexive transdisciplinary scenario practice in sustainability science. This dissertation is 

manuscript-based, with each manuscript focusing on one objective. 

¶ Paper I (Chapter 2): Boundaries of the future: A framework for reflexive scenario 

practice in sustainabilit y science (Objective 1) 

¶ Paper II (Chapter 3): Exploring big picture scenarios for resilience in social-ecological 

systems: Transdisciplinary scenario modelling in the Red River Basin (Objective 2) 

¶ Paper III (Chapter 4): Operationalizing ambiguity in sustainability science: Addressing 

the elephant in the room (Objective 3) 

Objective 1 (Paper I) aims to contribute to reflexive scenario practice in sustainability 

science by making ambiguity explicit and operational using the lens of CST. The major academic 

contribution from this investigation is the Boundaries of the Future framework. The framework is a 

novel synthesis of literatures that 1) characterizes how key boundary judgments (i.e., choices that 

delineate what is included or excluded from a system) involved in a scenario process influence the 
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scope of future potential reflected in scenario outcomes, and 2) proposes the degree to which this 

scope of future potential may reflect the dynamics of, and/or conditions for, SES change. The most 

expansive choice under each boundary enriches scenarios with the conditions for transformative 

change (i.e., fundamental, systemic shifts away from existing systems; desirable or undesirable; 

navigated or unintended; see Chapter 2). The practical contribution of the investigation is the 

opportunity to use the Boundaries of the Future framework as an ex-ante or ex post reflexive tool, 

rendering each of the ten boundary judgments as an explicit site of critical reflection in a scenario 

process. Doing so can improve the salience and legitimacy of the scenario process, especially amid 

demands to enrich scenarios with the novel and potentially transformative conditions of the 21st 

century. The 72 social-ecological scenario case studies used to generate the framework exhibited a 

bias away from these more expansive choices, affirming the need to experiment with integrative and 

holistic scenario methods like CIB (Objective 2). Moreover, while the Boundaries of the Future 

framework aims to operationalize ambiguity through reflexivity, it is still a reflection of the onto-

epistemological and methodological orientation of the study. This challenge of irreducible ambiguity 

motivated and informed the use of CST to operationalize ambiguity in sustainability science beyond 

scenarios (Objective 3).  

Objective 2 (Paper II) aims to explore the potential for the CIB method to enrich scenario 

practice for a) the development of óbig pictureô (i.e., integrative and holistic) scenarios in 

sustainability science and b) r iver basins attempting to build resilience to climate change. This 

objective was addressed through a case study transdisciplinary scenario modelling process in the Red 

River Basin, a transboundary river basin shared by the United States and Canada, in partnership with 

the Red River Basin Commission and the International Institute for Sustainable Development. The 

scenarios explore óbig pictureô (i.e., integrative and holistic) scenarios of a river basin under climate 

change by characterizing future change as emergent from interactions between diverse efforts to build 

resilience and a complex, cross-scale SES. The results surface significant complexities and 

ambiguities surrounding efforts to build resilience in river basins and affirm the potential for the CIB 

method to generate unique insights about the trajectory of SESs. Reflection upon the process revealed 

how the CIB method contributed to óopening upô boundary judgments (i.e., to consider the dynamics 

of, and conditions for, SES change) that were underexplored in the case studies used to generate the 

Boundaries of the Future framework (Objective 1). However, ambiguity persisted through the 

modelling process due to process-oriented constraints and underlying onto-epistemological tensions. 
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This reflection motivated and informed efforts to operationalize ambiguity in sustainability science 

more broadly (Objective 3).  

Finally, through investigation of Objectives 1 and 2, a broader objective emerged. Objective 3 

(Paper III) aimed to explore how key concepts, frameworks, and lessons from CST may be 

adapted to help address the challenges presented by ambiguity in sustainability science (i.e., 

including and beyond scenario practice). More specifically, it aimed to establish 1) a holistic 

conceptualization of ambiguity and 2) recommendations for how sustainability scientists can 

operationalize this conceptualization of ambiguity as a valuable means of addressing sustainability 

challenges. The major contribution of this investigation is an operational definition of ambiguity 

focused on the subjectivi ty of system boundaries (i.e., an emergent feature of the simultaneous and 

interacting boundary processes associated with being, knowing, and intervening in complex systems) 

and two recommendations for sustainability scientists to operationalize ambiguity: 1) to adjust the 

theoretical orientation of sustainability science to consider the potential for and consequences of 

theoretical incommensurability and discordant pluralism, and 2) to nurture the reflexive capacities of 

transdisciplinary researchers to navigate persistent ambiguity. CST literature and four case study 

reflections, including the transdisciplinary scenario process from Objective 2, were used to develop 

the novel framework of Reflexive Boundary Critique to guide critical reflection on ambiguity at all 

stages of the research process. The findings of this objective can help sustainability scientists give 

shape to and embrace ambiguity as a fundamental part of rigorous sustainability science. 

1.2 Literature and theoretical framing 

The dominant bodies of literature informing the dissertation are depicted in Figure 1-1, under 

categories of theoretical lens, research practice, and application area. Each body of literature is 

summarized in Sections 1.2.1 to 1.2.3. The three bodies of literature that comprise the theoretical lens 

(i.e., SES theory, transformation theory, and CST) are granted the most attention, and are further 

elaborated as required for specific aspects of the dissertation in Papers I, II, and III. The bodies of 

literature associated with the research practice and the application area are not discussed in full but 

are rather summarized to situate the 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 theory addresses the complexity of the future by characterizing linked human and natural 

systems as complex adaptive systems (Levin 1998; Preiser et al. 2018). This theory directly informs 

Papers I and II and is discussed in Paper III. From an SES view, high-level system behavior emerges 

from low-level processes of self-organization involving social-ecological interactions and feedbacks 

between multiple drivers across scales (Folke 2006; Reyers et al. 2018). SESs can experience 

significant changes as they fluctuate within a single stable state or move across thresholds into 

alternative states through regime shifts (Müller et al. 2014; Rocha et al. 2015), or as actors pursue 

deliberate social-ecological transformations (Walker et al. 2004; Folke et al. 2010). The unique 

characteristics of social-ecological transformation are discussed alongside other transformation 

theories in Section 1.2.1.2. 

The SES perspective characterizes the interplay of stability and change through social-

ecological resilience or óresilience thinkingô. Resilience evolved from roots in ecology (Holling 1973; 

Berkes et al. 2003) to become a forward-looking approach focused on the unique capacities of SESs 
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to persist, adapt, and transform in the face of unexpected and surprising change (Folke 2016). While 

persistence, adaptation, and transformation may intuitively appear to act in tension, their 

interdependencies manifest through social-ecological interactions across spatial and temporal scales. 

For example, the heuristics of the adaptive cycle and panarchy, which characterize the continuous 

cycles of growth, conservation, destruction, and reorganization across scales that characterize change 

in SESs (Holling 2001), reveal how cycles of change at smaller scales can revolt and change larger 

cycles and how the accumulated memory at larger scales can affect smaller scales (Walker et al. 

2004; Filbee-Dexter et al. 2017). An emerging frontier of SES research focuses on detailing the 

capacities required for adaptation and transformation, including system reflexivity (Moore et al. 2018; 

Folke et al. 2021). Through this dynamic lens, resilience thinking helps characterize how and why 

efforts to build resilience to novel risks, for example in river basins dealing with climate change, 

interact with ï and often encompass ï efforts to transform away from the status quo.  

The SES perspective also highlights the unique characteristics of complex adaptive systems 

that introduce ambiguity to the study of ï and intervention in ï complex sustainability challenges 

(Levin et al. 2013; Preiser et al. 2018). For example, SESs are radically open as information, energy, 

and matter are constantly exchanged across a permeable boundary between the system and its 

environment (Preiser et al. 2018, 2021). They are also constituted relationally, meaning a systemôs 

behavior is determined more by the nature of its interactions than individual components, and these 

interactions connect systems in nested hierarchies across spatial and temporal scales (Gunderson and 

Holling 2003; Cash et al. 2006; Preiser et al. 2018). These features render the external boundary 

conditions as integral to system behavior as the system structure and make it nearly impossible to 

decide which system components are inside and outside the system (Juarrero 1999; Preiser et al. 

2018). Thus, these boundary conditions are dependent on the choices of the observer, who is also part 

of the system they seek to understand (Cilliers 2001; Preiser et al. 2018). 

In response to critiques of more mechanistic applications of the SES perspective (e.g., Leach 

2008; Cretney 2014), sustainability science increasingly draws from diverse domains of social 

science. This move to social sciences deepens knowledge about the ósocialô component of SESs, for 

example by centering the role of agency (Brown 2014; Cretney 2014), the link between landscapes 

and culture (Masterson et al. 2017; Sterling et al. 2017), or the power and politics that influence 

efforts to understand and address environmental crises (Brien 2012; Turnhout 2018). Emerging social 

science research focuses on various dimensions of ambiguity; for example, novel frameworks are 
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weaving together diverse knowledge systems for an enriched picture of SES change (Tengö et al. 

2014; Rathwell et al. 2015). These efforts recognize the insights offered by transdisciplinary 

knowledge production, while acknowledging the risks of cooption, reduction, and instrumentalization 

of marginalized knowledge systems in uncritical processes of integration (Kates et al. 2012; Rathwell 

et al. 2015). 

1.2.1.2 Transformation theory 

Several approaches have emerged to characterize the dynamics of, and conditions for, 

transformative change, as a response to calls for deliberate ñtransformations to sustainabilityò 

(Patterson et al. 2017). Transformation theory, and in particular SES transformation, is most 

prominent in Papers I and II, as it directly informed the development of the Boundaries of the Future 

framework in Paper I and the social-ecological scenario framework that underpinned the 

transdisciplinary scenario modelling process in Paper II. Transformation theory is less prominent in 

Paper III, though it is compatible with the critical-emancipatory perspective of CST. 

Transformation approaches can be broadly categorized as structural, systemic, and enabling 

(Scoones et al. 2020). Structural approaches offer descriptive, historical accounts of socially 

organized ideological change (e.g., the French revolution). Systemic approaches, including the SES 

perspective, address change in complex systems by analyzing how transformations emerge from 

relationships between actors, institutions, and ecological or technical variables (Smith et al. 2005; 

Moore et al. 2014). Enabling approaches, such as sustainability pathways, directly address the human 

values, agencies, capacities, and framings held by actors that influence transformation (Leach et al. 

2010). These three approaches provide distinct but complementary views on transformation.  

According to the SES perspective (i.e., a systemic approach), transformation occurs when 

major changes to social or ecological variables have cross-scale impacts and/or alter the dominant 

feedbacks that govern the system (Moore et al. 2014). This type of transformation proceeds through 

three phases: preparing for change, navigating the transformation, and building resilience of the new 

trajectory (Olsson et al. 2004a; Moore et al. 2014). Through these phases, transformation emerges 

through shifting interactions between individual actor agency (i.e., bottom-up) and system structure 

(i.e., top-down) (Westley et al. 2013; Moore et al. 2014, 2018) and requires an enabling environment 

including institutional structures and capacities for experimentation, integration of diverse knowledge 

types (Gelcich et al. 2010; Sendzimir et al. 2010), strong multi-level social networks (Moore and 



 

14 

Westley 2011), and availability of local resources (Olsson et al. 2006). Other systemic transformation 

approaches offer complementary insights to the SES perspective. In particular, the field of 

sustainability transitions studies hosts an evolving body of literature on governance of sustainability 

transitions from a socio-technical systems perspective (Rotmans et al. 2001; Rotmans and Loorbach 

2009), and mirrors aspects of SES transformation theory. For example, multilevel perspective theory 

characterizes socio-technical transitions as emerging as niche innovations (i.e., actor agency) as 

entering the incumbent regime (i.e., system structure) due to changing selection pressures in the 

regime (Geels 2002; Patterson et al. 2017).  

Critiques of systemic approaches to transformation reflect those of the SES perspective more 

generally (Section 1.2.1.1). These critiques center ambiguity by questioning who governs 

transformation, whose framings of transformation count, and how wins and losses in transformation 

are distributed among actors (Smith and Stirling 2008; Leach et al. 2010; Blythe et al. 2018). From 

this view, transformation is not a universally desired endpoint or process but is contested, value-

laden, and subjective to a particular perspective. The STEPS pathways approach directly addresses 

this view by characterizing transformation as emergent from the interactions that occur within this 

plural and political space (Stirling 2014). Emerging research in sustainability science draws from this 

more critical view on transformations while maintaining the SES perspective. For example, Pereira et 

al. (2018b, 2020) use experimental multimedia scenario methods to create ótransformative spacesô, 

which are collaborative spaces in which actors invested in sustainability transformation can 

experiment with novel ideas and practices to motivate and inform action. 

1.2.1.3 Critical systems theory 

Operational researchers have a multi-decade history grappling with both theoretical and 

practical aspects of ambiguity through CST. CST is a key theoretical lens underpinning the 

Boundaries of the Future framework from Paper I and the operationalization of ambiguity in Paper 

III . Just as systems approaches are used to understand complex SESs (and SES transformation) in 

sustainability science, operational research uses systems models to aid in complex implementation 

problems. The first wave of OR used hard systems models underpinned by expert-driven positivism, 

which was followed by a second wave of soft systems approaches underpinned by an interpretivist 

perspective (Midgley 1989; Flood and Jackson 1991; Jackson 2019). Divergence and conflict 

between first and second wave approaches, in addition to ambiguity surrounding the boundaries of 
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stakeholder engagement, led to the observation that understandings of a problem and what constitutes 

as óimprovementô may change significantly when system boundaries are altered (Churchman 1970). 

Thus, Churchmanôs pragmatist critique of the systems approach (Matthews 2006) launched a third 

critical-emancipatory wave called critical systems thinking (CST) underpinned by tenets of critical 

awareness, emancipation, and pluralism (Flood and Ulrich 1990; Gao et al. 2003). Thus, the systems 

perspective is compatible with SES theory (Section 1.2.1.1), and the critical-emancipatory lens is 

compatible with transformation theory (Section 1.2.1.2).  

CST explicitly grappled with the conceptual challenges associated with ambiguity, including 

theoretical and methodological pluralism and paradigm incommensurability (Midgley 1989, 1992; 

Ulrich 2003). Theoretical and methodological pluralism attempted to reconcile debates between first 

and second wave system approaches by recognizing that methodologies derived from different or 

contradictory paradigms (e.g., positivist versus interpretivist) offer valid but partial and contextual 

framings of a system. While desirable in theory, ñatheoretical pragmatismò surfaced as individuals 

picked and chose methodologies without knowledge of their theoretical origins (Midgley 1992; 

Bowers 2019). This was perceived as a threat to the field, so critical system theorists sought an 

appropriate meta-framework to guide systemists who were operationalizing pluralism in systems 

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 system (i.e., simple, complex) 

and the relationship between participants (i.e., unitary, pluralist, coercive) (Jackson and Keys 1984; 

Jackson 2019). This effort toward integration via a meta-framework was criticized for several 

reasons, including for its rigidity and its assumption of theoretical commensurabilit y, which risks 

masking ambiguity (Gregory 1996).  

CST also addressed the need for practical frameworks to operationalize ambiguity through 

reflection on the partial, provisional, and observer-dependent nature of system boundaries (Ulrich 

1983; Midgley 2000). According to Churchman, boundaries are social and personal constructs that 

determine the limits of knowledge that are considered pertinent for an analysis (Churchman 1970). 

The framework of Critical Systems Heuristics was proposed to guide reflection upon boundaries 

through óboundary critiqueô (Ulrich 1983; Ulrich and Reynolds 2010). According to CSH, any claim 

about a system depends on a reference system, which is made up of óboundary judgmentsô that 

generate the dominant view of which facts and values are relevant, thereby indicating empirical and 

normative selectivity (Ulrich 1983). CSH includes a list of questions designed to facilitate boundary 
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critique by revealing sources of motivation (e.g., what is/ought to be the purpose?), sources of power 

(e.g., who is/ought to be the decision maker?), sources of knowledge (e.g., what expertise is/ought to 

be consulted?), and sources of legitimation (e.g., what worldview is/ought to be determining?). 

Midgleyôs process philosophy (2000) is a philosophy of knowledge for CST inspired by the process 

philosophy pioneered by Whitehead (1978). This form of process philosophy proposes a shift from 

the content of knowledge to the process of bringing knowledge into being, in particular the process of 

making boundary judgments (see Section 1.3.1). 

1.2.2 Research practice 

1.2.2.1 Transdisciplinarity 

Transdisciplinarity is a research principle that emerged in response to the need for more open, 

pluralist, and integrative knowledge production to address complex sustainability challenges (Cundill 

et al. 2005; Cornell et al. 2013; Caniglia et al. 2020). The challenges presented by ambiguity in 

transdisciplinary research motivated the contributions of Papers I and III, and key principles of the 

ideal-typical transdisciplinary research process directly informed the methodology of the scenario 

modelling case study in Paper II (see Section 3.2 for a description of the ideal-typical research 

process).  

The unique characteristics of transdisciplinarity hold promise for addressing complexity and 

uncertainty (see Section 1.1.2), yet they also contribute to surfacing ambiguity and thus demand 

reflexivity. Transdisciplinarity is defined as an integrative, reflexive, and method-driven research 

principle with three key requirements: 1) focusing on societally relevant problems, 2) enabling 

learning processes among researchers from different disciplines and with actors outside of academia, 

and 3) creating knowledge that is solution-oriented and socially robust (Lang et al. 2012; Brandt et al. 

2013). This paradigm is differentiated from multi- and interdisciplinarity, in which disciplines work 

together from within or between their individual paradigms, as it aims to ñtranscendò disciplinary 

boundaries using collaborative approaches, shared conceptual frameworks, and novel methodologies 

(Castán Broto et al. 2009; Kemp and Nurius 2015). This high degree of integration, collaboration, and 

novelty is important for highlighting the complexity of sustainability challenges, yet it surfaces 

ambiguity through the diverse values and perspectives of scientific and diverse actors involved in 

knowledge production. This ambiguity often manifests as challenges establishing the reliability, 

validity, and ñsocial robustnessò of the transdisciplinary research outcomes (Lang et al. 2012; Cornell 
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et al. 2013). Addressing these challenges demands highly reflexive integration processes, yet the 

power dynamics between different forms of knowledge (e.g., scientific over local knowledge, or 

natural sciences over social sciences) can make such reflexivity practically and ethically challenging 

(Turnhout et al. 2019). 

1.2.2.2 Scenarios 

Scenarios have become popular tools for anticipating and navigating change in sustainability 

science (Peterson et al. 2003; Bai et al. 2016). Scenarios are also used across the science-policy 

interface; for example, scenarios feature prominently in global environmental assessments like the 

Shared Socioeconomic Pathways for climate research (Riahi 2016), the Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem Services (Pereira et al. 2020b), and the United 

Nations Global Environment Outlook (e.g., UN Environment 2019). The Boundaries of the Future 

framework in Paper I focuses on scenario practice in sustainability science generally, while the 

transdisciplinary scenario modelling process in Paper II generated novel scenarios using the CIB 

approach in a case study. As introduced in Section 1.1.2, scenarios are often defined as coherent, 

internally consistent, and plausible descriptions of the potential future trajectories of a system 

(Heugens and van Oosterhout 2001). Scenarios were popularized in the latter 20th century through 

work on scenario planning driven by the US Army and RAND Corporation, alongside qualitative 

narrative scenario development by Peter Schwartz and colleagues in the Global Business Network 

(Schwartz 1991). Various typologies of scenarios exist (van Notten et al. 2003a; Mahmoud et al. 

2009; Sharpe et al. 2016), with one popular typology differentiating between predictive (i.e., what 

wil l happen), explorative (i.e., what could happen), and normative (i.e., what we want to happen) 

scenarios (Börjeson et al. 2006). The use of scenarios in sustainability science ranges across these 

scenario types, which are developed through diverse methods including both quantitative models and 

qualitative participatory processes conducted at various spatial and temporal scales (Oteros-Rozas et 

al. 2015a; Moallemi et al. 2021). Scenarios are used to directly inform policy and decision making, 

facilitate social learning, and structure transdisciplinary research processes (Börjeson et al. 2006; 

Miller 2007; Lang et al. 2012; Elsawah et al. 2020; Pereira et al. 2021). As discussed in Section 1.1.2, 

scenarios have been used to structure transdisciplinary research in which a model is co-produced 

through engagement with collaborators (McBride et al. 2017; Voinov et al. 2018; Moallemi et al. 

2021). 
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Amid their rising popularity, scenario research and futures studies have been criticized for a 

lack of reflexivity connecting a scenario process to its outcomes and impact in the present (e.g., 

Inayatullah 1998; Jasanoff and Kim 2015; Scheele et al. 2018). Moreover, the use of scenarios has 

been criticized by scholars who believe that scenarios sometimes lack evidence, downplay 

uncertainty, do not adequately consider different timelines or perspectives, and lack transparency 

(Dong et al. 2013; Reed et al. 2013). While discussed only briefly in the contribution of Paper I, the 

field of anticipatory governance is beginning to address some of these critiques from a governance 

perspective. Anticipatory governance aims to conceptualize and facilitate processes of ñgoverning in 

the present to shape uncertain futuresò (Muiderman et al. 2020). Anticipatory governance literature 

offers a critical perspective on these processes ï including and beyond scenarios ï for example by 

critiquing the present political implications of anticipatory processes (Boyd et al. 2015; Hebinck et al. 

2018b; Vervoort and Gupta 2018; Gupta et al. 2020) and generating novel methods for imagining and 

navigating a wide range of futures in service of sustainability transformation (Vervoort et al. 2015; 

Mangnus et al. 2019, 2022). This literature also focuses on reflexivity through the concept of futures 

literacy (Mangnus et al. 2021), defined as the ñcapacity to design and implement processes that make 

use of anticipationò (Miller 2007). 

1.2.3 Application area 

1.2.3.1 Water governance and resilience 

The case study application of CIB in a transdisciplinary scenario modelling process in Paper II 

is applied to the area of water governance and resilience. A shift in water governance is required to 

address the novel uncertainties and complexities introduced by climate change at a river basin scale. 

Water governance is defined broadly as the social functions that regulate and coordinate water 

development (Jiménez et al. 2020). The dominant 19th and 20th century paradigm of water 

governance enabled rapid economic development but was limited by silo thinking, reactive 

management of externalities, and rigid control of variability (Pahl-Wostl 2007; Baird and Plummer 

2021). For example, large-scale channels and dams enabled agricultural and energy production but 

were optimized for historical climate variability and may be brittle to climate change (Altinbilek 

2002; McCartney 2009; Giuliani et al. 2016).  In recent decades, various paradigms surfaced to deal 

with these challenges, such as Integrated Water Resources Management (Biswas 2008), the water-
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energy-food-nexus (Benson et al. 2015), and adaptive governance (Folke et al. 2005; Huitema et al. 

2009).  

Most recently, the resilience paradigm (Walker et al. 2004; Folke et al. 2010) has been applied 

to enable effective water governance under climate change (Baird and Plummer 2021). From this 

view, river basins are complex SESs that evolve with and adapt to environmental change, and 

outcomes emerge from social-ecological interactions and feedbacks across scales (Rockström et al. 

2014a; Walker 2020; Chester et al. 2021). Various definitions of resilience exist, but resilience here is 

drawn from the SES perspective (Sections 1.1.3 and 1.2.1.1) and involves ñthe capacity to adapt or 

transform in the face of changeé particularly unexpected change, in ways that continue to support 

human wellbeingò (Folke et al. 2016; Baird and Plummer 2021). For example, water managers may 

adopt adaptive rather than static management plans and processes, optimize infrastructure for multiple 

climate scenarios rather than one, or use ecosystems for their natural capacity to buffer variability 

alongside traditional infrastructure (Pahl-Wostl and Knieper 2014; Faivre et al. 2017; Marchau et al. 

2019).  

While a resilience paradigm may be effective for dealing with climate change, efforts to build 

resilience in practice are complex and contested. Novel approaches may be viewed as risky (Jeffrey 

and Gearey 2006) and must contend with the institutional inertia of conventional approaches 

(Sendzimir et al. 2010; Mendez et al. 2012; Marshall and Alexandra 2016). For example, 

infrastructure financing mechanisms may be biased away from valuing the long-term, systemic 

impacts of resilient solutions (Lazurko and Pintér 2022). Additionally, despite a shared language of 

resilience, efforts to build resilience hold hidden tensions and trade-offs rooted in divergent 

perspectives and interests in the future (Leach 2008; Helfgott 2018a). For example, questions of 

resilience to what and for whom surface assumptions about what constitutes a desirable resilient 

future, and the costs (financial and non-financial) and degree of system transformation required to 

achieve it. These challenges are particularly pronounced in contexts where building resilience may 

require transformative changes that shift pathways toward a profoundly new system (Folke et al. 

2016; Pereira et al. 2021). 

1.3 Research design 

The dissertation is situated within the paradigm of transdisciplinarity (Lang et al. 2012; Brandt 

et al. 2013) as discussed in Section 1.1.2 and 1.2.2.1, which surfaces unique considerations regarding 
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salience, credibility, and legitimacy across disciplinary and science-society boundaries (Cash et al. 

2005; Hansson and Polk 2018). Consequently, this dissertation is guided by efforts to achieve the 

balance of epistemological agility and methodological groundedness required for rigorous 

transdisciplinary sustainability science (Haider et al. 2018). Epistemological agility here is defined as 

ñan understanding of different ontological and epistemological standpoints and views across multiple 

disciplinesò and is discussed in Section 1.3.1 (philosophical foundations). Methodological 

groundedness is defined as ñthe deep understanding and skillful handling of at least one specific 

methodological approach for data gathering, modeling, and/or analysisò and is discussed in Section 

1.3.2 (research methods). 

1.3.1 Philosophical foundations 

The philosophical foundations summarized in Table 1-1 drew on the approach by Haider 

(2017) and were guided by work by Moon and Blackman (2014) and Moon et al. (2021). Broadly, the 

dissertation is rooted in a complexity worldview. Complexity emerged from the systems approach and 

has been studied from various perspectives (Bateson 1979; Prigogine and Stengers 1984; Rosen 1991; 

Cilliers 1998; Levin 1999). A recent epistemological break moved away from the restricted 

complexity of this systems approach (i.e., studying specific types of systems called ñcomplexò) 

toward general complexity (i.e., a complexity worldview, where any system is complex), drawing 

attention to the relationship between the whole system and its parts (Morin 2008; Preiser et al. 2018). 

The dissertation addresses complexity from the latter view, primarily through the dominant social-

ecological systems (SES) perspective (see Section 1.2.1.1).  

The ontological foundations of the dissertation span from bounded relativism to critical realism 

(Moon and Blackman 2014). Bounded relativism (i.e., multiple realities exist for different social 

groups based on experiences and culture) opens up discussions about ambiguity and reflexivity in 

Papers I and III to both epistemological and ontological pluralism, encompassing a broad range of 

onto-epistemological and theoretical commitments that may influence ambiguity in sustainability 

science. In contrast, critical realism (i.e., one reality exists but is unknowable in full, so all knowledge 

is limited (Bhaskar and Hartwig 2016; Cockburn 2022)) offers grounds to validate the integrated 

scenario framework and scenario model developed in Papers I and II, respectively, while 

acknowledging the presence of multiple interpretations of (unknowable) reality. 
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The epistemological foundations of the dissertation were broadly constructionist, in which 

meaning is generated through an interplay between the subject and object of knowledge, i.e., in the 

interaction between the observer and the observed (Moon and Blackman 2014). Papers I and III adopt 

this orientation in their application to change/liberate (Moon et al. 2021) the field of sustainability 

science by exploring opportunities to operationalize ambiguity through reflexivity. More specifically, 

Papers I and III adopt the critical-emancipatory lens of process philosophy from critical systems 

theory (Section 1.2.1.3), which emerged from a pragmatist critique of the systems approach 

(Matthews 2006). Process philosophy shifts focus from the content of knowledge to the process of 

bringing knowledge into being, in particular the process of making boundary judgments (Midgley 

2000). This lens connects the observer and the observed through the same lens (i.e., the process of 

making boundary judgments), which is appropriate for a complexity worldview that views knowledge 

as partial and provisional (i.e., due to the dynamics of complex adaptive systems) and situates 

observers as part of the complexity they seek to understand. Moreover, process philosophy allows for 

methods derived from different paradigms (e.g., positivist versus interpretivist) to co-exist without 

contradiction (Midgley 2000; Jackson 2019).  

Paper II adopts a constructionist orientation in its application to simultaneously understand the 

future of the Red River Basin, and also to change/liberate (Moon et al. 2021) by óopening upô the 

future to diverse perspectives and drivers through the use of a particular method. In spanning these 

two motivations for acquiring knowledge, Paper II adopts a broadly pragmatist lens, which takes 

seriously the idea that it is ñimpossible to apprehend (non-contextually) the whole systemò 

(Churchman 1970; Matthews 2006), so all necessary approaches are required to address a research 

problem (Moon and Blackman 2014). This stance allowed for a combination of methods (e.g., semi-

structured interviews, literature validation, workshops, etc., see Section 1.3.2) to be used in the 

transdisciplinary scenario modelling process. 

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

 Worldview:  Complexity 

Chapter Paper I Paper II Paper III 

óBoundaries of the 

futureô 

óExploring big picture 

scenariosô 

óOperationalizing 

ambiguityô 

Ontology Bounded relativism  ăĄ  Critical realism  ăĄ  Bounded relativism 
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Epistemology Constructionism 

Application Critical-emancipatory   ăĄ    Pragmatism     ăĄ   Critical-emancipatory 

Methodology Abductive 

Methods Process of abductive 

inquiry in literature 

Transdisciplinary 

scenario modelling in 

the Red River Basin 

Dialogue among co-

authors 

1.3.2 Research methods 

This dissertation is underpinned by an abductive mode of inquiry. Abduction is defined as 

ñinference to the best explanationò and tends to be used at the stage of hypothesis formulation and 

testing and theory development (Walton 2005). Abduction was appropriate because the dissertation 

was exploratory and involved navigating between inductive and deductive modes of inquiry as 

required, both within each chapter (e.g., Paper I) and across the dissertation. The research design 

included three components corresponding to Papers I, II, and III. These components are described in 

full in each of the respective chapters. 

1.3.2.1 óBoundaries of the futureô from a process of abductive inquiry 

Objective 1 was addressed through a process of abductive inquiry in literature (Chapter 2, 

Paper I). This process began with a high-level assumption that emerged through reading widely in 

relevant literatures: critical systems theory offers an appropriate theoretical lens for reflexive scenario 

practice in sustainability science through its focus on boundary judgments. Following this 

proposition, a search protocol generated a) a body of seminal literature in sustainability science (i.e., 

the dynamics of, and conditions for SES change and transformation) and scenario practice, and b) a 

list of 72 social-ecological scenario case studies. An inductive review of the seminal literature 

generated twelve provisional boundary judgments in an initial framework. To be included in the 

framework, the boundary judgment must (1) directly connect to (implicit or explicit) choices in the 

design of a scenario process, (2) apply to nearly every scenario process to justify inclusion in an 

integrative guiding framework (i.e., noting that critical systems theory highlights how additional, 

context-specific boundary judgments will also be required in each unique case), and (3) delimit the 

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

(including transformation). Then, these twelve provisional boundary judgments were used as themes 

for deductive coding of 72 social-ecological scenario case studies. The boundary judgments in the 
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framework were refined and validated using the coding of the case studies. An additional step beyond 

the framework development applied descriptive statistics to the case study coding to indicate common 

Boundaries of the Future in scenario case studies to date. 

1.3.2.2 óBig picture futuresô from transdisciplinary scenario modelling in the Red River Basin 

Objective 2 was addressed through a transdisciplinary scenario modelling process in the RRB, 

in partnership with the Red River Basin Commission and the International Institute for Sustainable 

Development (Chapter 3, Paper II). The RRB is part of the Hudson Bay drainage system, covering 

parts of Minnesota, South Dakota, and North Dakota, before meandering northward for 

approximately 480 km into Lake Winnipeg in Manitoba (Red River Basin Commission 2005; Leitch 

and Krenz 2013). Climate change is expected to exacerbate existing climatic variability and its 

implications in the region (Prairie Climate Centre 2013; Rasmussen 2016; Bertrand and Mcpherson 

2018; Shrestha et al. 2020).  

The CIB scenario method was used to structure the scenario modelling process. CIB projects 

internally consistent scenarios from a network of interacting qualitative or quantitative drivers of 

change (Weimer-Jehle 2006; Kosow and Gaßner 2008). The CIB modelling process begins with 

determining a set of descriptors, which are the most important and uncertain drivers of change 

influencing the future of a system. The uncertainty of each descriptor is represented by a small 

number (i.e., 1 to 4) of variants, or mutually exclusive outcomes. In CIB, a scenario is made up of the 

selection of one variant for each descriptor. The systemic interactions between descriptors are 

determined by considering influence judgments between variants. These judgments are the direct 

influences of the selection of a variant from one descriptor on the selection of a variant from another. 

A software like ScenarioWizard (Weimer-Jehle 2021) is used to calculate the impact balances for 

each possible scenario to determine which scenarios are internally consistent (i.e., self-reinforcing and 

stable) or internally inconsistent (i.e., transient or unstable). Scenarios that are internally consistent 

are considered plausible by many CIB analysts (Schmidt-Scheele 2020).  

The scenario modelling process followed the steps of an ideal-typical transdisciplinary study, 

which moves through collaborative problem framing, knowledge co-creation, and (re)integration of 

the knowledge (Lang et al. 2012). Prior to CIB modelling, consultation with partners helped frame the 

purpose of the scenarios, which was to address the issue of resilience to floods and droughts to the 

year 2050. The scenario modelling process was guided by an SES framework, which caters to the 
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structure of CIB by depicting the future of an SES as emerging from social-ecological interactions 

across scales (i.e., river basin and global) and between the system structure and actor agency (Walker 

et al. 2006; Scholes et al. 2013; Reyers et al. 2018). Efforts were made to ensure the framework 

prompted consideration of more transformative outcomes where possible. Development of the 

scenarios began with a round of semi-structured interviews with experts and opinion leaders in the 

RRB (n=34), which were inductively coded multiple times to generate the model descriptors and 

variants, and to indicate potential influence judgments. A second round of interviews (n=11) 

confirmed these judgments. Significant uncertainty and ambiguity in the influence judgments was 

addressed through literature validation and sensitivity analysis, which followed a similar protocol to 

Schweizer and Kriegler (2012). The resulting scenario analysis produced eight scenarios that were 

robust (i.e., to uncertainty in the model assumptions) and internally consistent (i.e., self-reinforcing 

and stable configurations of the system). Three near-term strategies were tested for their systemic 

influence on scenario outcomes. The results of the process were translated into narratives and visual 

art, which were presented and discussed with participants in a debrief workshop. 

1.3.2.3 óOperationalizing ambiguityô from dialogue among co-authors 

Objective 3 was developed alongside a group of co-authors assembled during a research visit at 

the Stockholm Resilience Centre (Chapter 4, Paper III). A proposition emerged through reflection 

during the development of Papers I and II and the associated review of key literature in CST and 

sustainability science (i.e., transdisciplinarity, social-ecological systems change, and transformation). 

Namely, that key concepts, frameworks, and tools from CST may be applicable beyond the use of 

scenarios to help operationalize ambiguity in sustainability science. This proposition was brought to 

the group of co-authors for a series of dialogues that iteratively and reflexively drew from 

researchersô individual knowledge and experiences and additional relevant literature. The first 

dialogue oriented all co-authors to key literature and clarified the process moving forward. The 

insights and recommended literature from the first dialogue were synthesized into three areas of 

sustainability science that influence, or are influenced by, ambiguity: 1) framings produced by diverse 

research paradigms in transdisciplinary research, 2) framings held by actors within a research context, 

and 3) the onto-epistemological and ethical framing held by an individual researcher. Each co-author 

was asked to read one or two key papers and bring reflections to the next dialogue.  
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The second dialogue followed a structured discussion about these three areas of interest. First, 

co-authors explored the three areas of sustainability science that influence, and are influenced by, 

ambiguity from the first dialogue, which helped to identify a common stance among co-authors, 

clarify key tensions and identify missing areas of literature. Then, each co-author shared their 

reflections on the assigned readings. Finally, each co-author reflected on a past or current case study, 

guided by frameworks from CST (e.g., boundary critique, boundary marginalization). The results of 

the second dialogue were synthesized into a provisional conceptualization of ambiguity, and several 

key insights from CST that may help operationalize ambiguity in sustainability science. This was 

shared with co-authors to launch a third dialogue, which focused on identifying unresolved tensions 

in the contribution to date. These unresolved tensions were placed in a discussion document where 

co-authors contributed their written thoughts. All contributions were then synthesized into the first 

draft of a manuscript. This draft manuscript was discussed in a fourth dialogue and refined through 

subsequent meetings and asynchronous communication among co-authors until completion. 

1.3.3 Ethics and positionality 

The fieldwork for the transdisciplinary scenario modelling study in Paper II was reviewed and 

received ethics clearance through a University of Waterloo Research Ethics Committee, study no. 

43193, which included informed participant consent. In addition to the protections offered by these 

ethical formalities, my own motivation and positionality have ethical implications that should be 

acknowledged. 

This dissertation was motivated by a normative stance: that the existing global trajectory is 

deeply unsustainable and unjust, and enriching the way we engage with the future (and ambiguity 

therein) can and should make a difference. While this normativity may be obvious for a PhD in Social 

& Ecological Sustainability and a problem-orientation is routine in transdisciplinary research, the 

choice to engage with certain problems and not others, and to put faith in impact through academic 

institutions (which have a strong colonial legacy), can be ethically fraught.  

My positionality as a white, woman, settler Canadian, engineer-turned-transdisciplinary 

sustainability scientist situates my role in the contribution of this dissertation and in academia more 

broadly. My strength as a researcher lies in my bridging role, which is fluent in the dominant 

disciplinary language and perspective of my early training while caring deeply about and gesturing 

toward the marginalized. Yet, to approach óthe futureô from this place of relative privilege carries an 
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ethical responsibility to recognize and address the historical pitfalls of well-intentioned researchers 

who inadvertently reinforce status quo injustices by nature of their presence (Snow 2018; McGuire-

Adams 2021) - i.e., transdisciplinarity situates me, the researcher, as not only analyzing but 

intervening in systems. I cannot claim to have navigated these tensions perfectly, but I learned a lot 

and attempted to address this omnipresent óelephant in the roomô in Paper III. I hope this and other 

demonstrations of reflexivity in doctoral research for sustainability (e.g., Haider 2017; Macdonald 

2019; González García-Mon 2022) inspire others to reflect upon and lean into the irreducible 

ambiguity inherent to research about complex sustainability challenges. 

1.4 Organization of the dissertation 

This dissertation is comprised of five chapters and is manuscript-based. Chapter 1 is the 

óIntroductionô that introduces the rationale, purpose and objectives, literature and theoretical 

background methods, and major contributions of the dissertation.  Chapter 2 is Paper I, titled 

óBoundaries of the future: A framework for reflexive scenario practice in sustainability scienceô. The 

manuscript develops and validates a reflexive framework for scenario practice in sustainability 

science. Chapter 3 is Paper II and is titled óExploring big picture scenarios for resilience in social-

ecological systems: Transdisciplinary cross-impact balances modelling in the Red River Basinô. The 

manuscript explores óbig pictureô (i.e., integrative and holistic) scenarios of the Red River Basin 

under climate change through a transdisciplinary scenario modelling process and explores the 

potential for the CIB method to surface diverse perspectives and drivers of change. Chapter 4 is Paper 

III and is titled óOperationalizing ambiguity in sustainability science: Addressing the elephant in the 

roomô. The manuscript explores how key concepts and frameworks from CST may be adapted to 

conceptualize and operationalize ambiguity in sustainability science. Finally, Chapter 5 synthesizes 

the significant and original contributions to knowledge made in this dissertation. This includes a 

review of the purpose and objectives, a summary of key research findings, and reflections on the 

strengths and limitations 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 

Scenarios are increasingly popular tools for anticipating and navigating change in sustainability 

science (Peterson et al. 2003; Bai et al. 2016). Scenarios are often defined as coherent, internally 

consistent, and plausible descriptions of the potential future trajectories of a system (Heugens and van 

Oosterhout 2001). The use of scenarios in sustainability science ranges from explorative (i.e., possible 

futures) to normative (i.e., desirable futures), and can be used to directly inform policymaking or 

facilitate social learning (Börjeson et al. 2006; Miller 2007; Elsawah et al. 2020; Pereira et al. 2021). 

Scenarios are developed through diverse methods, including both quantitative models and qualitative 

participatory processes conducted at various spatial and temporal scales (Oteros-Rozas et al. 2015a; 

Moallemi et al. 2021). They are also used as sensemaking tools to facilitate transdisciplinary (i.e., 

problem-oriented and integrative) research (Lang et al. 2012). Emerging applications also help 

participants imagine and experiment with novelty to build commitment and motivation for deliberate 

transformation (Butler et al. 2016; Sharpe et al. 2016; Moore and Milkoreit 2020). 

Amid their rising popularity, scenario practice in sustainability science grapples with the 

ambiguity (i.e., existence of multiple valid interpretations) inherent to the future of complex 

sustainability challenges. This ambiguity can be understood through the social-ecological systems 

(SES) perspective, which has become a dominant lens of inquiry in sustainability science. The SES 

perspective views the future of linked human and natural systems as emergent from complex and 

cross-scale social-ecological interactions (Folke et al. 2010; Preiser et al. 2018). From this lens, 

ambiguity stems from the complexity of SESs (i.e., ñwe cannot know complex things completelyò 

(Midgley 2000; Cilliers 2002)) and their high degree of future openness (i.e., important conditions are 

not all measurable and testable, producing both uncertainty and ambiguity (Bell 1997; Carpenter et al. 

2009; Elsawah et al. 2020)). This ambiguity persists amid the diverse perspectives and value conflicts 

of scientists and actors attempting to understand and intervene in these systems (Funtowicz and 

Ravetz 1993; Rathwell et al. 2015; Haider et al. 2018).  

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

effectively expose and address this ambiguity. In particular, scenario research and futures studies 
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have been criticized for a lack of reflexivity, e.g., critical reflection regarding how the design of a 

scenario process influences the scenario outcomes (Inayatullah 1998a; Jasanoff and Kim 2015; 

Scheele et al. 2018). Anticipatory governance literature responds to this critique in part by 

conceptualizing and facilitating processes of ñgoverning in the present to shape uncertain futuresò 

(Muiderman et al. 2020). This research often focuses on the political implications of anticipation and 

how to use the future to make better decisions in the present (Boyd et al. 2015; Hebinck et al. 2018b; 

Vervoort and Gupta 2018; Gupta et al. 2020). It also addresses the need to develop futures literacy, 

i.e., the capacity to effectively utilize processes of anticipation (Miller 2007; Gugerli 2010), which 

includes ñreflexivity regarding different attitudes toward the futureò (Mangnus et al. 2021). Yet, it 

does not yet offer practical and holistic frameworks that can be operationalized to guide more 

reflexive scenario practice in sustainability science.  

The lack of practical and holistic frameworks to operationalize ambiguity through reflexivity 

presents risks to the salience and legitimacy of scenario practice in sustainability science. No single 

model or method can reconcile the diverse domains, scales, and perspectives implicated in complex 

sustainability challenges (Swart et al. 2004; Carpenter et al. 2009; Bai et al. 2016; Verburg et al. 

2016). Consequently, any scenario process offers a partial framing of the future that focuses attention 

on what is most relevant and is contingent on how the scenarios were produced (Turnhout et al. 

2019). For example, scenarios used in global environmental assessments (Riahi 2016; UN 

Environment 2019; Pereira et al. 2020b) are adopted across research communities as useful narratives 

of the global future (OôNeill et al. 2020; Bakkes et al. 2022; Kuiper et al. 2022). Yet in all cases, the 

research communities developing the scenarios acknowledge they have limitations and are working to 

enrich them with a broader and more inclusive set of future conditions and values (Rothman et al. 

2009; OôNeill et al. 2020; Pereira et al. 2021; van Ruijven et al. 2022). Without reflexivity, scenario 

users are left without the means or motivation to critically reflect on the influence of subjective 

choices made in the design of a scenario development process (e.g., choice of framing or methods) 

and the strengths and limitations of these choices for their mode of application. Further, the 

boundaries that delineate the scope of future potential in the resulting scenarios (i.e., what future 

conditions and values are included and excluded) are rendered invisible. This gap may limit  the 

potential impact of the scenario process on real-world sustainability challenges (e.g., if scenarios are 

missing important conditions (Scheele et al. 2018)) and leaves scenario processes vulnerable to the 

power dynamics between frames (e.g., more dominant frames of the future are considered neutral and 
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objective, while novel or marginal frames are cast as political and subjective (Turnhout 2018; 

Turnhout et al. 2020)).  

Efforts to enrich scenario practice beyond dominant frames of the future are particularly crucial 

for navigating novel and disruptive SES change in the 21st century. The unprecedented scale of 

anthropogenic impact on the environment is increasing the potential for nonlinear, irreversible, and 

disruptive SES change (Rockström et al. 2009; Steffen et al. 2015; Keys et al. 2019). Biophysical 

baselines are shifting in ways that can no longer be predicted using historical data (Milly et al. 2008; 

Polasky et al. 2011; Marchau et al. 2019; IPCC 2021). Moreover, global trade, financial, and 

communication systems are progressively more complex and hyperconnected yet homogenized, 

increasing the potential for novel risks and surprise events (Young et al. 2006; Liu et al. 2013; 

Homer-Dixon et al. 2015; Keys et al. 2019). These and other conditions challenge traditional methods 

and metrics for understanding the future (Bai et al. 2016; Verburg et al. 2016). Further, actors are 

responding directly to calls for deliberate transformations away from the unsustainability and 

injustice of the status quo (OôBrien 2011; United Nations 2015; McPhearson et al. 2021). Imagining 

and navigating deliberate transformation is thought to demand more pluralist and imaginative 

scenario processes than are currently mainstream (Pereira et al. 2019, 2021; Moore and Milkoreit 

2020). A lack of reflexivity presents the risk that these transformative changes, both desirable and 

undesirable, are excluded from scenario processes, reducing their salience for addressing 21st century 

sustainability challenges.  

Critical systems thinking (CST) offers a unique epistemological lens to make ambiguity 

explicit and operational through reflexivity (Vervoort et al. 2015; 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 improvement may change when boundaries are altered 

(Churchman 1970). These observations led to the development of a philosophy of knowledge that 

advocates for critical awareness (i.e., reflection on the limitations of oneôs own perspective), 

pluralism (i.e., embracing diverse perspectives), and emancipation (i.e., elevating marginalized or less 

powerful perspectives) (Flood and Ulrich 1990; Gao et al. 2003; Jackson 2019). This ideal reflects a 

pragmatist critique of early systems approaches (i.e., that assumed knowledge could be objective and 

comprehensive) with the view that knowledge is inevitably contextual, partial, and contingent 

(Matthews 2006). In practice, CST focuses attention on boundary judgments that delineate what is 

included or excluded from a system, generating a dominant view of which facts or values are 
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considered relevant (Ulrich 1983; Midgley 2000; Ulrich and Reynolds 2010). Process philosophy 

takes this perspective further, viewing reality and knowledge as produced through this continuous 

process (Midgley 2000). 

This study aims to contribute to reflexive scenario practice in sustainability science by 

developing a framework to make ambiguity explicit and operational using the lens of CST. The first 

objective is to develop a reflexive framework (i.e., óBoundaries of the Futureô) that 1) characterizes 

how key boundary judgments involved in a scenario process influence the scope of future potential 

(i.e., future conditions and values) reflected in scenario outcomes, and 2) proposes the degree to 

which this scope of future potential may reflect the dynamics of, and/or conditions for, SES change. 

Importantly, the latter proposition is based on existing theoretical literature in sustainability science, 

not on empirical studies that evaluate a scenario process for its ability to anticipate real-world SES 

change or produce real-world impacts (e.g., to motivate sustainability transformation). Moreover, the 

framework is normative in that the most expansive choice under each boundary judgment may enrich 

the scenario process in ways that reflect the dynamics of, and conditions for, transformation. Here, 

transformation is defined as fundamental, systemic shifts away from existing systems that are 

desirable or undesirable and navigated or unintended (Chapin III et al. 2010; Moore et al. 2014). The 

second objective is to apply the framework by analyzing social-ecological scenario case studies 

against the boundary judgments in the framework. This process validated the boundary judgments in 

the framework and revealed common Boundaries of the Future in case studies to date, offering 

reflections for future research. 

2.2 Methods 

The framework was developed, applied, and validated through a process of abductive inquiry. 

Abductive inquiry is defined as ñinference to the best explanationò and tends to be used at the stage of 

hypothesis formulation and testing and theory development (Walton 2005). A process of abductive 

inquiry was appropriate because developing and validating the framework required reflexively 

navigating back-and-forth between inductive (i.e., from specific observations to general conclusions) 

and deductive (i.e., from general information to specific conclusions) modes of reasoning. Further, a 

process of abductive inquiry enabled the iterative methodology required to a) integrate a range of 

disparate literatures into an operational framework (i.e., synthesize both theoretical and case study 

literature that is too dispersed for a highly systematic, purely inductive approach), b) structure this 
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synthesis in a way that exposes the underlying yet often unacknowledged boundary choices that 

influence scenario practice for sustainability science (i.e., through the lens of boundary judgments 

from CST), and c) offer a normative stance on how boundary judgments can better reflect the future 

conditions relevant for sustainability science (i.e., to propose the degree to which different judgments 

reflect the dynamics of, and conditions for, SES change and transformation). While such an abductive 

process introduces the potential for researcher subjectivity, it was necessary for the research 

objectives and was conducted with reflexivity and efforts to reduce researcher bias. 

The abductive process (Figure 2-1) began with a high-level conceptual assumption, which was 

that critical systems theory offers an appropriate theoretical lens for reflexive scenario practice in 

sustainability science through its focus on boundary judgments (Section 2.2.1). These boundary 

judgments were considered active sites of judgment required in a scenario process that delimit the 

scope of future potential in the resulting scenarios. The framework was then developed through 

several steps (Section 2.2.2 to 2.2.5), guided by the conceptual assumption. (1) A search protocol 

generated a) a body of seminal literature in scenario practice and sustainability science, and b) a list 

of 72 social-ecological scenario case studies. (2) An inductive review of seminal literature in scenario 

practice and sustainability science generated the boundary judgments in the initial framework. (3) 

This initial framework was applied through deductive coding of 72 social-ecological scenario case 

studies using these initial boundary judgments as coding themes. (4) The boundary judgments in the 

framework were refined and validated using the coding of the case studies from (3). (5) An additional 

step beyond the framework development (Section 2.2.6) applied descriptive statistics to the case study 

coding from (3) to indicate common Boundaries of the Future in scenario case studies to date. 
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Figure 2-1: Process of abductive inquiry used to generate the reflexive framework for scenario 

practice in sustainability science 

2.2.1 Critical systems theory and the óboundaries of the futureô 

The process of abductive inquiry was underpinned by a critical systems lens. In particular, 

óboundary critiqueô is an application of process philosophy, viewing reality and knowledge as 

produced through the process of making boundary judgments (Midgley 2000). Thus, the conceptual 

assumption that informed the development of the framework (i.e., that critical systems theory offers 

an appropriate theoretical lens for reflexive scenario practice in sustainability science through its 

focus on boundary judgments) is depicted as óBoundaries of the Futureô (Figure 2-2), or an adapted 

version of the popular futures cone (Voros 2017). According to this view, scenarios are developed in 

the present. The scenario process involves boundary judgments that delimit the scope of future 

potential reflected in the resulting scenarios. These boundary judgments are active sites of judgment 

that implicitly or explicitly determine what is included and excluded from the analysis and generate a 

dominant view of which facts or values are considered relevant. Future potential beyond these 

boundaries is marginalized or unknown. The development of the framework considered both first-

order judgments (i.e., about the óobservedô), and second-order judgments, which are the content that 

gives rise to these judgments (i.e., about the óobserverô) (Midgley 2000), without differentiation to 

ensure both were represented. 



 

33 

 

Figure 2-2: Conceptual assumption that guided the development of the reflexive framework for 

scenario practice. Boundaries of the future are generated by boundary judgments made 

through the scenario process, which create the scope of future potential reflected in the 

scenarios. The dotted black line offers an example. 

2.2.2 Literature search protocols 

A two-part search protocol generated a long list of seminal literature in scenario practice 

(Group A) and sustainability science (Group B) for the inductive review. Group A literature was 

retrieved from Scopus and Google Scholar prior to December 2021 in the English language only. The 

primary search terms were scenario* OR foresight OR futures OR anticipatory governance AND 

sustainability (OR sustainability science OR sustainability research). Upon an initial search, the 

databases returned a highly disparate and wide-ranging set of literature that mentioned the term 

ñscenarioò but did not adequately focus on the use of scenarios as a research practice. Thus, the 

search protocol was adapted to return more targeted and relevant literature for scenario practice by 

combining the original terms in different ways, adding additional keywords to the initial search (e.g., 

scenario develop* OR scenario analys* OR scenario plan*), and by scanning the reference list of 

review papers that were already selected. This led to a more iterative search protocol than would be 

required for a systematic review but was appropriate to find the relevant literature. Each search was 

sorted by óRelevanceô and óCitation (high to low)ô, and the title and abstract of the first 100 hits of 

each search were reviewed. The inclusion criteria were a) the paper focuses on the use of scenarios as 

a research practice, either theoretically or methodologically, and b) the paper is a seminal framework, 
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commentary, review, synthesis, or highly cited case study (i.e., not a highly specialized method or 

case). The search continued until the list of literature was as close to saturation as would be feasible 

for the review. A more comprehensive description of the search protocol and a list of literature can be 

found in Appendix A. 

 Group B literature was retrieved through four distinct categories of searches on Scopus and 

Web of Science prior to December 2021 in the English language only. Category 1 retrieved general 

literature that addresses the dynamics of change in SESs and was found simply using the term social-

ecological system*. Category 2 retrieved literature that addresses transformation from an SES 

perspective using the terms (social-ecological system* AND transformat*). Category 3 was included 

because the SES approach is one of multiple approaches to transformation (Scoones et al. 2020) and 

may be missing important components relevant to social dimensions of transformation and ambiguity 

(e.g., diverse perspectives of actors in transformation) (Stirling 2014; Blythe et al. 2018). This 

li terature was retrieved from the results of Category 2 searches, and by conducting additional searches 

including (transformat* AND (sustainability OR "social-ecological system*") ) AND critique OR 

politic* OR emancipat*). Finally, Category 4 addresses unintended transformations in SESs beyond 

those covered in Category 1 and was found using the search combinations (ñsocial-ecological 

system*ò AND Anthropocene; social-ecological system*ò AND ñregime shiftò; ñsocial-ecological 

system*ò AND ñtipping pointò; Anthropocene AND risk; complexity AND risk). The results of each 

search were sorted in order of óCited by (Highest)ô (i.e., to retrieve seminal literature) and the title and 

abstract of the first 100 results were reviewed. The inclusion criteria were a) the paper focuses on the 

dynamics of, and conditions for, SES change (and/or transformation) and b) the paper is a seminal 

framework, commentary, review, synthesis, or highly cited case study (i.e., not a highly specialized 

method or case). A more comprehensive description of the search protocol and a full list of literature 

can be found in Appendix A. 

An additional search protocol generated a list of case studies used to validate the framework. 

The protocol involved a search protocol using Scopus, Web of Science, Google Scholar, and Science 

Direct to gather a wide range of inter- and transdisciplinary cases. An initial search query generated 

literature with the following terms in their title, abstract, or keywords: scenario*ò AND ñsocial-

ecologicalò OR ñsocio-ecologicalò OR ñhuman-naturalò OR ñhuman-environmentò OR ñsocio-

environmentalò OR ñhuman and naturalò from the year 2000 to the time of the search (August 2021) 

in the English language. A second search further refined terms in an attempt to catch scenario-specific  
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case studies that might have been missed in the initial search; this search included the terms "future 

scenario*" OR ñscenario analy*ò OR ñscenario develop*ò OR ñscenario plan*ò OR ñscenarioò 

AND ñsocial-ecologicalò OR ñsocio-ecologicalò OR ñhuman-naturalò OR ñhuman-environmentò 

OR ñsocio-environmentalò OR ñhuman and natural.ò The Biosphere Futures portal was used as an 

additional source of case studies, as it aims to build ña global collection of social-ecological scenario 

case studies to support the emerging community of practiceò (Stockholm Resilience Centre 2020). 

The abstract and title of the first 100 results sorted from both ñRelevanceò and ñDate of Publicationò 

were evaluated using three inclusion criteria: 1) the case study must be the primary focus of the paper 

(conceptually and methodologically), 2) the scenarios must contain both social and ecological 

elements, and 3) the study must be in an inter-, multi-, or trans- disciplinarity journal (i.e., to avoid 

studies representing a single discipline). Most case studies were journal articles, but a handful of case 

studies from the Biosphere Futures portal in grey literature were also included. The list of 72 case 

studies that resulted from this search is included in Appendix B. 

2.2.3 Inductive review to generate boundary judgments 

An inductive review of the literature identified boundary judgments, i.e., choices that delineate 

what is included or excluded from the scenarios. The review began with inductive coding of the 

literature on scenario practice (Group A); i.e., the list of codes (i.e., boundary judgments) emerged 

from and evolved through the coding process. This review of Group A literature generated a tentative 

list of codes, which was then used as a starting point for a review of literature on SES change (Group 

B) through which the codes (i.e., boundary judgments) continued to evolve. To be included in the 

framework, the boundary judgment must (1) directly connect to (implicit or explicit) choices in the 

design of a scenario process, (2) apply to nearly every scenario process to justify inclusion in an 

integrative guiding framework (i.e., noting that critical systems theory highlights how additional, 

context-specific boundary judgments will also be required in each unique case), and (3) delimit the 

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

(including transformation). This review developed a provisional framework of twelve boundary 

judgments. 

2.2.4 Deductive coding of case studies to validate the boundary judgments 

The 72 social-ecological scenario case studies were deductively coded using the boundary 

judgments generated from the inductive review in Section 2.2.3 as themes. The coding was conducted 
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in NVivo in two rounds. First, each study was coded according to the 12 boundary judgments on the 

provisional framework. This coding informed a revision of the provisional framework by 1) 

excluding judgments that were not relevant to all cases and 2) adjusting judgments that did not reflect 

the full scope of dimensions along the axis of the judgment. The discarded judgments included the 

type of baseline scenario (historical; novel) and the degree of social-ecological interdependency 

(separate; linked; co-evolving). The former was discarded because few studies mentioned any 

baseline at all, and the latter was discarded because it overlapped too significantly with the social-

ecological complexity judgment. 

The case studies were coded a second time against the ten judgments in the final framework 

and the codes for each judgment were then revisited to validate the placement of each choice along 

the axis. For some judgments, this step involved returning to literature (and in isolated cases, 

retrieving additional literature; see Appendix A) to further validate this placement. Additionally, 

many studies did not explicitly state all 10 boundaries but could be interpreted. For example, if a 

study did not state an epistemological lens but synthesized qualitative and quantitative data into one 

common set of scenarios, it was considered ócritical realistô. While efforts were made to remove 

subjectivity in these interpretations, there may be small margins for alternative interpretations.  

2.2.5 Descriptive statistics 

The final coding of the 72 case studies was used to identify key trends in scenario case studies 

to date (i.e., common boundaries of the future). To do so, each boundary judgment was translated into 

a categorical variable, with the multiple choices under each judgment. Each choice was represented 

by 1, 2, or 3 depending on its location on the framework (i.e., most expansive choices reflecting 

transformation were given a ó3ô).  The average for each boundary judgment across the case studies 

was determined to reveal trends. 

2.3 Results 

2.3.1 Framework for reflexive scenario practice in sustainability science 

The final framework is depicted in Figure 2-3. The ten boundary judgments are clustered 

under three categories 1) framing, 2) methodology, and 3) system characterization. These three 

categories and the ten boundary judgments are active sites of judgment in a scenario process, 

delimiting the scope of future potential in ways that may reflect the dynamics of, and/or conditions 
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for, SES change. Each boundary judgment is depicted as an axis on the radar chart, with the 

outermost choice as reflecting the dynamics of, and conditions for, transformation (blue). The 

boundary judgments are each discussed in detail in Section 2.3.2, and suggestions for how the 

framework can be operationalized to facilitate reflexive scenario practice in sustainability science is 

discussed in Section 2.3.3. 

 

Figure 2-3: Boundaries of the Future; the final reflexive framework for scenario practice in 

sustainability science. Each axis on the radar chart is a boundary judgment. Choices moving 

outward from the center of the framework are proposed to have the potential for increasing 

consideration of the dynamics of, and conditions for, SES change. The outermost selection has 

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 includes the justification 

for and implications of each choice along the axis of each judgment (i.e., in the proposed order of 

increasing consideration of the dynamics of, and conditions for, SES change). The description also 

includes the number of case studies coded to each choice under each judgment. Appendix C includes 

a table that offers a comprehensive summary of this section with more citations, and Appendix D 

includes the full case study coding for each boundary judgment. 

2.3.2.1 Category 1 ï Framing 

2.3.2.1.1 Purpose 

The purpose of a scenario process is its overarching objective. The purpose can vary widely 

and is highly context-specific, but it broadly determines the most important criterion for evaluating 

which scenarios are included in the analysis. These include exploring 1) probable futures, 2) 

plausible futures, and 3) possible/diverse futures. Scenarios framed to assess probable futures (i.e., 

li kely to happen, based on current trends (Voros 2017)) are often used for formal planning and 

strategy development and to analyze or mitigate risks (Muiderman et al. 2020). These scenarios are 

viewed as scientifically credible, as probability judgments are usually based on historical data or 

expert judgment and are compatible with a range of quantitative decision tools (Rounsevell and 

Metzger 2010). However, such scenarios exclude future conditions that are non-verifiable according 

to these traditional scientific metrics (Pereira et al. 2007; Wiek et al. 2013). For example, these 

scenarios would exclude novel or surprising conditions for which historical data is unavailable or 

science is uncertain, such as the novel SES dynamics experienced as Earth systems are pushed past 

critical tipping points (Rocha et al. 2015; Keys et al. 2019) or the innovative practices, ideas, and 

perspectives that contribute to transformative change (Biggs et al. 2010; Bennett et al. 2016). Thus, 

scenarios framed around probability metrics at least partially reflect the view of 20th-century natural 

resource management in which ecosystem responses to human intervention can be predicted and 

controlled (Dietz et al. 2003; Westley et al. 2011). Only two of the 72 case studies reflected this 

purpose. For example, Song et al. (2021) use land use change predictions derived from a spatial-

temporal evaluation model to inform adaptation and transformation planning in South Korea.  
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Scenario processes framed to explore plausible futures (i.e., could happen based on existing 

knowledge (Voros 2017)) are often used to build up societal preparedness and capacities to navigate 

uncertainty (Peterson et al. 2003; Muiderman et al. 2020). The scenarios maintain scientific 

credibility through evaluations of plausibility v ia internal consistency or expert judgment, thereby 

including a wider scope of complexity and uncertainty and novel drivers of change (Schweizer and 

Kriegler 2012; Bhave et al. 2018). These broader metrics of plausibilit y includes conditions for which 

probability judgments may be unavailable but can still be evaluated as ñoccurableò (Pereira et al. 

2007; Wiek et al. 2013), thus potentially opening up scenarios to greater novelty in SESs. Still, 

plausibility is a contested and undertheorized term (Schmidt-Scheele 2020) and subjective plausibility 

judgments may exclude novel or counterintuitive phenomena. Sixty-two of 72 case studies reflected 

this purpose. For example, four qualitative trajectories to 2070 in the Yamaha watershed in 

Wisconsin, USA were combined with quantitative time series to assess changes to ecosystem services 

under different social-ecological conditions (Carpenter et al. 2015). 

Scenario processes framed to explore possible/diverse futures (i.e., might happen based on 

future knowledge (Voros 2017)) are often used to evaluate robustness to a wide scope of uncertainty 

(Lord et al. 2016) and to mobilize actors to co-create new futures (Bourgeois et al. 2017; Moore and 

Milkoreit 2020; Pereira et al. 2020a). By rejecting metrics of probability and plausibility and instead 

focusing on scenario possibility and diversity, these scenarios may reflect the widest range of 

potential SES change including transformations that diverge significantly from the present. For 

example, they may consider the outcomes of more experimental, creative techniques for modelling or 

imagining the future (Vervoort et al. 2015; Bendor et al. 2017; Merrie et al. 2018). While such 

processes broaden the scope of future potential, there may be trade-offs in reproducibility and 

perceived credibility and compatibility with other scientific processes.  Eight of 72 case studies 

reflected this purpose. For example, Pereira et al. (2018a) use creative participatory futuring and art to 

imagine radical, but desirable futures in southern Africa.  

2.3.2.1.2 Normativity 

The normativity in a scenario process is the degree to which the desirability of the scenarios is 

considered, including 1) neutral, 2) strategic, or 3) imaginative. Framing scenarios as neutral explores 

a range of futures without considering their desirability. Such scenarios can be used to identify robust 

options (Brown et al. 2016) or discuss whether planned strategies are enabled or constrained by 



 

40 

scenario outcomes (Bohensky et al. 2011). This approach may be appropriate for many scenario 

studies, but the normative aspects of the resulting scenarios may be underrepresented or 

underdeveloped. Forty of the 72 case studies were not explicitly normative. For example, Plieninger 

et al. (2013) use scenarios to assess the impact of possible drivers of cultural landscape change on 

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

Strategic scenarios can enrich the scope of normative conditions. Such processes either identify  

desirable objectives and strategic pathways to achieve them or evaluate the implications of strategic 

options (Robinson 2003; IPBES 2016). While such scenarios are policy-relevant and actionable, they 

may favor incremental or adaptive actions, excluding the longer-term, more radical conditions that 

may reflect or motivate transformative change (Iwaniec et al. 2020). Twenty-two of 72 case studies 

reflected this scope of normativity. For example, Palacios-Agundez et al. (2013) downscale the 

Mi llennium Ecosystem Assessment scenarios to develop plausible futures for ecosystem services and 

wellbeing in Biscay, Spain, followed by a backcasting process to identify management options.  

Visioning scenarios can enrich the scope of normative conditions further. These scenarios are 

less concerned with a clear connection to near-term strategy, focusing instead on imagination and 

creativity (Wiek and Iwaniec 2014; Pereira et al. 2018a). Such processes are rooted in the view that 

imagination (e.g., Milkoreit 2016; Galafassi et al. 2018; Moore and Milkoreit 2020) and visions of a 

ñgood lifeò can be important leverage points for sustainability transformation (Chan et al. 2020), 

though this link has yet to be clearly established empirically. Still, the potential of visioning is 

informing the development of a range of new theories and methods that focus on scenario creativity 

and desirability over scientific reproducibility, with the aim to inspire and motivate the scientists and 

actors involved in scenario development (Bennett et al. 2016; Iwaniec et al. 2020; Moore and 

Milkoreit 2020). Ten of 72 case studies reflected this scope of normativity. For example, the Seeds of 

Good Anthropocene (SOGA) method was used to imagine desirable futures in which promising seeds 

of potential in the present become mainstream in southern Africa and northern Europe (Pereira et al. 

2018a; Raudsepp-Hearne et al. 2020). 

2.3.2.1.3 Epistemological lens 

The epistemological lens is the theory of knowledge that distinguishes what constitutes a valid 

belief, and thus determines how multiple perspectives are integrated in the scenario process. Diverse 

epistemological perspectives are relevant in sustainability science (Moon and Blackman 2014; Moon 
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et al. 2021), but can broadly range across 1) positivism, 2) critical realism to 3) constructivism. 

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

driven, and the scenarios attempt to reflect an objective reality (Vervoort et al. 2015; Carlsen et al. 

2017). These scenarios reflect the view of those advocating for more neutral and transparent 

approaches to scenario development (Carlsen et al. 2017) and align with sustainability scienceôs roots 

in natural sciences (Holling 2001). Such scenario processes avoid integration and/or discard any 

perspectives that are incommensurate with the more dominant view (Turnhout et al. 2020); for 

example, local and Indigenous knowledge is considered important for understanding long-term 

change in SESs (Armitage et al. 2011; Lam et al. 2020a) but would be rejected as ñunscientificò 

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

the role of pluralism (Leach et al. 2010; Brown 2014), potentially perpetuating top-down, command-

and-control views of transformation (Stirling 2014; Blythe et al. 2018). Thirteen of 72 case studies 

reflected this epistemological lens. For example, Le et al. (2010) use a Land Use Dynamics Simulator 

to evaluate the implications of policy interventions in a mountain watershed in central Vietnam. 

While not always explicit in scenario processes, critical realism is emerging as an appropriate 

underlying epistemology for sustainability science (Preiser et al. 2022; Cockburn 2022). Scenario 

processes framed with a critical realist lens integrate multiple perspectives to gain an enriched 

understanding of the future (Cockburn 2022). This integration is possible because critical realism 

views all knowledge as eternally incomplete, but approximations of truth are required for decisive 

action (Groff 2004; West et al. 2014; Preiser et al. 2022). This stance aligns with calls for integrated 

knowledge systems to address complex, socially relevant problems (Cundill et al. 2005; Cornell et al. 

2013; Caniglia et al. 2020). For example, the Story-and-Simulation approach uses qualitative 

narrative scenarios as inputs into quantitative models (Alcamo 2008), implicitly assuming that both 

qualitative and quantitative models contribute to an enriched picture of reality. This lens enriches 

scenarios with multiple perspectives and interests in SES change and transformation (Preiser et al. 

2018; Cockburn 2022). However, it may exclude highly novel or discordant understandings of SES 

change and a truly critical-emancipatory lens on transformation, because the ñintegration imperativeò 

of critical realism does not directly address the power imbalance between different perspectives 

(Klenk and Meehan 2015; Cockburn 2022). Thus, critical realism does not address the risk of co-

optation, reduction, and instrumentalization of marginalized perspectives through integration with 
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more dominant perspectives (Inoue and Moreira 2016; Mazzocchi 2018; Turnhout et al. 2020). Forty-

eight of 72 case studies reflected this epistemological lens.  

A scenario process underpinned by a constructivist, pluralist epistemological lens views 

knowledge as subjective and constructed through experience (Moon and Blackman 2014). A 

constructivist lens not only accommodates multiple perspectives but can embrace discordant views 

that cannot be reconciled (Gregory 1996; Vervoort et al. 2015). These scenario processes evaluate 

each source of knowledge according to the criteria of its own knowledge system (e.g., Tengö et al. 

2014), and may avoid integration entirely to emphasize pluralism and discordance (Vervoort et al. 

2015). Such processes may generate transformative scenarios that would be rejected under more strict 

evaluations of objectivity and consensus, such as those developed using novel experimental methods 

(Mangnus et al. 2019; Pereira et al. 2021). Further, by enabling a more critical-emancipatory lens on 

scenarios (Inayatullah 1998a; Scheele et al. 2018); i.e., ñthe future cannot be a source of freedom 

without a critique of dominant narrativesò (Gugerli 2010), this lens may enable a more critical-

emancipatory view on transformation (Stirling 2014) and allow for deliberation and learning as 

multiple framings are exposed and negotiated through processes of transformation (Pereira et al. 

2018b, 2020a). For example, the reflexive-interventionist scenario typology highlights the importance 

of engaging with multiple epistemologies in multi-actor scenario development (Wilkinson and 

Eidinow 2008), and the exploratory framework of óworldmakingô offers a pluralist lens for scenario 

analysis, explicitly building out scenarios as alternative worlds rather than different narratives of the 

same world, thereby avoiding attempts at consensus through ontological agency (Vervoort et al. 

2015). Eleven of 72 case studies reflected this epistemological lens.  

2.3.2.2 Category 2 ï Methodology 

2.3.2.2.1 Knowledge type 

The knowledge type is broadly defined as the dominant form of knowledge that is included in 

the scenario process. This judgment differs from the epistemological lens, which defines the criteria 

by which these knowledge inputs are evaluated and how multiple perspectives (within or across 

knowledge types) are integrated. The knowledge type can include 1) scientific, 2) other (e.g., 

experiential, Indigenous, local, practitioner, etc.) and 3) multiple. The choice to inform the scenario 

process exclusively with scientific knowledge is common and holds legitimacy in many disciplinary 

academic and policy contexts (Verburg et al. 2016). These scenarios can include a wide range of 
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future SES conditions that can be scientifically studied and modelled, particularly as sustainability 

science becomes increasingly systemic and integrative (Cash et al. 2003; Clark and Harley 2020). 

However, scientific knowledge has a legacy of reductionism that deals with complexity by breaking it 

down into understandable parts (Holling et al. 2000). This tendency is limiting when trying to address 

complex SES dynamics that implicate interdependencies across scales and disciplines (Swart et al. 

2004; Miller et al. 2008; Tàbara and Chabay 2013; Cornell et al. 2013). Moreover, scenarios that 

favor scientific knowledge over other knowledge systems risk reinforcing dominant narratives of the 

future, masking an enriched understanding of complex SES change and the plural framings and 

interests involved in deliberate transformation (Blythe et al. 2018). Twenty-two of the 72 case studies 

were developed with scientific knowledge only. For example, the Land Use Dynamics Simulator 

developed by Le et al. (2010) draws exclusively from scientific knowledge. 

Alternatively, scenario processes can draw exclusively from other types of knowledge. Such 

processes broaden dominant, science-based narratives of the future with alternative understandings of 

SES change; for example, with Indigenous knowledge that developed through experimentation and 

adaptation over long periods (Armitage et al. 2011; Tengö et al. 2014; Rathwell et al. 2015) and 

experiential practitioner or local knowledge that is derived from integrative real-world experience 

(Cundill et al. 2005; Reed and Abernethy 2018). These knowledge types are often marginalized from 

research and policy processes, introducing challenges associated with perceived legitimacy and risks 

of cooption or further marginalization by more dominant forms of knowledge.  Yet, they also offer 

unique perspectives regarding SES change, including transformation (Ocholla 2007; Bohensky and 

Maru 2011; Lam et al. 2020a). Further, such scenario processes may better address the subjective and 

normative aspects that produce divergent framings and interests in deliberate transformation (Leach et 

al. 2010). Twelve of 72 case studies include local, practitioner, or Indigenous knowledge exclusively. 

For example, researchers co-produced scenarios with Indigenous Arctic communities to explore 

divergent pathways toward a desirable future in the face of socio-environmental change (Falardeau et 

al. 2019). 

Finally, scenarios can be purposefully and systematically informed by both scientific and other 

forms of knowledge, aligning with the transdisciplinary turn of sustainability science (Tàbara and 

Chabay 2013; Cornell et al. 2013). Doing so enriches the scenario process with the benefits of both 

scientific and other knowledge types (Miller et al. 2008; Tengö et al. 2014). The resulting scenarios 

may offer an enriched understanding of SES change, as new insights surface through the process of 
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exposing complementarities and dissonances between knowledge types (Peterson et al. 2003; Bennett 

and Zurek 2006; Rathwell et al. 2015; Lam et al. 2020a) and the plural framings and interests of 

diverse knowledge holders implicated in transformation (Stirling 2006; Leach et al. 2010). However, 

such scenario processes introduce important consideration and risks associated with knowledge 

integration; see the epistemological lens boundary judgment. Thirty-eight of 72 case studies included 

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

2.3.2.2.2 Participation 

The participation boundary judgment indicates the nature and purpose of the inclusion of non-

expert participants in the scenario process, which can range across 1) none, 2) for knowledge input, 

and 3) for engagement and learning. The choice to exclude any non-expert participants can be 

pertinent for some scenario processes that serve an important purpose in sustainability science. 

However, the results are limited to the scope of future conditions understood and deemed relevant by 

experts, excluding the knowledge, interests, and values held by more diverse participants (Fazey et al. 

2020). These scenarios may exclude SES changes not easily represented in expert-driven processes; 

see knowledge type and epistemological lens judgments for examples. In such process, actors remain 

without any role in the development of scenarios that may be relevant to them (Arnstein 2019). 

Fifteen of 72 case studies did not include participation. For example, Shoyama et al. (2019) map land 

use change scenarios to assess changes to biodiversity and ecosystem services in Japan. 

Alternatively, many scenario processes include non-expert participants to input knowledge into 

an expert-driven process (Moallemi et al. 2021). This form of participation can enrich scenarios with 

diverse understandings of and experiences with SES change, surfacing feedbacks and surprises not 

easily represented in data-intensive models (Bennett et al. 2003; van Vuuren et al. 2012; Lord et al. 

2016; Verburg et al. 2016). However, participants are not included in the ongoing reflection, iteration, 

and learning that occurs through the research process, so the scope of future conditions and values are 

still l imited to those considered relevant by experts (Reed et al. 2013; Moallemi et al. 2021). 

Moreover, simply consulting actors may result in tokenism or instrumentalization of their perspective 

for the gain of experts (Arnstein 2019) and participant selection can reinforce power dynamics if done 

uncritically (Morgan 2014). Further, the transformative potential that occurs through participant 

learning is limited (Pahl-Wostl et al. 2013; Pereira et al. 2018b). Thirty of 72 case studies included 

participation for knowledge input. For example, Baggio et al. (2016) use surveys to collect inputs for 
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a network model that projects scenarios of changing resource abundance and shifting cultural 

practices. 

Scenario processes can involve higher degrees of participation as non-experts are embedded 

through the research process, enabling scenario co-production and learning (Robinson 2003; 

Wilkinson and Eidinow 2008). This form of participation not only enriches scenarios with diverse 

understandings of and experiences with SES change, but it can also facilitate the learning and 

experimentation required to help actors manage complex SES behavior (Armitage et al. 2009; Biggs 

et al. 2012) and contribute to transformative learning by challenging participants to question existing 

assumptions and paradigms about the future (Pahl-Wostl et al. 2013; Pereira et al. 2018b, 2020a). 

These processes also delegate more power to participants through greater ownership and partnership 

in the scenario process (Arnstein 2019). Twenty-seven of the 72 case studies involved non-experts for 

participant learning. For example, Bohensky et al. (2011) co-produced exploratory scenarios for the 

ecotourism industry in Milne Bay, Papua New Guinea, measuring changes in perception before and 

after the scenario process to demonstrate participant learning. 

2.3.2.2.3 Formalization 

The formalization judgment is the degree to which input assumptions are quantified or codified 

into a formal structure or model in the scenario process. This judgment ranges across 1) high, 2) low, 

and 3) combined. A high degree of formalization implies a quantitative scenario process, usually in 

the form of a model. Highly formalized scenarios provide transparency and analytical rigor to the 

assumptions underlying the scenarios, and the ability t o reproduce and validate system behaviour 

improves (Moallemi et al. 2021). Such scenarios offer a high level of granularity and may surface the 

emergent and non-intuitive outcomes of social-ecological interactions and feedbacks that can be 

codified by the chosen method. However, quantitative models can become specialized and difficult to 

reconcile across other models and epistemologies (Gerst et al. 2014; Verburg et al. 2016). Further, 

they exclude any future conditions that are incompatible with the chosen method, and for which 

appropriate theory and data are unknown. Consequently, the results may be biased toward 

computable, measurable, and testable aspects of a system, excluding wildcard or ñsurpriseò events 

(Carpenter et al. 2009) and the messy, emergent properties of transformation (Sharpe et al. 2016; 

Pereira et al. 2018b). Moreover, the quantification processes may exclude important social, 

technological, cultural, and economic drivers of change that are difficult to quantify yet are expected 
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to dominate 21st-century change (Gerst et al. 2014). Twelve of the 72 case studies were highly 

formalized. For example, Norman et al. (2012) evaluate possible land use change scenarios using a 

spatially explicit model. 

The choice to develop scenarios with a lower level of formalization usually implies the use of 

qualitative narrative methods. Such scenarios include any future conditions that can be conceptualized 

qualitatively, potentially including some conditions that are excluded from highly formalized models; 

for example, difficult -to-measure social or cultural drivers (Gerst et al. 2014). Qualitative scenarios 

may also enable consideration of more diverse perspectives and transformative future conditions that 

surface through creative methods. For example, scenario processes using integrative media and art are 

used to imagine transformation and facilitate transformative learning (Galafassi et al. 2018); see 

participation judgment. However, these processes rely on broad conceptualizations and assumptions 

about system behavior and human agency, so they may be associated with higher uncertainty and 

lower granularity (Berkhout et al. 2002; Swart et al. 2004; Carpenter et al. 2009; Moallemi et al. 

2021). Moreover, qualitative scenarios rely on human intuition to select critical uncertainties, which 

may be fallible and thus exclude counter-intuitive and emergent conditions of complex SESs 

(Peterson et al. 2003; Ramirez and Wilkinson 2014; Bai et al. 2016). Thirty-six of 72 case studies had 

low formalization. For example, many scenario processes used the Intuitive Logics method to define 

and combine key uncertainties and predetermined elements into narrative scenarios (Schwartz 1991; 

Kosow and Gaßner 2008). 

The choice to combine high and low levels of formalization (i.e., qualitative and quantitative) 

enriches scenarios with future conditions that are better understood using both qualitative and 

quantitative methods (Verburg et al. 2016; Moallemi et al. 2021; Pereira et al. 2021). For example, 

the popular Story-and-Simulation approach uses qualitative narrative scenarios as inputs to expert-

driven integrated assessment models (Kok et al. 2006; Alcamo 2008). Alternatively, emerging semi-

quantitative scenario methods like morphological analysis (Zwicky 1969; Ritchey 2006; Lord et al. 

2016) and cross-impact balances (Weimer-Jehle 2006) develop consistent scenarios from diverse 

qualitative and quantitative drivers of change. Twenty-four of 72 case studies linked high and low 

levels of formalization.  
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2.3.2.3 Category 3 ï Characterization 

2.3.2.3.1 Drivers 

The drivers are the dominant part of the system from which change is assumed to occur in the 

scenario process. These include 1) top down (structural), 2) bottom-up (agency), and 3) cross-level. 

Many scenario processes focus on structural drivers, which are outside of direct human control 

(Schwartz 1991; Lempert 2003). Such scenarios characterize the top-down drivers that influence SES 

change, such as critical uncertainties that inform efforts to build resilience in SESs (Peterson et al. 

2003) or the structural conditions that can enable (e.g., social networks and experimentation) or 

constrain (e.g., rigidity) deliberate transformation (Olsson et al. 2006; Gelcich et al. 2010; Sendzimir 

et al. 2010). However, these scenarios exclude the bottom-up processes that produce emergent 

outcomes in SESs (Levin 1998; Reyers et al. 2018). Further, they exclude the conditions for 

deliberate transformation, which emerges from the interaction between the system structure and 

bottom-up actor agency (Westley et al. 2011; Moore and Westley 2011). Moreover, a focus on top-

down change may generate scenarios that are not rooted in the local realities for which they are meant 

to be applied (Pereira et al. 2021). Thirty-one of 72 case studies focused on top-down, structural 

drivers. For example, Ruiz-Mallen et al. (2015) define climate, policy, and socio-economic horizons 

in various countries to the year 2030 to frame discussions about local adaptation options. 

Alternatively, scenarios can emphasize bottom-up change and drivers that actors have agency 

to control. This choice characterizes the low-level interactions that influence SES change, reflecting 

the view that high-level SES behavior emerges from bottom-up interconnectivity and self-

organization (Levin et al. 2013; Reyers et al. 2018). Consequently, such processes may characterize 

the dynamics of deliberate and unintended transformation, such as when underlying, low-level drivers 

reach tipping points and flip  an SES into a new system state (Moore et al. 2014; Rocha et al. 2015; 

Bennett et al. 2016; Filbee-Dexter et al. 2017). Further, the focus on human agency reflects the 

important social dimensions of transformation (Moore and Westley 2011; Westley et al. 2013; Lam et 

al. 2020b) and may enable a more critical-emancipatory view on transformation, such as by 

highlighting the plural and contested nature of transformation (Leach et al. 2010; Blythe et al. 2018) 

and generating scenarios that are rooted in local realities and practical action (Pereira et al. 2021). 

However, the lack of constraining influence of top-down (structural) conditions (e.g., social-

ecological traps; see Carpenter and Brock 2008; Chapin III et al. 2010) may not reflect real-world 
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SES behaviour. For example, the RESORTES board game facilitates discussions that forecast land 

use and agro-forestry planning by focusing on individual land-use decisions and collaboration 

(Andreotti et al. 2020), and the SOGA scenario method facilitates a participatory process in which 

actors envision futures in which small-scale seeds are in their mature state (Pereira et al. 2021). 

Considering both top-down and bottom-up drivers enriches the scope of future potential. This 

choice reflects the understanding that future change in SESs involves interacting drivers and 

feedbacks across various domains and levels (Swart et al. 2004), including resistance from the 

existing system structure (Carpenter and Brock 2008; Sendzimir et al. 2010). Further, it reflects how 

deliberate transformation emerges from the interplay of structure and agency (Westley et al. 2011; 

Moore and Westley 2011). Twenty-five of 72 case studies linked bottom-up and top-down drivers. 

For example, Kebede et al. (2018) explore cross-level interactions by combining a global climate 

change scenario and shared socio-economic pathways (i.e., top-down drivers) with four adaptation 

policy trajectories (i.e., bottom-up drivers). 

2.3.2.3.2 Social-ecological complexity 

The social-ecological complexity is the degree of complexity (e.g., unpredictability, and 

emergence) that is assumed to influence change within the scenario process. This judgment ranges 

across 1) low, 2) moderate, or 3) high complexity. A low level of complexity assumes scenario 

trajectories and their outcomes are predictable and linear, reflecting the view of 20th-century natural 

resource management in which ecosystems exist in one stable state and respond to human 

intervention in linear and controllable ways (Dietz et al. 2003; Westley et al. 2011; Reyers et al. 

2018). These scenarios thus assume that environmental change can be governed without reference to 

broader systemic connectivity or biophysical limits (Rockström et al. 2009; Renn et al. 2011a; 

Westley et al. 2011; Helbing 2013). Consequently, scenarios generated from this characterization 

exclude the complex, emergent, and more unpredictable dynamics of SESs. For example, they cannot 

consider the intertwined social-ecological interactions and feedback effects that produce often 

counterintuitive outcomes (Helbing 2013; Moore et al. 2014; Bauch et al. 2016; Reyers et al. 2018). 

Further, the assumption that a system has one single equilibrium excludes potential for transformation 

into new system equilibria (Crépin et al. 2012; Moore et al. 2014; Rocha et al. 2015; Biggs et al. 

2018; Tàbara et al. 2018). Twelve of 72 case studies reflect this perspective. For example, four 

scenarios were developed by considering two drivers of change ï appropriate institutions and 
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collaborative action ï to explore the future of water in Bangalore, India (Poonacha and Kodugant 

2018). 

A moderate degree of complexity assumes scenario trajectories are considered linear, but their 

outcomes and impacts are considered emergent and unpredictable. Thus, the scenarios set the context 

in which complex SES behavior can be explored. This approach partially enriches scenarios with the 

complex dynamics of SESs, because although scenario trajectories are linear and predictable, the 

social-ecological and cross-scale interactions that occur within or as a result of those trajectories are 

addressed (Levin et al. 2013; Folke et al. 2016; Biggs et al. 2022). Forty-two of 72 case studies reflect 

this perspective. For example, Gourguet et al. (2021) evaluate the systemic response of shellfish 

aquaculture in the Normand-Breton Gulf in France to relatively straightforward perturbation scenarios 

of environmental change. 

Finally, a high degree of complexity characterizes the scenario trajectories themselves as 

emergent and unpredictable. Such processes engage directly with intertwined social-ecological 

elements and feedbacks that produce change in SESs (Levin et al. 2013; Preiser et al. 2018; Biggs et 

al. 2022). For example, they may consider potentially transformative changes that are more likely to 

emerge in the presence of multiple interacting social and ecological drivers than individual drivers 

alone (Westley et al. 2011; Lade et al. 2013; Moore et al. 2014; Rocha et al. 2015). Eighteen of 72 

case studies reflect this view. For example, Hanspach et al. (2014) show how SES trajectories are ñ(1) 

shaped by their specific historical contexts, (2) influenced by external drivers, and (3) modified by 

internal dynamicsò by evaluating how development trajectories may change in the future based on a 

combination of changing SES dynamics, social conditions, and natural capital bundles.  

2.3.2.3.3 Spatial scale 

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

scenario process (Gibson et al. 2000; Cash et al. 2006). Spatial scale selection can be 1) single, social 

scale, 2) single, biophysical scale, or 2) multi- or cross-scale. The selection of spatial scale is 

complex and subjective, as spatial scales can be defined and organized in several ways (Cumming et 

al. 2006; Biggs et al. 2007; Audouin et al. 2013). Scenario processes conducted at a single scale allow 

for a focused analysis. In particular, single scales that are compatible with the mode of social 

organization (e.g., governance; local or federal) include conditions compatible with the governance 

context but may exclude ecological dynamics that fall out of the administrative boundary (Epstein et 
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al. 2015). Thus, in contexts with a scale mismatch (i.e., when scale of environmental change and 

social organization are not aligned), a single-scale boundary can mean that important components of 

the SES are lost (Cumming et al. 2006; Folke et al. 2007). Twenty-six of 72 case studies use a single 

scale reflecting the modes of social organization. For example, Henriques et al. (2015) selected a 

national scale to analyze water management challenges in England and Wales.  

Alternatively, aligning a single scale to the biophysical scale (e.g., river catchment, mountain 

range) enriches scenarios with a wider scope of ecological dynamics (Epstein et al. 2015), which may 

be more compatible for capturing SES change. This choice is predominant in many sectors such as 

water, which advocates for a watershed- or catchment-scale management approach (Cohen and 

Davidson 2011; Falkenmark et al. 2019a). However, if the biophysical boundary is not compatible 

with a governance context (i.e., a scale mismatch; Cumming et al. (2006)), scenarios may be 

disconnected from policy processes and difficult to link to action (Epstein et al. 2015). Twenty-five of 

72 case studies use a single, biophysical scale. For example, Franklin et al. (2019) develop a holistic 

model to study social-ecological drivers of change in the Kenai River fisheries. 

Scenarios that move beyond a single scale to link multiple spatial scales enrich the scope of 

future potential (e.g., local to national; watershed to global). Multi-scale assessments focus on two or 

more scales without systematically linking them, while cross-scale assessments foreground the 

interactions between them (Scholes et al. 2013). This classification has also been described as 

ñlooselyò or tightlyò linked multi-scale scenarios (Biggs et al. 2007). Such multi- and cross-scale 

scenarios reflect the knowledge that SESs are highly influenced by complex cross-scale dynamics; for 

example, the panarchy heuristic shows how transformation at lower scales may maintain resilience at 

higher scales in the face of exogenous stress or shock (Holling 2001; Gelcich et al. 2010). They also 

acknowledge that SESs are increasingly globally networked and tele-connected across scales (Liu et 

al. 2013; Verburg et al. 2016; Keys et al. 2019). However, multi- and cross-scale scenarios encounter 

challenges including mismatches between socio-economic and biophysical scales, difficulty 

reconciling scenario drivers, loss of validity at alternative scales, and ambiguity regarding how scales 

are delineated (Cash et al. 2006; Biggs et al. 2007; Schweizer and Kurniawan 2016). Twenty-one of 

the 72 case studies are multi- or cross-scale. For example, Allan et al. (2022) link global Shared 

Socioeconomic Pathways to local-scale drivers as part of an assessment of ecosystem services and 

livelihoods in coastal Bangladesh. 
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2.3.2.3.4 Temporal scale 

The temporal scale is the length of the temporal duration used to measure and study 

phenomena in the scenario process. This ranges across 1) fast, 2) slow, or 3) linked. Short to medium 

time scales (i.e., a few years to two decades) highlight fast cycles of change. These scenarios align 

with political and management time scales, potentially facilitating a link to action (Elsawah et al. 

2020). Further they allow for a higher temporal resolution that could include short-term innovations 

and experimentation that may contribute to transformation (Holling 2001; Westley et al. 2013). 

However, they exclude slower, longer cycles of change in SESs and time-lagged ecosystem responses 

(Adrian et al. 2012), thus masking the slow variables and feedbacks that influence SES behaviour 

(Biggs et al. 2012). This presents the risk that scenario users may attribute the impacts of slow-

changing, underlying drivers of SES change to faster-changing proximate drivers (Filbee-Dexter et al. 

2017). Twenty-three of 72 case studies use a short to medium time scale. For example, Martinez-

Sastre et al. (2017) use a time scale of 2030 to evaluate how land use change scenarios affect cultural 

ecosystem services relied upon by Mediterranean communities.   

Under longer temporal scales (i.e., two decades or more), future conditions have more time to 

diverge from the present. For example, scenarios may consider the long-term preparation phase that 

precedes a sudden transformation triggered by a crisis (Olsson et al. 2004b; Elsawah et al. 2020) or 

slow-changing ecological drivers that may trigger regime shifts (Dakos et al. 2015; Ellis 2015; Döll 

and Romero-Lankao 2016; Filbee-Dexter et al. 2017). However, these processes offer a lower 

temporal resolution and may underemphasize the role of short-term novelty and experimentation in 

transformation. Twenty-seven of 72 case studies use a longer-term, multi-decade time horizon. For 

example, Merrie et al. (2018) use science fiction prototyping to develop radical ocean futures over 

time scales from 2050 to 2070. 

Linking fast and slow temporal scales can focus on discrete scales (i.e., loosely linked) or 

systemic interactions across scales (i.e., tightly linked) (Scholes et al. 2013). Doing so enriches 

scenarios to consider the complexity of SES change, including cross-scale interactions (Holling 2001; 

Falkenmark et al. 2019b). Tightly linked temporal scales in particular reflect SES dynamics, such as 

how fast cycles of change in the panarchy framework can revolt and influence slower cycles, and how 

the accumulated memory of slower scales can enable or inhibit these faster scales (Holling 2001; 

Allen et al. 2014). However, linking scales is challenging due to incomparable data and results at 

different scales and the potential loss of scientific credibility when translating one scale to another 
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(Döll et al. 2002; Biggs et al. 2007). Six of 72 case studies link fast and slow temporal scales. For 

example, Iwaniec et al. (2020) combine short-term (5 years), medium-term (20 years), and long-term 

(2060) strategic scenarios to develop desirable future pathways at the Central Arizona-Phoenix Long-

term Ecological Research Urban site. 

2.3.3 Operationalizing the framework 

The Boundaries of the Future framework can facilitate a reflexive scenario practice in 

sustainability science by making each of the ten boundary judgments an explicit site of critical 

reflection throughout the design and implementation of a scenario process. This critical reflection 

should consider which choice under each boundary judgment is most suitable for the desired 

outcomes while acknowledging practical opportunities and constraints. Table 2-1 summarizes the ten 

boundary judgments and key questions that can be asked to facilitate this critical reflection. These 

questions are written in both the ñisò and ñoughtò modes, as per CST (Ulrich 1983): the ñisò mode 

reflects the current state of the system or process, and the ñoughtò mode reflects a desired or 

improved state (i.e., the ethical stance from which the ñisò judgment is made). The difference between 

the two reveals contested value judgments between stakeholders or unresolved boundary judgments 

(Jackson 2019). These questions should be considered throughout a scenario process (i.e., before, 

during, and after) to surface emerging considerations and facilitate reflexive learning. 

Table 2-1: Guiding framework for operationalizing the Boundaries of the Future framework to 

facilitate reflexive scenario practice in sustainability science; more detailed explanations of each 

judgment can be found in Appendix C.  

Boundary Judgments (innermost to outermost) 

F
ra

m
in

g 

Purpose 

Overarching 

objective that 

determines the most 

important criterion 

for scenario 

evaluation 

What is (ought 

to be) the 

objective of the 

scenario 

process, and 

criterion for 

scenario 

evaluation? 

Probable futures 

Scenario probability 

as a key criterion 

(i.e., likely to 

happen, based on 

current trends) 

Plausible futures 

Scenario 

plausibility as a key 

criterion (i.e., could 

happen based on 

existing 

knowledge) 

Possible/diverse 

futures 

Scenario possibility 

and diversity as key 

criteria (i.e., might 

happen based on 

future knowledge) 
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Boundary Judgments (innermost to outermost) 

Normativity  

The degree to 

which the 

desirability of 

scenarios is 

considered 

What degree of 

normativity 

(desirability) is 

(ought to be) 

considered in 

the scenario 

process? 

Neutral 

Scenario process 

explores range of 

futures without 

considering 

desirability 

Strategic 

Scenarios consider 

desirable futures 

that are strategic; 

strong connection 

to near-term action 

Visioning 

Scenarios consider 

desirable futures 

that are primarily 

visions; not 

necessarily 

connected to near-

term strategy (e.g., 

imaginative) 

Epistemological 

lens 

The theory of 

knowledge that 

distinguishes what 

constitutes a valid 

belief and how 

multiple 

perspectives are 

integrated in the 

scenario process 

What 

epistemological 

lens is (ought 

to) underpin the 

scenario 

development 

process? 

Positivist 

Objectivity; expert-

informed and model 

driven; scenarios 

attempt to reflect an 

objective reality 

 

Critical realist 

Consensus; 

integrative; 

scenarios 

incorporate 

multiple 

perspectives to gain 

an enriched 

understanding of 

the future  

Constructivist, 

pluralist 

Discordant; 

knowledge about 

the future is 

subjective and 

constructed through 

experience; 

emphasis on 

pluralism and 

difference  

M
e
th

o
d

o
lo

gy
 

Knowledge type 

The dominant form 

of knowledge 

included in the 

scenario process 

What is (ought 

to be) the 

dominant 

knowledge type 

included in the 

scenario 

process?  

Scientific only 

Scenario 

methodology only 

draws from formal, 

scientific 

knowledge (i.e., 

experts, models)  

Other 

Scenario 

methodology only 

draws from other 

forms of knowledge 

(i.e., local, 

practitioner, 

experiential, 

Indigenous, 

traditional, etc.)  

Multiple 

Scenarios are 

purposefully, 

systematically 

informed by both 

scientific and other 

forms of knowledge 

Participation 

The nature and 

purpose of the 

inclusion of non-

expert participants 

in the scenario 

process 

What degree of 

participation is 

(ought to be) 

used in the 

scenario 

process? 

None 

Only experts are 

included (no 

participation) 

Knowledge input 

Non-expert 

participants are 

included to input 

knowledge into an 

expert-driven 

process 

Engagement and 

learning 

Higher degrees of 

participation as non-

experts are 

embedded through 

the research process 

through scenario co-

production and 

learning  
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Boundary Judgments (innermost to outermost) 

Formalization 

The degree to 

which input 

assumptions are 

quantified or 

codified into a 

formal structure or 

model in the 

scenario process 

What degree of 

formalization is 

(ought to be) 

used for the 

scenarios? 

High 

Scenarios are highly 

formalized, 

meaning they are 

quantitative (i.e., 

usually in a model)  

Low 

Scenarios have a 

lower level of 

formalization, 

meaning they are 

qualitative (i.e., 

usually in narrative 

form)  

Combined 

Scenarios combine 

both high and low 

levels of 

formalization, 

meaning they are 

hybrid and combine 

qualitative and 

quantitative 

S
y
s
te

m
 c
h

a
ra

c
te

ri
z
a

ti
o

n 

Drivers 

The dominant part 

of the system from 

which change is 

assumed to occur in 

the scenario 

process 

What type of 

drivers of 

change are 

(ought to be) 

reflected in the 

scenarios? 

Top-down 

(structural) 

Scenarios 

characterize the 

future according to 

top-down drivers of 

change, which are 

outside of direct 

human control  

Bottom-up 

(agency) 

Scenarios 

characterize the 

future according to 

bottom-up change 

and drivers that 

actors do have 

agency to control  

Cross-level 

Scenarios 

characterize the 

future according to 

both top-down 

(structural) and 

bottom-up (agency) 

change 

Social-ecological 

complexity 

The degree of 

complexity (e.g., 

unpredictability, 

and emergence) 

that is assumed to 

influence change 

within the scenario 

process 

What degree of 

social-

ecological 

complexity is 

(ought to be) 

reflected in the 

scenarios? 

Low 

Scenarios reflect the 

view that scenario 

trajectories and 

their social-

ecological 

outcomes/impacts 

are linear and 

predictable 

Moderate 

Scenarios reflect 

the view that 

scenario trajectories 

are linear, but their 

outcomes/impacts 

are emergent and 

difficult to predict; 

i.e., scenarios set 

the context in 

which complex 

SES behavior can 

be explored 

High 

Scenarios reflect the 

view that scenario 

trajectories are 

emergent and 

difficult to predict; 

i.e., the scenarios 

themselves 

represent complex 

SES behaviour 

Spatial scale 

The type of spatial 

dimension used to 

measure and study 

phenomena in the 

scenario process 

What spatial 

scale is (ought 

to be) used for 

the scenario 

process? 

Single, 

social/governance 

Scenarios consider 

a single spatial 

scale that is 

compatible with the 

mode of social 

organization (i.e., 

governance scale, 

e.g., local or federal 

administration) 

Single, biophysical 

Scenarios consider 

a single spatial 

scale that is 

compatible with the 

biophysical 

landscape (e.g., 

ecotone, river 

catchment, 

mountain range, 

etc.) 

Multi - or cross-

scale 

Scenarios explicitly 

link multiple spatial 

scales (e.g., local to 
national; watershed 

to global, etc.)  
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Boundary Judgments (innermost to outermost) 

Temporal scale 

The length of the 

temporal duration 

used to measure 

and study 

phenomena in the 

scenario process 

What temporal 

scale is (ought 

to be) used for 

the scenario 

process? 

Fast 

Short-medium time 

scale (i.e., a few 

years to two 

decades) 

Slow 

Long time scale 

(i.e., two decades or 

more) 

Linked 

Linking fast and 

slow time scales 

 

2.3.4 Common óboundaries of the futureô in case studies 

The number of case studies coded to each judgment is summarized in Figure 2-4. These 

synthesized results show that most studies were framed as exploring plausible futures (86 percent), 

were not explicitly focused on normative or desirable futures (56 percent) and adopted a critical 

realist epistemological lens (67 percent). Many scenarios were qualitative (50 percent) and involved 

participants for knowledge input (42 percent) over explicit efforts to facilitate participant learning (38 

percent). Interestingly, most studies drew from multiple types of knowledge (53 percent). The 

scenario studies characterized the system primarily using top-down, structural drivers (43 percent) 

and a majority viewed scenarios as linear but their outcomes as complex (58 percent). Spatial scale 

selection did not favor any boundary judgment, while temporal scale selection favored a single scale 

(41 and 48 percent) over multiple scales (11 percent). Sixteen studies did not indicate a temporal scale 

and could not be interpreted. The case study coding can be found in Appendix D. 
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Figure 2-4: The number of case studies coded to each choice for each boundary judgment. Each 

column of the bar chart is an axis on the framework. Data in yellow, green, and blue 

correspond to the yellow, green, and blue boundaries on the framework respectively, moving 

from the innermost to the outermost choice. Sixteen studies did not indicate a temporal scale 

and could not be interpreted. 

The same data in Figure 2-4 is depicted as averages on the Boundaries of the Future radar chart 

in Figure 2-5, revealing common Boundaries of the Future in case studies. The solid black line 

depicts the average selection for each judgment across all 72 case studies (solid line). Because the 

scenario purpose is a consequential boundary judgment, the averages for studies reflecting each 

different ópurposeô boundary judgment are also depicted (see legend). The average boundary overall 

appears to include a moderate scope of future potential (i.e., middle-of-the-road for most judgments). 

Scenarios framed to explore probable futures tend toward a positivist epistemological lens and 

scientific knowledge, operationalized with highly formalized methods and little participation. A 

significant proportion of studies aimed to explore plausible futures (86 percent), so these studies 

closely follow the average. Studies framed to explore possible/diverse futures tend toward a critical 

realist or pluralist epistemological lens, involve multiple types of knowledge and adopt a wider scope 

of imaginative normative potential. Interestingly, the selection of purpose does not appear to have a 

differentiating influence on the way the system is characterized, though scenarios framed to assess 



 

57 

probable futures tend to focus on top-down structural drivers, and scenarios framed to explore 

possible/diverse futures reflect longer or linked temporal scales. 

 

Figure 2-5: Boundaries of the future on average overall and on average for each ópurposeô 

boundary judgment. See the legend for which line corresponds to which subset of case studies 

and Figure 2-3 for placement along each axis.   

2.4 Discussion 

The key findings can be summarized as four takeaways. First, the Boundaries of the Future 

framework offers a framework that makes ambiguity in scenario practice explicit and operational and 

may be used as a reflective tool to facilitate reflexive scenario practice in sustainability science. 

Second, the framework and case study analysis together chart an important future research agenda in 

sustainability science. Third, reflections upon the challenges encountered during the study revealed a 

lack of reflexivity in scenario case studies to date, affirming the need for such a framework. Finally, 
















































































































































