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Abstract
Climate change is increasing the frequency and the severity of extreme events in river basins around the world. Efforts to 
build resilience to these impacts are complicated by the social–ecological interactions, cross-scale feedbacks, and diverse 
actor interests that influence the dynamics of change in social–ecological systems (SESs). In this study, we aimed to explore 
big-picture 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. To do so, we facilitated a transdisciplinary 
scenario modeling process structured by the cross-impact balances (CIB) method, a semi-quantitative method that applies 
systems theory to generate internally consistent narrative scenarios from a network of interacting drivers of change. Thus, 
we also aimed to explore the potential for the CIB method to surface diverse perspectives and drivers of change in SESs. 
We situated this process in the Red River Basin, a transboundary basin shared by the United States and Canada where sig-
nificant natural climatic variability is worsened by climate change. The process generated 15 interacting drivers ranging 
from agricultural markets to ecological integrity, generating eight consistent scenarios that are robust to model uncertainty. 
The scenario analysis and the debrief workshop reveal important insights, including the transformative changes required to 
achieve desirable outcomes and the cornerstone role of Indigenous water rights. In sum, our analysis surfaced significant 
complexities surrounding efforts to build resilience and affirmed the potential for the CIB method to generate unique insights 
about the trajectory of SESs.
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Introduction

Global climate change is expected to increase the frequency 
and severity of extreme events and shift the climatic regime 
in river basins around the world (IPCC 2021). This hydro-
climatic intensification is significant and deeply uncertain 
(Milly et al. 2008; Marchau et al. 2019), exacerbating the 
risk of flood and drought damages, disruptions to food 

production and ecosystem services, and harms to human 
health (Rockström et al. 2014; Ray et al. 2019; IPCC 2021). 
The capacity of society to prepare for and cope with these 
risks depends upon several uncertain social and economic 
factors (Gallopín 2006; Engle and Lemos 2010), which are 
both made vulnerable by climate change and may further 
degrade natural river basin functions, such as through land 
use change (Lambin and Meyfroidt 2010). Resilient water 
systems also play a critical role in society’s capacity to deal 
with stresses and shocks more broadly (Falkenmark et al. 
2019).

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 coordi-
nate water development (Jiménez et al. 2020). The domi-
nant nineteenth- and twentieth-century paradigm of water 
governance enabled rapid economic development but was 
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limited by silo thinking, reactive management of exter-
nalities, and rigid control of variability (Pahl-Wostl 2007; 
Baird and Plummer 2021). For example, large-scale chan-
nels and dams enabled agricultural and energy production 
but were optimized for historical climate variability and 
may be brittle to climate change (Altinbilek 2002; McCart-
ney 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–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 social–eco-
logical systems (SESs) that evolve with and adapt to envi-
ronmental change, and outcomes emerge from social–eco-
logical interactions and feedbacks across scales (Rockström 
et al. 2014; Walker 2020; Chester et al. 2021). Resilience 
here is “the capacity to adapt or transform in the face of 
change… particularly unexpected change, in ways that con-
tinue to support human wellbeing” (Folke et al. 2016, p. 41). 
For example, water managers may develop adaptive rather 
than static plans, optimize infrastructure for multiple cli-
mate 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 in theory 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 con-
tend 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 Pinter 
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 2018). For example, questions of 
resilience to what and for whom surface assumptions about 
what constitutes a desirable resilient future, and the degree 
of transformation required to achieve it. Most actors lack 
the tools and the frameworks to anticipate and navigate the 
future in a manner that reconciles such diverse framings, 
scales, and drivers of change (Bai et al. 2016; Verburg et al. 
2016). These challenges are particularly pronounced in con-
texts where building resilience may require transformative 
changes that shift pathways toward a profoundly new system 
(Folke et al. 2016; Pereira et al. 2021).

Scenarios are promising tools for explicitly engaging with 
complex and uncertain futures (Peterson et al. 2003; Miller 

et al. 2014; Bai et al. 2016). Scenarios are coherent, inter-
nally consistent, and plausible descriptions of the potential 
future trajectories of a system (Heugens and van Oosterhout 
2001). Explorative scenarios (i.e., what could happen) have 
been used in river basin contexts to project how climatic 
and socio-economic change may impact water supply and 
demand, and normative scenarios (i.e., what we want to hap-
pen) are often used to develop investment strategies (Varis 
et al. 2004; Dong et al. 2013; Elsawah et al. 2020). Emerg-
ing studies combine explorative and normative scenarios 
through participatory methods to collaboratively envision 
and strategize pathways toward sustainable or resilient river 
basin systems amid top-down pressures (Schneider and Rist 
2014; Carpenter et al. 2015; Hirpa et al. 2018), and a handful 
of studies focus explicitly on scenarios related to resilience 
(e.g., Helfgott 2018).

Semi-quantitative scenario methods like the cross-impact 
balances (CIB) method are uniquely positioned to model 
integrative and holistic scenarios that “get the big picture 
roughly right” (Polasky et al. 2020). CIB applies systems 
theory to generate internally consistent narrative scenarios 
from a network of interacting drivers of change (Weimer-
Jehle 2006; Weimer-Jehle et al. 2016). CIB made its debut 
in the field of technological forecasting and has been applied 
in over 100 studies in dozens of fields including energy 
transitions and climate change research (Schweizer 2020; 
Weimer-Jehle et al. 2020; Weimer-Jehle 2023). Applications 
are also expanding toward a wider range of policy processes 
(Stankov et al. 2021; Kosow et al. 2022), including in water 
management (e.g., Schütze et al. 2019; Motschmann et al. 
2022). However, this relatively new method has evolved 
within its own community of practice and has yet to become 
established in SES research, despite its compatibility with 
SES theory. CIB is compatible with an SES perspective 
because it takes complexity seriously, modeling scenarios as 
emergent outcomes of systemic interactions and feedbacks 
(Kosow and Gaßner 2008), including across scales (Sch-
weizer and Kurniawan 2016; Kemp-Benedict et al. 2019). 
This lies in contrast to the more popular Intuitive Logics (IL) 
method that develops four narrative scenarios by exploring 
the systemic consequences of the intersection of two drivers 
of change (Ramirez and Wilkinson 2014).

Additionally, while popular Story-and-Simulation 
approaches translate qualitative scenarios into inputs for 
quantitative models (Alcamo 2008; Elsawah et al. 2020), 
CIB integrates qualitative alongside quantitative drivers 
within the scenario model. Thus, CIB reconciles trade-offs 
between qualitative and quantitative methods that make big-
picture scenario modeling challenging; quantitative meth-
ods may be data-informed and reproducible but exclude 
drivers of change or perspectives that are not measured in 
quantitative terms (Gerst et al. 2014; Moallemi et al. 2021), 
and qualitative scenario methods consider a wider range of 
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future conditions, but, at times, lack the systematic analy-
sis and analytical insights (e.g., model sensitivity analysis) 
promoted by quantitative methods (Ramirez and Wilkinson 
2014).

Transdisciplinary scenario processes offer further oppor-
tunities to explore diverse perspectives and interests in 
the future of river basins. Transdisciplinary research caters 
to the problem-oriented and integrative nature of sustainabil-
ity science by bringing together diverse actors to generate 
knowledge (Lang et al. 2012; Brandt et al. 2013). Participa-
tory scenario models can be used to structure transdiscipli-
nary research processes, in which a model is co-produced 
through engagement with collaborators (McBride et al. 
2017; Voinov et al. 2018; Moallemi et al. 2021). The goal of 
such processes is not only to structure models and produce 
outputs but to mobilize knowledge in a way that facilitates 
societal impact and promotes meaningful learning for both 
scientists and participants. The CIB method is often used to 
develop authoritative models through expert-driven scenario 
development processes. However, emerging applications of 
CIB aim to facilitate stakeholder engagement and collabo-
rative learning, opening up the method to a wider range of 
non-expert participants (e.g., Stankov et al. 2021; Sun 2021).

To our knowledge, few or no studies have applied the CIB 
method to model river basin scenarios under climate change, 
no studies have used CIB to explicitly model scenarios as 
emergent from complex social–ecological dynamics, and 
while CIB has been used in a participatory manner, it has not 
been used to explicitly structure transdisciplinary research. 
In this study, we aimed to explore big-picture 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. We also 
aimed to explore the potential for the CIB method to surface 
diverse perspectives and drivers of change in SESs through 
a transdisciplinary scenario modeling process.

Methods

The principles of an ideal–typical transdisciplinary research 
process guided the study (Lang et al. 2012), including (a) 
case study formulation and collaborative problem framing, 
(b) efforts to co-create knowledge where feasible, and (c) 
seeking opportunities to (re)integrate the knowledge.

Case study formation and collaborative problem 
framing

The participatory scenario modeling process was situated in 
the Red River Basin (RRB). 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 Mani-
toba (Red River Basin Commission 2005; Leitch and Krenz 
2013). The RRB is governed by a complex arrangement of 
institutions from community to federal and transboundary 
level (Hearne 2007), and is the homeland of diverse First 
Nations, Métis, and Tribal communities including Cree, 
Ojibway, Anishinaabee, and Dakota communities. Climate 
change is expected to exacerbate existing climatic vari-
ability and its implications (Prairie Climate Centre 2013; 
Rasmussen 2016; Bertrand and Mcpherson 2018; Shrestha 
et al. 2020). Additional pressing issues include the eutrophi-
cation of downstream water bodies (Schindler et al. 2012) 
and soil erosion (Liu et al. 2015). A history of forced relo-
cation and colonization of Indigenous lands in addition to 
contemporary socio-economic trends, such as agricultural 
technology and urbanization, introduce significant complex-
ity to decision-making. Additionally, actors are attempting 
to build a more resilient system, such as by rehabilitating 
ecosystems and shifting toward regenerative agriculture, as 
discussed at the Annual RRB Land and Water Conference 
in January 2021.

The Red River Basin Commission (RRBC) and the Inter-
national Institute for Sustainable Development were chosen 
as collaborators due to their active role in networks driv-
ing resilience-building efforts. Through consultation with 
these partners, the transdisciplinary scenario process was 
framed around the issue of resilience to ongoing floods and 
droughts. The year 2050 was chosen as the single temporal 
scale. This was chosen to situate the scenarios far enough 
in the future to ensure divergence from the present and to 
focus on linking across spatial scales, i.e., by simplifying the 
temporal scales (Scholes et al. 2013). A case study advisory 
committee of four individuals from various institutions in 
the basin was consulted throughout the research process.

Co‑creating knowledge through participatory 
scenario modeling

Cross‑impact balances scenario method

The cross-impact balances (CIB) method projects internally 
consistent scenarios from a network of interacting drivers of 
change or critical uncertainties (Weimer-Jehle 2006; Kosow 
and Gaßner 2008). A CIB modeling process begins with 
determining a set of descriptors, which are the most impor-
tant and uncertain drivers of change influencing the future of 
a system. The uncertainty of each descriptor is represented 
by a small number (i.e., 1–4) of variants, or mutually exclu-
sive 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 
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on the selection of a variant from another. Influence judg-
ments are captured in a judgment section, as depicted in 
Table 1, in which variants in the row are promoting (+) or 
inhibiting (−) variants in the column, on a scale of weak 
(1), moderate (2), or strong (3). Interactions with no direct 
influence are given an influence judgment of zero. Accord-
ing to best practice, each row in a judgment section should 
sum to zero (i.e., as depicted in Table 1) to satisfy the prin-
ciple that the direct influence of the variant in the row is a 
source of selectivity between mutually exclusive variants in 
the column. The influence judgments for the whole system 
are captured in a cross-impact matrix.

Internally consistent scenarios are the stable or self-rein-
forcing configurations of the model, in which each descriptor 
exists in one of its variants. A software like ScenarioWizard 
(Weimer-Jehle 2021) is used to calculate the impact bal-
ances for each possible scenario to determine which sce-
narios are internally consistent (i.e., self-reinforcing and 
stable) or internally inconsistent (i.e., transient or unsta-
ble). Scenarios that are internally consistent are considered 
plausible by many CIB analysts (Schmidt-Scheele 2020). A 

full description of the mathematics of impact balances and 
internally consistent scenarios can be found in Weimer-Jehle 
(2006).

Social–ecological scenario framework

A guiding framework for the scenario modeling process 
was developed to characterize future change as emergent 
from efforts to build resilience and a complex, cross-scale 
SES. We call this framework the ‘social–ecological sce-
nario framework’, depicted in Fig. 1. The framework brings 
together existing knowledge about the dynamics of SES 
change and the structure of the CIB method to allow for 
systematic and transparent scenario development.

The framework depicts the future of a SES as emerg-
ing from social–ecological interactions across scales (i.e., 
river basin and global) and between the system structure 
and actor agency. Cross-scale dynamics are depicted as the 
influence of global change on the river basin scale (Walker 
et al. 2006; Scholes et al. 2013; Reyers et al. 2018). More 
specifically, social and ecological subsystems (i.e., social 
and ecological descriptors, variants, and their interactions 
at the river basin scale) are influenced by broader social, 
economic, and political settings and related ecosystems (i.e., 
social and ecological descriptors, variants, and their interac-
tions at the global scale), as per the seminal framework for 
analyzing the sustainability of SES (Ostrom 2009; McGinnis 
and Ostrom 2014).

While the CIB method evaluates the plausibility of sce-
narios (i.e., as internal consistency), balancing scenario 
plausibility with diversity is important to capture the 
potential for social–ecological transformation. According 

Table 1  Example of a judgment section in a CIB matrix

Descriptor 1

Descriptor 2 Variant a Variant b Variant c

 Variant x  + 1  + 2  − 3
 Variant y  − 2  − 1  + 3
 Variant z  − 1 0  + 1

Fig. 1  Social–ecological sce-
nario framework
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to SES theory, transformative change emerges from the 
interplay of top-down structural change with bottom-up 
actor agency (Moore and Westley 2011; Westley et al. 
2013). Thus, actor agency is represented in governance 
descriptors, which interact with structural social–eco-
logical descriptors. In addition, seeds (i.e., small-scale 
yet promising innovations in the present assumed to be 
mainstream in future) were introduced as variants to the 
governance descriptors to reflect the view that transfor-
mation emerges when these marginal innovations interact 
with top-down structures to scale in higher level systems 
(Geels 2002; Moore et al. 2014; Bennett et al. 2016).

A key characteristic of complex SESs is emergent out-
comes (Reyers et al. 2018; Schlüter et al. 2019). In the 
framework, interactions between efforts to build resilience 
and the social–ecological context implicate social–ecolog-
ical, cross-scale, and structure–agency interactions, pro-
ducing emergent internally consistent scenarios. Thus, the 
cross-impact matrix that details these interactions defines 
a stability landscape for the SES, and the internally con-
sistent scenarios are the stability domains or basins of 
attraction (Walker et al. 2004; Folke et al. 2010). Changes 
to the influence judgments in the cross-impact matrix alter 
the stability domain, shifting the internal consistency of 
scenarios and thus generating new or altered basins of 
attraction.

Participatory scenario modeling

A summary of the six-step participatory scenario modeling 
process is depicted in Fig. 2.

Round 1 interviews  Semi-structured interviews with 34 
experts and opinion leaders in the RRB elicited critical 
social and ecological drivers of change influencing resil-
ience to climate variability and change, visions of a desir-
able resilient future, and current practices or projects con-
tributing to that future. Prior to the interviews, a scan of 
academic and gray literature generated a preliminary list of 
descriptors. The documents were gathered from case study 
partners and relevant keyword searches on Web of Science, 
Scopus, and Google Scholar, and broad themes were trans-
lated into descriptors for each category in the social–eco-
logical scenario framework.

Consultation with study partners generated an initial list 
of interviewees. Snowball sampling determined additional 
interviewees until reaching an approximate saturation point. 
The 34 interviewees were recruited to represent various lev-
els of governance and areas of expertise, with some inter-
viewees representing multiple perspectives. The levels of 
governance represented include transboundary (10), federal 
(8), provincial or state (11), municipal or watershed (7), 
Indigenous organization or governance (5), and general 

Fig. 2  Six-step transdisciplinary scenario modeling process
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experts (9). Interviewees were experts or opinion leaders 
(i.e., a mixture of academics and practitioners) on at least 
one of the following: agriculture (8), climate (11), environ-
ment and ecology (15), governance (12), water management 
and infrastructure (17), and Indigenous governance (6). 
Indigenous perspectives were included through academic 
experts on Indigenous governance rather than Elders due to 
concerns regarding the ethics of coding Indigenous knowl-
edge. Efforts were made to get participants from both the 
US and Canada, but a majority (22) of the interviewees were 
Canadian. Participation challenges were exacerbated by the 
availability of interviewees, particularly as the study was 
conducted during the COVID-19 pandemic.

Interviews were conducted virtually with a Miro board 
following the interview protocol in S1. The preliminary 
descriptors from the document scan were used as examples 
to prompt discussion, but participants were encouraged 
to generate additional descriptors. The interviews were 
audio recorded and transcripts were coded in NVivo in 
three rounds. In the first round, interviewee responses were 
coded into general themes that roughly fit as descriptors in 
the main categories of the social–ecological scenario frame-
work. Interviewee responses to questions regarding current 
practices or projects contributing to resilience were coded as 
potential seeds. In the second round, the text under each cat-
egory of the model framework was coded with the structure 
of CIB in mind to generate a provisional set of descriptors 
and variants, introducing seeds as variants where appropri-
ate. Attempts to draft a description for each descriptor and 
variant alongside a third round of coding refined the list 
to 15 descriptors, each with 1 to 4 variants. While effec-
tive, the process of coding interviews inevitably introduced 
subjectivity due to the interpretation required to translate 
interviewee knowledge into the structure of a CIB model. 
These descriptors and variants were discussed with the case 
study advisory committee and circulated to all participants 
for feedback, resulting in some minor adjustments.

Round 2 interviews A second round of semi-structured 
interviews with 11 experts and opinion leaders elicited the 
influence judgments to complete the cross-impact matrix 
(i.e., the stability landscape of the SES). Before the inter-
views, the transcripts from round 1 interviews were coded 
a fourth time to identify relationships between descriptors. 
Interviewee statements that clearly indicated the direction 
and approximate strength of the interaction were translated 
into provisional influence judgments and depicted in a 
network diagram. Uncertain judgment sections were high-
lighted to prioritize the discussions during round 2 inter-
views.

Round 2 interviewees were topical experts selected in 
consultation with partners. Ten of these interviewees had 
participated in round 1 interviews and all were selected due 

to specific expertise in at least two descriptors in the model 
associated with uncertain influence judgments. These inter-
views continued until all uncertain judgment sections were 
discussed. Again, interviews were conducted virtually with 
a Miro board following the interview protocol in S2. The 
interviews were targeted to the most uncertain influences in 
the model and the expertise of the interviewee. Interviewees 
who found the language and structure of CIB intuitive were 
asked directly for influence judgments, while others were 
asked to describe interactions qualitatively. These descrip-
tions were later translated into influence judgments. At this 
stage, several judgment sections were still uncertain due to 
a wide range of ontological (i.e., inherent system variabil-
ity) and epistemic uncertainties (i.e., lack of knowledge), in 
addition to ambiguity (i.e., divergent framings) (Dewulf and 
Biesbroek 2018).

Literature validation and  sensitivity analysis A review of 
targeted literature triangulated interview data and addressed 
remaining uncertain judgment sections. Because the range 
of topics addressed in the CIB model was broad, literature 
was generated by (a) revisiting documents from the docu-
ment scan informing round 1 interviews and (b) searching 
Google Scholar, Scopus, and Web of Science for keywords 
relevant to the topics for each judgment section. A scan of 
the title and abstract of the results determined which results 
were read in detail to find supporting evidence for various 
influence judgments. Literature from the RRB context was 
used where possible, but other regional or global literature 
was used when appropriate.

Because most interviewees were experts on the river 
basin scale, literature on the shared socio-economic path-
ways (SSPs) was the sole data source for characterizing 
influence judgments between descriptors at the global scale. 
The SSPs depict plausible socio-economic futures at the 
global scale for use in climate change research (Nakicenovic 
et al. 2014; van Vuuren et al. 2017). Several studies char-
acterize the implications of different SSPs on the regional 
scale (e.g., high-, middle-, and low-income countries) in a 
manner that links global descriptors, such as agricultural 
markets, to river basin scale descriptors, such as the state 
of the rural economy (e.g., Calvin et al. 2017; Graham et al. 
2018). The SSPs also indicate how different socio-economic 
descriptors like global agricultural markets may contribute 
to greenhouse gas emissions. Thus, the SSPs were also used 
to link global descriptors with global climate change. The 
rationale for these judgment sections is detailed alongside 
all other judgment sections in S3.

The sensitivity analysis of the remaining uncertain influ-
ence judgments followed the protocol described by Sch-
weizer and Kriegler (2012). The style of sensitivity analy-
sis is atypical, because it was not used solely to assess the 
sensitivity of the model to changes in input data. Rather, we 
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focused on how input data for CIB also specifies the structure 
of a network of system influences (i.e., as determined by the 
influence judgments in the CIB matrix), which means that 
changes to input data for CIB also changes the model struc-
ture. Our sensitivity analysis focused on how such changes 
in model structure (i.e., due to different influence judgments) 
generate new output data (i.e., internally consistent scenar-
ios), thus allowing us to identify scenarios that are ‘robust’ 
to model uncertainty (i.e., to find scenarios that emerge as 
internally consistent regardless of the ‘sensitivities’ in the 
model data). The protocol begins with designating a base-
line model void of uncertain influence judgments and then 
identifies each uncertain influence judgment as a type I (i.e., 
new influences from baseline), type II (i.e., adjusted relation-
ships from baseline), or type III (i.e., selected combinations 
of influences) sensitivity analysis. The numerous sensitivities 
these three types explored were configured into six independ-
ent prototypes of the model that represented the maximally 
diverse range of uncertainty in the model. S3 describes the 
type of sensitivity for each uncertain judgment section, and 
S4 elaborates the sensitivity analysis protocol.

Scenario analysis ScenarioWizard was used to generate 
internally consistent scenarios (i.e., basins of attraction of 
the SES) for each prototype. The scenario analysis focused 
on determining which internally consistent scenarios were 
common across model prototypes and are thus robust to 
model uncertainty (i.e., valid regardless of ‘sensitivities’ in 
the model data). The frequency statistics, bias statistics, and 
the active–passive diagrams for the different prototypes gen-
erated further insights. Bias statistics are used to check the 
quality of influence judgments by revealing systemic bias 
away from consistent scenarios containing a specific variant 
(Weimer-Jehle 2021). A bias statistic of less than 10% was 
considered an indication of significant bias in the model that 
should be re-examined for quality assurance. An active–pas-
sive diagram depicts the role of descriptors within the sys-
tem. The active sum (y-axis) represents the degree to which 
the descriptor is an impact source (i.e., exerts influences 
on other descriptors). The passive sum (x-axis) represents 
the degree to which the descriptor is an impact sink (i.e., 
receives influences from other descriptors). The findings 
of these methodological steps for scenario analysis are dis-
cussed in “Results and discussion” section.

Strategy assessment In addition to the scenario analysis, 
the implications of three water governance strategies were 
tested in the model. These strategies were discussed by many 
interviewees as potentially influential shifts in the system 
but were not characterized in the model structure. Assump-
tions were made about how select influence judgments may 
change, generating a new model prototype for each strategy 
(i.e., transformations in the stability landscape of the SES, 

generating new basins of attraction). These adjustments 
created new prototypes for each strategy, which were then 
modeled in ScenarioWizard. The results were compared to 
the original six prototypes, focusing on internally consist-
ent scenarios, frequency statistics, and bias statistics.

Knowledge (re)integration

The final phase of knowledge (re)integration first required 
translating model outputs into formats that could be shared 
to stimulate discussion among participants. Five of the 
most divergent scenarios were selected from the eight 
robust scenarios to offer a manageable number for par-
ticipants to discuss. Outputs from ScenarioWizard include 
combinations of descriptor variants (i.e., scenarios) as well 
as the particular causal chains (i.e., the series of if–then 
logic statements encoded as influence judgments). These 
outputs are embedded in the cross-impact matrix and 
underlie why the combinations emerge as internally con-
sistent scenarios. The lead author translated such outputs 
from ScenarioWizard into narratives. The narratives 
describe the RRB under each chosen combination of 
descriptor variants, highlighting key influences that con-
tribute to the internal consistency of the scenario. A local 
artist depicted these scenarios as visual art.

Debrief workshop

A virtual workshop aimed to facilitate deeper engagement 
with the results. While the initial intention of the workshop 
was to ‘reintegrate’ knowledge as per the ideal–typical 
research process (Lang et al. 2012), time and format con-
straints led to a more traditional knowledge sharing work-
shop. Twenty-two participants were recruited from inter-
viewees and the board of the RRBC. Nineteen of the 22 
participants had participated in at least one round of inter-
views. As in the interviews, participants represented vari-
ous levels of governance (with some representing multiple), 
including transboundary (9), federal (5), provincial or state 
(12), municipal or watershed (6), academic experts on Indig-
enous governance (4), and general experts (5). Workshop 
participants were experts or opinion leaders on at least one 
of the following: agriculture (3), climate change (7), environ-
ment and ecology (8), governance (7), water management 
and infrastructure (17), and Indigenous governance (5).

The workshop began with a presentation of the ration-
ale, methodology, and results, using the narratives and 
visual art to communicate the scenarios. Participants 
were then split into breakout rooms where they worked 
together to (1) rank scenarios from most to least desirable, 
(2) rank scenarios from most to least plausible, and (3) 
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discuss how existing initiatives are promoting or inhibit-
ing different scenarios. In a final debrief, participants were 
asked whether the scenario process changed the way they 
thought about the future of the RRB. This question served 
as a simple evaluation in the absence of more robust pre- 
and post-workshop surveys. The full workshop protocol 
is included in S6.

The workshop transcripts were analyzed using a simple 
thematic content analysis. The analysis focused on state-
ments that surfaced potentially divergent assumptions 
about scenario desirability and plausibility, in addition 
to statements linking existing initiatives to the scenarios. 
Participant responses to the debrief questions were ana-
lyzed to provide a broad indication of the extent to which 
the CIB method effectively helped actors explore diverse 
perspectives and drivers of change in a SES.

Researcher positionality

Researcher positionality is important for transdisciplinary 
research in contexts with diverse perspectives and interests 
like the RRB. The lead author who conducted fieldwork 
and interpreted the data is a western-trained scientist and 
Canadian settler. While efforts were made to avoid scientific 
subjectivity and bias, this positionality may have influenced 
access to study participants, the information participants 
felt comfortable to share, and how different perspectives 
(e.g., scientific versus local or practitioner knowledge) were 
interpreted and integrated into the scenario model. These 
biases may have also been influenced by the virtual format 
of the study, which allowed for the use of novel tools (e.g., 
Miro boards during interviews and workshops) while limit-
ing recruitment of participants to those who were comfort-
able with and available for online engagement during the 
COVID-19 pandemic.

Results and discussion

This section summarizes the study results and the significance 
of the findings for the phases of co-creating knowledge (“Co-
creating knowledge: participatory scenario modeling” section) 
and sharing and (re)integrating knowledge (“Knowledge (re)
integration: debrief workshop” section).

Co‑creating knowledge: participatory scenario 
modeling

Descriptors and variants

The 34 round one interviews generated fifteen descriptors, 
which are the important and uncertain drivers of change rel-
evant to resilience to climate variability and change in the 
RRB. Social and ecological drivers of change at river basin 

and global scales make up the structure of the cross-scale 
SES, and governance descriptors characterize efforts to build 
resilience, introducing the influence of actor agency. Mul-
tiple variants for each descriptor cover a range of mutually 
exclusive outcomes. Several seeds were included as variants 
(e.g., “collaborative governance” under the transboundary 
governance descriptor), broadening the scope of outcomes 
to include the potential for transformation. Detailed descrip-
tions of these variants are summarized in Table 2.

Influence judgments and multiple prototypes

The influence judgments characterize social–ecological and 
cross-scale interactions between descriptors and variants, 
generating a stability landscape for the future of the RRB as 
depicted in Fig. 3. Arrows indicate judgment sections con-
taining non-zero influence judgments between the connected 
descriptors. Following round 2 interviews, many influence 
judgments were uncertain, primarily due to a lack of clar-
ity about the system (i.e., indistinctness, from interviewees 
and literature) and ambiguity (i.e., multiple interpretations 
of the system from interviewees and literature). For some 
influence judgments, such uncertainties persisted following 
the literature validation, which is represented with dashed 
lines. The influence judgments and their supporting evidence 
are summarized in S3. The sensitivity analysis generated six 
model prototypes, which together represent the maximally 
diverse range of uncertainty in the model.

Consistent scenarios and statistics

The six prototypes were analyzed in ScenarioWizard, 
each generating 13–23 internally consistent scenarios. The 
scenarios describe big-picture futures for the RRB under 
climate change and are basins of attraction on the stabil-
ity landscape of social–ecological interactions defined by 
the influence judgments in each prototype. Eight of these 
scenarios were robust to model uncertainty, depicted in 
the scenario tableau in Fig. 4. In the tableau, one scenario 
is described by the variants listed in a vertical column 
(enriched by the detailed descriptions for each variant in 
Table 2). A description of the robustness criterion, in addi-
tion to a broader set of seventeen scenarios that were less 
robust, are included in S5.

These scenarios reveal important insights into the future 
of the RRB under climate change. For example, independent 
governance, patchwork data, and other generally undesirable 
governance interventions tend to co-occur (e.g., scenario 3, 
6, and 7), contributing to poor environmental outcomes. 
More desirable governance interventions, such as collabo-
rative governance and integrated data, also co-occur (e.g., 
scenario 1, 2, 4, and 5), improving environmental outcomes. 
Still, the state of global descriptors has a strong influence 
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over environmental outcomes, sometimes overshadowing 
positive governance interventions (e.g., scenario 1).

Figure 5 depicts the approximate active–passive diagram. 
Descriptors in the top left quadrant, such as Indigenous 
water rights, have a highly influential role on the system. 
Descriptors in the bottom right quadrant, such as water qual-
ity or ecological integrity, are strongly influenced by other 
descriptors in the system. Descriptors in the top right quad-
rant, such as the rural economy, are both strongly influencing 
and influenced by other descriptors, and thus are connected 
to complex system behavior (Weimer-Jehle 2021).

The only variant with a bias statistic of less than 10% is 
the ‘natural ecosystems’ approach to infrastructure for resil-
ience (5.6–8.3%). This bias is due to restricting influences 
from several variants including an intensive agricultural 
economy, reactive or conventional government investment 
approaches, patchwork data and knowledge systems, and 
private economic and landowner interests. Correcting this 
bias by adjusting the influence judgments associated with 
this variant would require changes that deviate significantly 
from supporting evidence, so the bias was accepted as pos-
sibly representing true causal relationships for the analysis.

Together, the bias statistics and active–passive diagram 
reveal important implications for resilience in the RRB. 
The presence of strong restricting influences on the natural 
ecosystems approach to infrastructure for resilience indi-
cates that transformative change may be required in several 
areas for a natural ecosystems approach to be mainstream. 
Additionally, the complex behavior associated with the role 
of the rural economy (i.e., due to its combined active and 
passive role in the system) reveals that isolated efforts to 
shift away from an intensive agricultural economy may have 
unexpected consequences. Importantly, the active role of 
Indigenous water rights, in combination with the concur-
rence of full recognition of Indigenous water rights with 
more desirable governance outcomes, reveals its potentially 
cornerstone role in realizing desirable outcomes overall.

Implications of strategies

The strategy assessment evaluated a collaborative response 
to scarcity, true market for ecological goods and services, 
and effective demand management, as described in Table 3. 
These strategies redefined specific influence judgments, 
shifting the stability landscape of social–ecological inter-
actions in ways that may contribute to transformative 
change. S7 details the rationale for the changes in influence 
judgments.

Many participants discussed the importance of a col-
laborative response to scarcity, but the model showed that 
collaboration alone does not change outcomes in all cases. 
For example, under the assumption that the centralized 
infrastructure approach is the most effective for resilience, Ta

bl
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some chronically deficient water availability outcomes are 
avoided, but governance outcomes deteriorate. This surpris-
ing result is due to feedback effects; for example, shifting the 
relationship between water availability and transboundary 
governance indirectly influences the approach to infrastruc-
ture for resilience, which in turn influences water availabil-
ity. In contrast, if natural infrastructure is assumed to be 
most effective for improving resilience, the collaborative 
response generates significant improvement in water avail-
ability and governance outcomes. Thus, collaboration—in 
combination with enhanced investment approaches, a col-
lective and integrated data and knowledge system, and rec-
ognition of Indigenous water rights—can improve water 
availability.

The true market for ecological goods and services clearly 
increased the frequency of preferred outcomes in the sce-
nario results (i.e., adequate water availability, improved 
water quality, improved ecological integrity). Additionally, 
several consistent scenarios flip from an intensive agricul-
tural economy to regenerative agriculture and diversifica-
tion. Importantly, this strategy created the least biased model 

prototype, in which no variant has a bias statistic under 10%. 
Thus, a true market for ecological goods and services par-
tially decouples environmental and economic goals, creat-
ing an enabling environment for diversified and regenerative 
agriculture and desirable ecological outcomes. However, 
some consistent scenarios shift away from fully recognized 
Indigenous water rights, collaborative governance and col-
lective data and knowledge systems. This unintended conse-
quence is because under this version of the model, environ-
mental outcomes are no longer contingent on an inclusive 
governance context. Thus, if not pursued carefully, a true 
market for ecological goods and services risks creating an 
environmentally desirable but socially undesirable system.

Few participants discussed effective demand management, 
but several consistent scenarios flipped toward improved 
water availability (e.g., chronically deficient to unequal; 
unequal to adequate). This finding reflects the direct impact 
of reducing anthropogenic pressure on water availability.

Fig. 3  Descriptors, variants, and influence judgments in the scenario 
model. Arrows indicate judgment sections containing non-zero influ-
ence judgments. Dashed lines represent influence judgments that 

remained uncertain following the literature validation. Bi-directional 
arrows represent two influence judgments (i.e., in each direction), 
which are justified by different rationales
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Knowledge (re)integration: debrief workshop

The knowledge (re)integration phase was isolated to a simple 
knowledge sharing workshop (as discussed in “Knowledge 
(re)integration” section), which focused on translating model 
outputs into more accessible formats and stimulating dis-
cussion among participants. Five of the eight strictly robust 
consistent scenarios from Fig. 4 were selected for the debrief 
workshop to keep the number of scenarios manageable for 
participants. The scenarios were selected by including the 
most diverse scenarios in the set.

Narratives and visual art

A local artist depicted the scenarios as visual art, involving 
two rounds of feedback with researchers. The artist depic-
tions are shown in Fig. 6. The narratives for the five selected 
scenarios are included in S8.

Sharing and discussion

The workshop breakout sessions split the 22 participants in 
four breakout groups, each with four to six participants and 
a facilitator. During the desirability ranking exercise, par-
ticipants agreed on the best- and worst-case scenarios and 
discussed implicit trade-offs. For example, participants dis-
cussed scenario 4 as desirable, but recognized it only seems 
to benefit those with power. Participants also recognized that 
the most desirable scenario (i.e., scenario 2) represented the 
most significant transformation from the status quo. Yet, par-
ticipants in two groups stated that many aspects of scenario 
2 are already occurring at small scales.

Participants agreed that the most plausible scenarios 
(by 2050) were those that do not depart significantly from 
the status quo. Different groups ranked different scenarios 
as most plausible (i.e., 1, 3, 4, and 7), surfacing important 
assumptions about the future. For example, participants 
thought scenarios containing the optimistic global climate 

Fig. 4  Scenario tableau depicting eight robust scenarios. Scenario numbers are listed along the top of the tableau (note: scenarios are not in 
numerical order as they were rearranged from their original ScenarioWizard output to improve readability)
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change outcome are implausible, and that improved social 
outcomes (e.g., full recognition of Indigenous water rights) 
are more plausible than improved environmental outcomes 
(e.g., high ecological integrity). This confidence in the 
plausibility of full recognition of Indigenous water rights is 
notable, given its active role in realizing desirable scenarios 
(“Consistent scenarios and statistics” section).

Participants diverged more significantly in the discussion 
regarding how efforts to build resilience contribute to sce-
nario outcomes. For example, one group thought a planned 
floodwater diversion scheme project promotes desirable 

outcomes for water availability (e.g., scenario 2), while the 
other discussed how such large-scale projects reinforce sys-
tems that are not resilient (e.g., scenario 3). This finding 
shows that participants not only hold divergent perspectives, 
but that participants may interpret scenarios according to 
their different views and interests.

The debrief at the end of the workshop revealed that 
the scenario process was valuable for three reasons: to 
make sense of complexity, surface different perspectives, 
and affirm the value of collaboration. Participant quotes 

Fig. 5  Active–passive diagram as discussed in the section "Consistentscenarios and statistics". Elongated circles represent deviations between 
prototypes

Table 3  Summary of redefined influence judgments in strategy assessment

Strategy Description

Collaborative response to scarcity Chronically deficient water availability promotes (instead of restricts) collaborative and coop-
erative transboundary governance

True market for ecological goods and services Ecosystem goods and services are valued in the economy (e.g., water quality and ecosystem 
services markets); private economic interests promote (instead of restricting) regenerative 
agriculture and distributed/natural approach to infrastructure

Effective demand management State of the rural economy and demographics no longer directly influence water availability
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supporting each of these statements are included in S9, but 
examples include:

“I don’t think it changed how I thought about the basin, 
but… the scenario approach is just so effective. It pre-
sents a range, and you sort of look at these different 
gradations along the continuum and I just think it’s an 
excellent, excellent way to consider during complex 
situations.”
“[We have] done a lot of work on kind of how deci-
sion-making is informed by both kind of facts and evi-
dence but also perspectives… Being in these breakout 
groups is a good reminder that we all have priorities, 
biases, and just different places from which we’re com-
ing to.”
“It was kind of a reminder that by bringing people 
together… around scenarios like this may actually 
change the way our future is shaped and how we pri-
oritize.”

Study implications and conclusion

We facilitated a transdisciplinary scenario modeling process 
in the RRB that explores big-picture scenarios of a river basin 
under climate change, characterizing future change as emer-
gent from interactions between diverse efforts to build resil-
ience and a complex, cross-scale SES. We used CIB to struc-
ture the process, a semi-quantitative scenario method that has 
been underutilized in SES research. In doing so, we also aimed 
to explore the potential for the CIB method to surface diverse 
perspectives and drivers of change in SESs. The resulting “big 
picture” scenarios reflect a more integrated and systemic pic-
ture than is offered by many quantitative scenario models and 
narrative scenario methods. To our knowledge, this is the first 
study to apply CIB in a participatory, transboundary context to 
explicitly characterize SES change, offering important impli-
cations for the RRB and sustainability research broadly.

Implications for the Red River Basin

The study results surfaced three important implications for 
the RRB. First, the internally consistent scenarios depict 

Fig. 6  Artist visual depictions of five divergent robust scenarios for debrief workshop. Artist: Rhian Brynjolson
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multiple basins of attraction for the RRB. The scenarios 
integrate a wide range of drivers, from global agricultural 
markets to Indigenous water rights and water quality, and a 
broad scope of outcomes. The seed concept (i.e., small-scale, 
present innovations at scale) pushed governance descriptors 
toward more transformative scenarios. Actors may use these 
scenarios in strategy and policy making, pushing discussions 
toward a richer scope of outcomes than may otherwise be 
considered.

Second, the CIB matrix characterizes the RRB as a com-
plex stability landscape of social–ecological interactions, 
exposing influential variables and feedbacks that affect the 
trajectory of the future. Actors may use the findings of the 
CIB analysis to enrich their understanding of the system, 
helping leverage cornerstone drivers of change (e.g., rec-
ognition of Indigenous water rights; culture and politics), 
situate solutions within a bigger picture of social–ecological 
interactions (e.g., collaborative governance only improves 
water availability if accompanied by a suite of other enabling 
governance conditions), and connect existing initiatives to 
their potential long-term implications (e.g., large-scale infra-
structure contributes to resilience in complex and contested 
ways).

Finally, the sensitivity analysis generated scenarios that 
are robust to uncertainty yet revealed uncertainty and disa-
greement regarding how drivers of change interact. Actors 
may direct research efforts toward lesser understood but 
important interactions, such as between the state of the econ-
omy, culture and politics, and Indigenous governance. More 
targeted and integrative studies may analyze the systemic 
effects of diverse efforts to build resilience. In addition, par-
ticipatory and deliberative spaces are required where actors 
can expose and discuss divergent perspectives and interests 
in resilience.

Implications for sustainability science

The study offers important implications for sustainability 
science. First, the CIB method synthesized the expertise of 
diverse participants by integrating drivers of change repre-
sented by quantitative (e.g., water quality or climate) and 
qualitative knowledge (e.g., culture and politics), enabling 
the development of ‘big picture’ scenarios. Importantly, this 
integration process required a ‘meet in the middle’ approach 
so that direct interactions between drivers understood quan-
titatively versus qualitatively could be put on comparable 
footing and captured. In other words, deriving descriptors 
and variants from highly detailed quantitative studies sacri-
ficed some degree of numerical granularity, while deriving 
descriptors and variants from qualitative theories and experi-
ences sacrificed narrative richness. Moreover, the process of 
quantifying influence judgments helped make the assump-
tions about how such quantitative and qualitative descriptors 

interact explicit but were challenging to quantify in the 
matrix format of CIB (i.e., due to the indistinctness and 
ambiguity of such interactions, see “Influence judgments 
and multiple prototypes” section). Thus, our study demon-
strated the opportunities and constraints in the ‘meet in the 
middle’ process required to apply this scenario modeling 
approach, which affirms the potential for and guides more 
widespread adoption of semi-quantitative scenario methods 
like CIB in the toolbox of SES modeling approaches.

Second, scenarios are often used to make the inherent 
unpredictability of SESs explicit, but the complexity of SES 
change means that there are significant gaps in the knowl-
edge required to systematically model the future. Rather 
than setting rigid assumptions that reduce or ignore this 
uncertainty, our approach for sensitivity analysis (i.e., using 
multiple prototypes to identify scenarios that are ‘robust’ to 
these uncertainties) demonstrates one of multiple possible 
approaches to acknowledging and systematically embedding 
a wide range of uncertainties into the scenario process. We 
urge sustainability scientists using scenarios to draw from 
our experience to ensure scenario validity by addressing the 
full range of uncertainties (Dewulf and Biesbroek 2018) in 
a method- or context-specific and transparent way.

Third, our scenario development process was guided by 
a social–ecological scenario framework (i.e., described in 
“Social–ecological scenario framework” section), which 
was developed specifically to structure the development 
of big-picture scenarios in a river basin SES. This study 
thus offers a unique contribution to scenario practice in sus-
tainability science by demonstrating the use of a guiding 
framework that is both theory- and method-informed (i.e., 
bringing together existing theory about the dynamics of SES 
change with the structure and capacities of the CIB method). 
This approach allowed for a systematic and transparent sce-
nario analysis and helped leverage compatibilities between 
SES theory and the CIB method. Many scenario studies are 
guided by generic frameworks that are theory-informed but 
lack such a clear link to the unique capacities and limita-
tions of the chosen scenario method. For example, STEEPV 
(social, technological, economic, environmental, political, 
and values) is used to maximize the scope of drivers (e.g., 
Proskuryakova 2022), or frameworks like Three Horizons 
are used to characterize transformation (Sharpe et al. 2016). 
Such frameworks are useful, but future studies can build on 
our findings by (1) adapting our ‘social–ecological scenario 
framework’ for applications of CIB in SES research and (2) 
developing new theory- and method-informed frameworks 
to guide scenario analysis, thereby adding further rigor to 
the use of scenarios in SES research and sustainability sci-
ence more broadly.

Finally, sustainability scientists should reflect upon the 
ways in which, despite best efforts, every scenario process 
has limitations that excludes certain perspectives and drivers. 



1791Sustainability Science (2023) 18:1773–1794 

1 3

In this study, focusing on robust scenarios may have masked 
divergent scenarios that are internally consistent only under 
marginalized assumptions. Similarly, the positionality of 
the researchers and the choice to avoid coding Indigenous 
knowledge limited the degree of Indigenous participation, 
inhibiting opportunities to generate scenarios that chal-
lenge dominant narratives. Further, the ‘meet in the middle’ 
approach required to formalize interviewee knowledge into 
a CIB model excluded Indigenous knowledge due to ethi-
cal concerns, and may favor scientific knowledge over local 
or practitioner knowledge given the academic bias to con-
sult literature under uncertainty. Lastly, our study focused 
on a rigorous scenario development approach, but the final 
phase of ‘knowledge sharing’ lacked the deep collaboration 
required to fully reintegrate findings in the research context. 
Moreover, we did not use robust frameworks for evaluating 
learning through the process (Baird et al. 2014; Elsawah 
et al. 2020). Future applications of scenarios in sustainabil-
ity science can draw from the limitations of our study to 
improve the rigor and impact of scenarios.

In sum, our analysis surfaced significant complexities sur-
rounding efforts to build resilience and affirmed the potential 
for the CIB method to generate unique insights about the tra-
jectory of SESs and opportunities for systemic interventions.
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