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As the water-energy-food (WEF) nexus becomes an increasingly common framework for

bridging science and policy, there is a growing need to unpack and make explicit many

of the methods and assumptions being used to operationalize the nexus. In this paper,

we focus on two common approaches to nexus research, quantitative modeling and

futures thinking, and the ways that each set of methodological tools address uncertainty.

We first review the underlying assumptions of each approach with a focus on sources

of and ability to measure uncertainty, and potential complementarities. Quantitative

modeling takes a probabilistic approach to predicting the likelihood of a specific outcome

or future state based on estimates of current system dynamics. In contrast, futures

thinking approaches, such as scenario processes, explore novel changes that cannot

be fully predicted or even anticipated based on current understandings of the nexus. We

then examine a set of applied nexus projects that bridge science and policy-making

contexts to better understand practitioner experiences with different methodological

tools and how they are utilized to navigate uncertainty. We explore one nexus case

study, LIVES Cambodia, in-depth, to better understand the opportunities and challenges

associated with participatory modeling and stakeholder engagement with uncertainty in

a policy-making context. Across the cases, practitioners identify the complementarity

between modeling and futures thinking approaches, and those projects that integrated

both into the planning process experienced benefits from having multiple angles on

uncertainty within the nexus. In particular, stakeholder engagement provided critical

opportunities to address some types of uncertainties (e.g., data gaps) through the use of

local knowledge. Explicit discussions of model uncertainty and use of scenario processes

also enabled stakeholders to deepen their understandings of uncertainties and envision

policy pathways that would be robust to uncertainty. In many senses, models became

boundary objects that encouraged critical thinking and questioning of assumptions

across diverse stakeholders. And, for some nexus projects, confronting uncertainty
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in explicit and transparent ways build capacity for policy flexibility and adaptiveness.

We conclude with a discussion of when and how these benefits can be fully realized

through the strategic use of appropriate approaches to characterizing and navigating

nexus uncertainty.

Keywords: water-energy-food, nexus, governance, modeling, futures thinking, scenario planning, stakeholder

engagement

INTRODUCTION

In the context of global environmental change and efforts to
achieve the United Nations Sustainable Development Goals,
the water-energy-food (WEF) nexus framework is increasingly
promoted as a means to integrate across systems and solution,
identify and address risks, and ultimately contribute to
sustainability (Bazilian et al., 2011; Hoff, 2011; Hussey and
Pittock, 2012; Boas et al., 2016; Benson et al., 2017; Weitz
et al., 2017a; Simpson and Jewitt, 2019). Nexus research explicitly
connects human and natural systems, in order to provide a more
complete picture about the causes and consequences of change.
Realizing the potential of the nexus framework requires making
decisions with the future in mind. But future nexus interactions
are uncertain, and both research and practice must effectively
account for a range of uncertainties.

One of the core assumptions articulated in nexus literature
is that improved integration across water, energy, and food will
contribute to sustainability (Bazilian et al., 2011; Hoff, 2011;
Weitz et al., 2017a). However, while the concept of “the nexus”
helps identify cross-cutting research questions, truly integrated
analytical approaches that can be readily translated into coherent
cross-sectoral and scale policy have been lacking (for recent
critiques of the nexus, see Bazilian et al., 2011; Allan et al.,
2015; Nature, 2016; Endo et al., 2017; Weitz et al., 2017b).
While nexus research is often framed by social-ecological systems
questions, and therefore requiring interdisciplinary approaches,
much of this research applies engineering approaches to specific
technical problems, investing in additional data sets and
modeling techniques relevant to those problems (Dai et al.,
2018). Oftentimes, the narrow focus on technical problems and
engineering solutions are inadequate for policy makers who need
to assess risks, trade-offs, and synergies across a broader suite of
nexus interactions (Benson et al., 2017) and address uncertainty
about how systems will change in the future (Peronne and
Hornberger, 2014).

While uncertainty may not always be at the forefront in
nexus publications, nexus work is fundamentally concerned
with future uncertainty, through its engagement with complex
systems, non-linearity, and interlinkages, as well as its concern
with climate change and the trajectories of human communities
and the natural resources they depend on. There is inherent
uncertainty in how we might maintain ecological integrity and
water, energy and food securities given the complex interplay
of global earth systems and localized drivers of change. In the
context of unprecedented global environmental change, scholars,
policy makers, and practitioners increasingly call for greater

attention to uncertainty in social-ecological systems (Gallopin,
2006; Binder et al., 2013; D’Odorico et al., 2018). There is
growing attention to the ways in which systems exhibit non-
linear behavior, and the limits to which past conditions can
inform our understanding of the future. Over the past decade,
scholars have increasingly problematize the idea of “stationarity,”
or the notion that natural systems function within a known
envelope of variability (Milly et al., 2008; Gober, 2014; Poff
et al., 2016). Problems that reflect cross-system dynamics are
sometimes conceptualized as “wicked,” where the nature of the
problem is novel, not fully understood, and solutions are neither
obvious nor agreed upon (Head, 2018). At the nexus, the scale
and complexity of wicked problems make management and
planning difficult, as decision-makers cannot observe all the ways
in which one sector impacts another and what ripple effects
this causes across different populations, scales, geographies, and
time periods.

The following three challenges need to be addressed for
the nexus framework to effectively characterize and address
the uncertainties inherent in real-world WEF problems: (1)
Resolving the technical challenge of analyses across sectors
(e.g., water, energy, food) in a way that is robust, transparent,
and credible to diverse stakeholders (Shannak et al., 2018); (2)
Recognizing the governance challenge in building the legitimacy
and salience of these various analytic tools so that they enable
inclusive decisionmaking that acknowledges contested views and
values (Weitz et al., 2017b); and (3) Recognizing and addressing
deep uncertainty about the future to identify robust policy
choices likely to perform as intended over multiple possible
futures (Herman et al., 2014).

Although the nexus framework inherently engages with future
uncertainty, we argue that nexus work would benefit from more
deliberate and in-depth attention to how various analytic tools,
from quantitative modeling to qualitative futures thinking, fit
into the nexus “toolbox” and nexus policy-making. This paper
builds upon recent work calling for a pragmatic and integrated
approach to addressing uncertainty in complex systems research
and adaptive management (Chaffin and Gunderson, 2016;
Memarzadeh and Boettiger, 2018).We first review and synthesize
the ways that uncertainty is conceptualized in different analytic
tools commonly used in nexus projects. We then present an
analysis of applied nexus projects and how they integrate future
uncertainty into analyses and decision-making. We provide
an in-depth review of the LIVES (Linked Indicators for Vital
Ecosystem Services) Cambodia project. This project conducted
both qualitative and quantitative nexus modeling through a
participatory process that integrated stakeholder knowledge of
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situated uncertainties into system dynamics model building and
scenario development in support of sustainable development
planning in the Mekong river basin.

Based on analysis of these nexus projects, this paper examines
the barriers and opportunities for integrating quantitative
modeling and qualitative futures thinking, and what that means
for nexus governance and policy-making.

LITERATURE REVIEW

With nexus efforts developing at pace, one of the frontiers for
nexus research is assessing the value of the nexus to support
policy and practice (Ringler et al., 2013; Howells and Rogner,
2014; Gain et al., 2015; Boas et al., 2016; de Strasser et al., 2016;
Gallagher et al., 2016; Grafton et al., 2016; Benson et al., 2017;
Hagemann and Kirschke, 2017; Pahl-Wostl, 2017; Scott, 2017;
Weitz et al., 2017b). Recent reviews suggest that the majority of
nexus research aims to understand or quantify nexus interactions
as opposed to addressing the challenges of policy and governance
(Endo et al., 2017; Albrecht et al., 2018; Dai et al., 2018;
Shannak et al., 2018). Nexus research is often justified with neo-
Malthusian statements and statistics about growing populations,
imminent water shortages, and the need to increase energy and
food production. For example, Endo et al. (2017:21) commence
by stating that “demands for water, energy and food are estimated
to increase by 40, 50, and 35%, respectively by 2030.” Similarly, in
characterizing South Asia, Rasul (2016:15) states that “land, water
and vital ecosystem resources are dwindling, but the population
is growing.” Such precautions set the imperative for analyses that
optimize resource systems and increase efficiency across sectors,
but the underlying assumption is that improved knowledge of
nexus interactions will improve policy-making.

Most nexus projects recognize the need to address future
uncertainty in both analyses and decision-making. For example,
some nexus projects discuss the ways in which climate change
might alter model results (e.g., Khan et al., 2017; Warmink
et al., 2017) or how uncertainty about the accuracy and precision
of particular data leads to instability in parameterization (e.g.,
Herman et al., 2014; Al-Ansari et al., 2015). However, very few
nexus projects have well-developed, transparent processes for
dealing with uncertainty, and assumptions about uncertainty
vary greatly between quantitative modeling and qualitative
futures thinking (Zinn, 2016). The diversity of definitions of,
and assumptions about, uncertainty in nexus research and
practice reflect more general characterizations of uncertainty
across different disciplinary and epistemological traditions. An
oft quoted typology comes from Donald Rumsfeld: known
knowns (what we know we know), known unknowns (what
we know we don’t know), and unknown unknowns (what we
don’t even know we don’t know). Perhaps the most important
distinction within the literature is between risk, the probability
of a particular outcome from a known distribution of outcomes
(Beck, 1996; Polasky et al., 2011), and true uncertainty, which
is fundamentally unquantifiable (Stirling, 2010; Pielke, 2012).
First distinguished by economist Frank Knight, the latter is often
referred to as Knightian uncertainty (e.g., Stirling, 2010), deep

uncertainty (e.g., Maier et al., 2016), or ignorance (e.g., Rayner,
2012). In contrast, risk is often characterized as a relatively
known unknown, especially in quantitative analyses. Statistical
techniques are increasingly able to include unknown error terms
in models, and to test the impacts of those errors (known
unknowns) on the outputs of complex models [examples of these
techniques include sensitivity analyses and mixed modeling with
random effects (Bolker et al., 2009; Albrecht et al., 2018)]. In
other words, the likelihood (risk) of, and difference in, outcomes
associated with any particular future value of a given variable
can be explored mathematically. However, quantification of
risk cannot capture deep uncertainty, since by definition the
likelihood, magnitude, and direction of those uncertainties is
not fully or discretely known in the current moment. Thus,
qualitative futures thinking, in particular scenario processes, are
seen as a promising method that enables the integration of deep
uncertainty into analyses and policy-making.

Uncertainty in Quantitative Modeling at
Nexus
Currently, most nexus research utilizes quantitative modeling
techniques to build knowledge of the dynamics and mechanisms
within water-energy-food systems, to identify potential inflection
points arising from interconnections and dependencies, and
to project the possible outcomes of specific interactions and
decisions (Endo et al., 2017; Kaddoura and El Khatib, 2017;
Albrecht et al., 2018; Dai et al., 2018; Shannak et al., 2018).
For example, coupled systems approaches highlight uncertainty
and change, and focus on leveraging feedback processes to
achieve improvement or difference across multiple components
of systems (Carr et al., 2013; Antle, 2015; Fader et al., 2016).
Gallopín et al. (2001:222) explain the orientating assumption
of coupled systems analyses: “fundamental uncertainty is
introduced both by our limited understanding of human
ecological processes, by the intrinsic indeterminism of complex
dynamic systems, and by myriad human goals.” One key feature
of the coupled systems approach is the need to incorporate
spatial and temporal heterogeneity, but empirical analysis is often
limited by data availability as well as by data quality. For example,
until recently, the costs associated with gathering longitudinal
data on natural systems precluded wide-scale coverage, and
thus the historical record does not extend back very far at
high temporal resolutions and broad spatial scales (Liu et al.,
2007). Analyses therefore often use simulation approaches to
model heterogeneity and probability of change in populations
and systems, approaches that derive from both ecology (Holling,
2004) and theoretical economics (Antle et al., 2014).

Similarly, risk assessments characterizing relationships and
potential feedbacks across system components often use
simulations and statistical models that predict the likelihood of
a specific risk or hazard and its impacts in a given place or on
a given system (Healy et al., 2015; Roberts and Barton, 2015).
Measuring risk often relies on financial valuation of the potential
and actual negative impacts of natural and social phenomena
to help make decisions about costs, benefits, and trade-offs
associated with changes in a system (Daily et al., 2009; Poppy
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et al., 2014; Devineni et al., 2015). Another common quantitative
approach in nexus research, life-cycle analysis (LCA) and
associated flows research, incorporates uncertainty into macro or
aggregate analyses of balance sheets and footprints (Ramaswami
and Chavez, 2013; Blanchard and Fabrycky, 2014; Tilman
and Clark, 2014). Heijungs and Huijbregts (2004) identify the
statistical approaches used in LCA to address data gaps and data
quality issues, which most commonly use frequentist statistics to
determine confidence intervals and sensitivity analyses.

Advancements in various types of simulation and systems
dynamics models have enabled uncertainty to be characterized
in increasingly sophisticated ways. For example, agent-based
modeling and Monte Carlo simulations can characterize impacts
(or effects) of system dynamics even when the adequacy or
accuracy of effect measurements are unknown. These techniques
are able to communicate effect uncertainty not only as a single
probability of occurrence, but also as a range of likelihoods (the
potential risk) that an effect will occur. However, these models
are more limited in their ability to integrate uncertainties that
have not been measured with much precision or consistency,
are inherently difficult to quantify, or are simply unknown. For
example, if there are elements of the system that are qualitative in
nature, such as future political will or technological innovation,
attempts to quantify them in models may be meaningless.
Further, if particular drivers, relationships, or outcomes are
unknown, the very structure of the model produces uncertainty
that cannot be dealt with mathematically. In short, contemporary
and cutting-edge quantitative modeling approaches often used
in nexus analyses are increasingly sophisticated at incorporating
known unknowns, but by definition cannot capture parameters
about which there is deep uncertainty.

Scholars and practitioners are increasingly calling for
processes that engage stakeholders in thinking about the
assumptions, strengths, and limitations of models and how
conceptual and quantitative models fit into nexus governance
and policy-making (see for example, Kumazawa et al., 2017;
Pahl-Wostl, 2017; Bieber et al., 2018).

Uncertainty and Futures Thinking at the
WEF Nexus
Futures thinking offers a distinctively different way of addressing
uncertainty, as compared with the kinds of quantitative analyses
typically used in nexus research. Futures thinking draws on a
range of approaches that explicitly engage with deep uncertainty
and attempt to integrate uncertainty into policy-making in
ways that improve future outcomes. These approaches focus
on current system dynamics and the multiple possible futures
that could emerge from these. In preparing for multiple
futures, futures thinking requires decision-makers to carefully
consider the driving forces, key elements, assumptions, and
even worldviews driving the system of interest, essentially,
all the elements which could change in the future. This
facilitates deep reflection on the current system structure,
including transitions, thresholds, and tipping points, and the
flexibility and capacity needed to deal with and manage
(rather than mitigate and minimize) uncertainty. There is a

growing call for adoption of future-oriented approaches to
complex problems, such as those at the water-energy-food nexus
(e.g., Kelly et al., 2004; Wyborn et al., 2016).

Futures thinking integrates a range of quantitative and
qualitative approaches, including data mining (examining large
data sets to identify trends), Delphi method (the questioning of
expert panels), backcasting (where one future is envisioned and
then traced backwards to the present (Boulding and Boulding,
1995), and visioning (imagining the ideal future). However,
scenario planning is often regarded as the cornerstone of futures
thinking due to its explicit focus on a range of plausible futures
(Kelly et al., 2004). In scenario planning, a range of possible
future situations are identified, highlighting the interactions
between forces and elements in a system (Amer et al., 2013). In
general, requirements for scenarios are that they are internally
coherent, plausible, and fundamentally distinct from one another
(Kelly et al., 2004). Typically the number of scenarios ranges from
2 to 6, and they can be normative (identifying a desired future) or
descriptive (Bezold, 2009). A common approach is to consider
archetypal scenarios, for example continued growth, collapse,
steady state, and transformation (Dator, 2009).

A key theme of futures thinking is that the future is not
deterministic; it takes as a central tenet that there is no one
future that can be predicted, hence the focus on multiple futures
(Kuosa, 2010). The goal of futures thinking is not to forecast the
future, but to foster flexible and innovative thinking, or “stretch
the strategist’s imagination” (Bezold, 2009:86) by considering
multiple possibilities. In this sense, it is more about stimulating
a certain type of thinking and capacity than it is seeking concrete
answers about what the future will look like. Thus, a key tenet
of futures thinking is an engagement with and attention to
uncertainty, including building mechanisms and capacities for
adapting to change in the face of true surprises. For example,
while scenario planning may integrate quantitative information,
futures thinking does not ultimately quantify uncertainty or
treated it as a risk or probability (Raskin et al., 2014). Instead,
scenarios examine a range of plausible futures based on current
science and on-the-ground knowledge, and then use those
scenarios to develop actions that are robust to uncertainty. As
Inayatullah (2008:6) says, “alternative futures thinking reminds
us that while we cannot predict a particular future accurately,
by focusing on a range of alternatives, we can better prepare for
uncertainty, indeed to some extent, embrace uncertainty.”

A key strength of futures thinking is that it brings uncertainty
to the forefront. In futures thinking approaches, uncertainty
is not minimized or ignored, or necessarily quantified, but
rather used to foster new types of decision making, as well as
new criteria for evaluating decisions. For example, a decision
may be judged based on how reversible, how flexible, how
adaptive, how robust it is, rather than how optimal it is
based on limited existing knowledge (Stirling, 2010). At the
same time, purely qualitative approaches do not realize some
of the key benefits of quantitative modeling. Models and
modern computing power can perform calculations about system
linkages and dynamics that human brains are not capable of.
Furthermore, the probabilistic approach to uncertainty taken by
quantitative models can provide some estimate of the likelihood
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TABLE 1 | A typology of sources of uncertainties and methods to include uncertainty in water-energy-food nexus research and application.

Sources of uncertainty Description of uncertainty Methods for including uncertainty

Conflicting science Different studies or models point to different outcomes (e.g., whether

precipitation will increase or decrease in the Northern Rockies as a result of

climate change)

Scenario thinking

Simulation models (multiple parameterizations)

Data gaps Scientific research that could be pursued but has not yet been conducted (e.g.,

how replacing protein from fish with protein from agriculture will impact water

pollution)

Mechanistic and simulation models

Interpolation and inferential statistics

Biophysical relationships Relationships between organisms and ecosystem processes (e.g., how new

aquatic invasives will impact food webs)

System dynamics models

Production function models?

Species distribution models?

Extreme events Uncertainty about the future likelihood, frequency, intensity, or duration of

extreme events (e.g., flooding or drought)

Scenario thinking

Simulation models of probability of risk

Frequentist statistics

Solutions The efficacy of particular solutions (e.g., how much will pump hydro help us

smooth out variability in renewable energy)

Scenario thinking

Simulation models of system dynamics

Long term impacts The long-term consequences of actions being pursued now (e.g., long-term

water pollution from hydraulic fracturing)

Life-cycle analysis

Sensitivity analysis

Technological What kinds of innovations will be available and when (e.g., advances in battery

technology or sediment transport through dams)

Forecasting

Economic Future prices, investments, and market conditions (e.g., the price of solar or coal) Quantitative and qualitative forecasting models

Sensitivity analysis

Political What policies will be passed or eliminated (e.g., energy or agricultural subsidies,

regulations on water pollution)

Stochastic and Bayesian statistics

Geopolitical What policies and projects other nations will pursue (e.g., dam building in

upstream nations)

Stochastic and Bayesian statistics

Social What the public will think and do (e.g., voting behavior, consumer preferences) Agent-based modeling Stakeholder analysis

Unknown unknowns We do not even know which questions to ask Accepting deep uncertainty

Portions of this typology were generated by graduate students in the UM BRIDGES Food-Energy-Water Nexus course at the University of Montana.

of specific future scenarios, which can help to focus discussion
and possible investments of scarce resources. In some cases,
models results are surprising and point to future trends or risks
that would not otherwise be anticipated.

Integrating Quantitative Modeling and
Futures Thinking to Support Nexus
Governance
If, as Stirling (2015:5) argues, the nexus must “go beyond narrow
risk-based methods of ‘sound scientific’ ‘evidence based policy’
to more fully address uncertainty, ambiguity, and ignorance,”
then nexus research and practice must expand the frameworks
and methods on which it draws. Stirling’s (2015) comparison
of nexus studies analyzes how, within each study, the level of
uncertainty was described as minimal, but comparing across
studies, supposedly certain results differ dramatically. One way
to address the limitations and partiality of most nexus analyses
is to integrate the assumptions and approaches to dealing with
uncertainty that are inherent in any single analytical approach,
quantitative or qualitative. In Table 1 below, we present a
typology summarizing the main sources of uncertainty identified
in the nexus literature, as well as the analytical techniques
typically used to address these uncertainties.

There are three reasons why we argue that integrating
multiple analytic techniques, such as quantitative modeling

and qualitative futures thinking, might produce results
that are more policy-relevant as compared with using any
single approach.

Firstly, mixed methods approaches are needed for analysis of
complex and uncertain social-ecological systems because these
systems are subject to constant, non-linear change. Interestingly,
the two approaches described above, quantitative modeling
and qualitative futures thinking, are rarely used together in
nexus analyses. The divide between quantitative and qualitative
approaches to uncertainty is problematic because it limits
our ability to draw on the different strengths and potential
synergies of these different methods, and ultimately contribute
to the science-policy integration required for effective WEF
governance [as identified by Doll and Romero-Lankao (2016);
Weitz et al. (2017b)]. The role that uncertainty plays in different
epistemological and disciplinary approaches has long been the
subject of discussion by both philosophers of science and applied
researchers (Samuelson, 1963; Schwandt, 1989). Contemporary
theory and research focused on addressing complex sustainability
challenges has begun to address head-on the underpinnings
and manifestations of different conceptualizations of risk,
uncertainty, and future possibility (e.g., Zinn, 2016; Warmink
et al., 2017). An explicit engagement with futures thinking
and with deep uncertainty, which requires acknowledging the
unknowns beyond those that can be dealt with quantitatively
in a model, could begin to address concerns raised by some
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quantitative researchers who worry that discussing uncertainty
will undermine the perceived legitimacy of complex systems
modeling (Doll and Romero-Lankao, 2016). Identifying the types
of uncertainty that can be dealt with in robust ways within
quantitative modeling provides both clarity about the strengths
and clear delineation of the limitations of such modeling
(Uusitalo et al., 2015).

Second, science-policy activities that do not recognize or
address deep uncertainty work against flexible and robust
decision making and introduce new risks. Flexibility and
adaptability are believed to enhance resilience in the face of
change (Armitage et al., 2009). Despite the distinction between
uncertainty and risk made by many scholars, approaches to
uncertainty often blur the line between these two concepts.
Commonly, attempts to incorporate uncertainty involve
reducing it to a probability through quantitative methods like
Bayesian calculus (Maier et al., 2016). As Maier et al. (2016)
explain, approaches to uncertainty often involve considerations
of model inputs, parameters, and structure, all according to
probability distributions: essentially, they engage only with the
known unknowns. However, although the quantitative modeling
frameworks described above have been primarily operationalized
using techniques with limited ability to capture deep uncertainty,
they can be integrated with qualitative approaches that account
for processes that cannot be quantified and unknown unknowns.
For example, coupled systems analyses has engaged with work
on adaptive capacity (Gallopin, 2006; Carpenter and Brock,
2008; Chaffin and Gunderson, 2016), as well as institutional
analyses of collective decision-making (Ostrom, 2009; Koontz
et al., 2015), both of which emphasize mechanisms to address
future uncertainty.

Thirdly, more fully embracing uncertainty can lead to more
democratic and transparent policy processes. The tendency
to quantify, reduce, or ignore uncertainty promotes expert-
driven, top-down, and technocratic solutions (Stirling, 2010)
because of the assumption that uncertainty can be reduced
sufficiently to justify a one-size-fits-all policy solution. At
the same time, scientific uncertainty can be politicized in
ways that stymie policy-making, as is the case in climate
policy, which can increase reluctance to explicitly acknowledge
uncertainties. Thus, the use of science in policy-making is
often influenced by historical, biophysical, social and political
uncertainties—and attitudes toward those uncertainties—more
so than by any objective contribution that science may make
to determine a rational choice (Jamieson, 1996; Cash et al.,
2003; Posner et al., 2016). By keeping uncertainty transparent,
political processes remain just that: deliberative, based on human
judgments, and subject to democratic processes, rather than
dictated by unproblematic “scientific facts” that ignore and
conceal uncertainties.

To examine these assumptions in more depth, we explored the
following research questions:

1. How is uncertainty navigated in applied nexus projects that
work across research and policy-making?

2. How have quantitative modeling and qualitative futures
thinking been integrated?

3. What are some benefits and drawbacks to integrating
quantitative modeling and qualitative futures thinking,
specifically for a policy-making context?

METHODS

We focused this research on applied nexus projects with an on-
the-ground component or proposed policy intervention (and
thus did not include projects that were purely research-oriented).
This choice enabled us to explore how uncertainty and futures
thinking are not just considered in nexus research, but how they
are implemented and enacted (or not) in nexus policy-making.

To identify applied nexus projects, we conducted a Web
of Science search for “water-energy-food nexus” and obtained
∼500 results. We then examined each project to identify applied
projects that clearly linked research to management or policy
interventions. Not surprisingly, most nexus projects research,
theorize, and critique the nexus. We also utilized online searches
to identify additional projects that were not yet in the publication
stage. We identified 12 applied nexus projects and collated
basic information available from project websites in a database.
We contacted all 12 projects and conducted in-depth, semi-
structured interviews with project leads from nine projects in
October 2017. One project consisted of multiple sub-projects,
so two individuals from the organization were interviewed,
resulting in 10 total interviews. We also reviewed relevant project
documents obtained from interviewees.

An interview guide was utilized to ensure comparability across
the interviews. The guide contained specific probes to obtain
additional detail related to how uncertainty was conceptualized
and operationalized. Interviewees were asked about the overall
approach of the project, strengths and weaknesses of their
approach, how the project dealt with uncertainty in current
conditions, how it dealt with future uncertainty, and then
how these concepts were communicated to stakeholders or
participants in decision making contexts (see Appendix 1 for
interview questions). Interviews were recorded and conducted
with approval from the University of Montana Institutional
Review Board. Interviews were then analyzed through an iterative
constant comparative method to learn how different projects
conceptualized and integrated uncertainty and futures thinking
into their work. As part of this process, researchers compared
across projects and engaged with relevant literature throughout
the analysis to build a dialogue between theory and data, and
to examine patterns across the dataset. To protect interviewee
confidentiality, project names were removed and replaced with
pseudonyms (P1–P9). All participants were then provided with
the opportunity to review the results, make corrections, and
identify their project by name if they desired. Thus, some projects
are identified by name below while others remain anonymous.
To provide a sense of the scope, scale, and nexus issues, a table of
reviewed projects has been included (see Appendix 2).

We complement the nine projects examined through
interviews and document analysis with an in-depth case study
of LIVES Cambodia. LIVES Cambodia utilized participatory
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systems dynamics model building and scenario analysis to
develop a nexus analysis of a transboundary landscape on the
Mekong River. This case study contributes rich detail on beliefs
and attitudes toward uncertainty within a project that blends
quantitative modeling and qualitative futures thinking.

Similar to the nine projects describe above, the case study
is examined from the perspective of the project lead (who is
also an author on this paper), who served in the dual role
of colleague-researcher on the project (Sandiford, 2015). The
project lead draws on 15 interviews conducted in December
2017 with project partners using the Most Significant Change
method (Dart and Davies, 2003). Interviewees were asked to
reflect on critical outcomes—for themselves as individuals, for
their organizations, and for the participants—and the barriers
and enabling conditions related to achieving these outcomes.
Using these interviews, project evaluations, and participant
observation, the project lead reflects below on how local project
partners and participants (1) changed their thinking on sources
of uncertainty and how to address these in decision-making
processes, and (2) the benefits and challenges of using both
quantitative modeling and qualitative futures.

RESULTS

Below we examine the results from our research on applied
nexus projects and our analysis of the LIVES Cambodia case
study. We describe how the nine applied nexus projects envision
and operationalize uncertainty, synthesizing findings from in-
depth interviews, as well as project documents and peer-
reviewed articles describing the projects. We then explore the
LIVES Cambodia case study, delving into the opportunities
and challenges that this project faced relative to uncertainty. In
both sections, stakeholder engagement plays a critical role in
navigating uncertainty.

Overview of Applied Nexus Projects
The nine projects we initially investigated are extremely
heterogeneous in scope, scale, and location. Some well-
established, large scale research institutes like the Stockholm
Environment Institute (SEI) and P1 carry out many projects at
the nexus, from transnational and national to basin and sub-basin
scales. Many projects were framed in terms of a basin or region,
but carried out through stakeholder workshops on smaller scales.
For example, the IUCN’sWise-Up to Climate project (henceforth
Wise-Up) works in the Tana basin in Kenya and the Volta basin
in Ghana/Burkina, but often focuses on sites at the community
level. Other younger or more exploratory projects, for example
P8, P4, and the Kitchen Nexus, work only on the regional scale or
only in one location.

The majority of projects dealt with water, energy, and food as
the primary nexus elements of concern, although many privilege
one element over others or take one element as a starting point
to see how the other elements will be impacted. For example, P8
works on redistributed manufacturing of food- they investigated
how re-localizing production of bread and tomato paste would
impact water and energy consumption in food systems.

Some initiatives were framed explicitly in terms of
transdisciplinary research (Ring of Fire, Wise-Up, Northern
Ireland Nexus), or citizen science (P4), and with only one
exception (P2), all had participatory elements wherein
stakeholders helped identify research questions to varying
extents. The initiatives also had variable relationships to
decision-making contexts. For example, in the projects by
SEI and P1, researchers were specifically contracted to help
policy-makers develop national-level plans, and thus were
well-positioned to have an impact on specific decisions. Other
projects were at an earlier stage of the research process, trying
to create a basis for future engagement with decision-makers
(Northern Ireland Nexus, Kitchen Nexus, and P8).

The initiatives also displayed a range of attitudes and
approaches toward modeling. On one end, some projects had no
modeling component (Kitchen Nexus, Northern Ireland Nexus,
P4), and some project leads expressed doubts about the utility
of combining quantitative modeling with narrative scenarios. On
the other end of the spectrum, P2 was based largely around
innovative modeling techniques and integration of different
models in novel ways to support decision making. However,
the majority of initiatives fell somewhere in the middle, using
a quantitative model (or models) as part of a larger process of
engagement. In general, project leads described models as tools,
and not necessarily the main focus of the project. Exemplifying
a typical approach, one project lead explained that, “the model
becomes a boundary object- an object that people can discuss in
more or less neutral terms in order to have discussions about
hard trade-offs, but it’s not the thing.” In general, project leads
described the role of models in decision making in nuanced
ways. As this person stated: “We know that extra information
may not necessarily change decision making. It’s not like decision-
makers around the world have just been waiting for that one
amazing model that’s going to blow everyone’s mind!” Throughout
interviews, project leads described models as tools for creating
dialogue, raising awareness, and bringing current challenges to
the fore. For example, the project lead from SEI explained that,
“They know that water scarcity will be an issue in the future, but
the model shows that one million people will be without water
under X development plan.” In summary, interviewees argued
that models can make general areas of concern more concrete
and tangible.

How Applied Nexus Projects Integrated Uncertainty
These projects dealt with uncertainty in a variety of ways. For
the projects using quantitative models, project leads spoke in
detail about the different kinds of uncertainties in the model.
One recurring challenge was finding sufficient data. For example,
for projects working in the Mekong, Eastern Africa, and the
Nile basin obtaining data was a continual struggle. Project leads
repeatedly referred to the challenges of working in a “data
scarce environment.” For some, lack of data seemed to be the
only type of uncertainty. However, others suggested that lack of
data was just one of the uncertainties at play. In other words,
some projects engage primarily with the known unknowns
(data gaps, etc.), whereas others described multiple sources
of uncertainty, including unknown unknowns. For example, a
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P1 project lead explained that he had worked with Bayesian
analysis, Monte Carlo simulations, and othermethods for dealing
with uncertainty probabilistically, but that these methods were
insufficient. As he put it:

One of the biggest mistakes people make, in every type of modelling

too, is to assume that the past will continue under the same

conditions. This is what you can call structural uncertainty... the

relationship between different drivers is changing, their weight is

changing, or there will be new drivers. So that’s something you have

to open up in people’s brains.

P1 uses various types of quantitative models which are
incorporated into “visioning” processes carried out with
stakeholders. In the P1 approach, stakeholders develop detailed
visions, or pictures of an ideal future. P1 researchers then sit
in on stakeholder discussions, and listen to causal statements-
assumptions about what causes what that may not be directly
related to the vision, yet underpin it. The model is then used
to test these causal assumptions, or “rattle the mental models,”
as project lead explained. For example, if researchers hear
stakeholders make statements like, “irrigation schemes will
result in less poverty,” the model will then be used to test this
assumption. Once these causal assumptions have been tested,
they are presented back to stakeholders who then alter their
development plans to achieve their shared vision. The P1 project
lead explained that, before presenting the model, researchers
worked to set the stage for stakeholders that “what you are about
to see is not the truth.” In this project, the model is used as a tool
to help stakeholders reflect on the assumptions that underpin
their strategies. The project lead said that it was often challenging
for the researchers who produced the model to be this explicit
about the uncertainty.

The most common approach to dealing with uncertainty was
through the use of scenarios. For some projects, the scenario
approach was adopted specifically to highlight uncertainties. For
example, the Northern Ireland Nexus project lead explained,
“I was deliberately trying to create a sense of uncertainty. . . to
be subversive of anyone’s sense of security.” Many projects work
explicitly to help stakeholders think in terms of multiple futures.
For example, the SEI project lead discussed how their approach
deliberately disturbs the conventional notion that there is one
impending future: “The national plans suggest a single future
world of wonderfulness, but what we’re trying to argue is that that
may get derailed. Your wonderful agricultural world may derail
your wonderful energy world.”

One surprising finding from the interviews was that some
projects take distinct approaches to uncertainty in different
work streams. In Ring of Fire, an interviewee explained
that uncertainty is dealt with by creating scenarios; however
the project takes two distinct approaches to creating them.
One is quantitative, based on integrated modeling and deals
with uncertainty through probabilities. In a separate work
stream, they create qualitative scenarios with local stakeholders,
which grapple with all sorts of uncertainties that are difficult
to quantify, for example uncertainties related to changing
population demographics and future legislation. While the two

types of scenarios had not been integrated at the time of the
interview, Ring of Fire planned to incorporate the quantitative
indicators into the qualitative scenarios and then use these
integrated scenarios to engage local government.

Similarly, P8 andWise-Up have distinct biophysical/economic
modeling and socio-political work streams with distinct methods
and treatments of uncertainty. For example, the project lead of
P8 who is a modeler was able to speak to the ways that the
model deals with uncertainty, while acknowledging all of the
types of uncertainty that are unquantifiable, and dealt with more
by his colleagues in the other work streams. Interviewees fromP8,
Wise-Up, and Ring of Fire all expressed that integration between
work streams was sometimes constrained by time and finances,
as well as differing visions and epistemological assumptions
between research teams.

Two of the projects that did not use models utilized different
understandings of uncertainty. In P4 where citizen science is
the focus, the project lead was able to explain how uncertainty
is understood in the community where he works. Community
members talk about variable rainfall as a symptom of political
corruption and changes in the social order in the community: it is
a reflection of the health of the world which is out of balance. For
these community members, uncertainty is a symptom of what
is wrong with society. In this project, uncertainty is addressed
through ethnographic methods- examining how it is understood
by local residents.

How Applied Nexus Projects Engaged Stakeholders

in Thinking About Uncertainty
Since these projects dealt with uncertainty to varying extents
(both explicitly and implicitly), insights on how to communicate
these ideas to stakeholders or use them to facilitate decision
making were also uneven. However, when asked how projects
communicate about uncertainty to stakeholders, a resounding
answer from almost all projects was that this was a two-way
process. Nearly all project leads emphasized that they learned
from participants as much as the opposite. For example, in
Northern Ireland Nexus, stakeholders brought up uncertainties
precipitated by Brexit that had not been previously considered.
P8 project staff learned that exorbitant rent prices in their study
site were amajor uncertainty for future local foodmanufacturing.
In both cases, the project had not considered these sources of
uncertainty before engaging with stakeholders.

Along this line, many project leads emphasized that working
with stakeholders was a sort of ground-truthing for data,
particularly in data-scarce, highly uncertain contexts. As a P1
lead explained, “We ask, how valid do you think these findings
are?” Similarly, the project lead from P4 emphasized that
their participatory iterative approach helps “break down the
assumption that you as an outside researcher make about both the
way the landscape works, and also the aspirations the community
has for it.” Project leads repeatedly emphasized that they learned
from stakeholders with extensive experience in a given context
or sector.

Conversations with project leads also revealed specific,
practical tips for getting stakeholders to think about uncertainty
and communicating the results of complex models. In getting
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people to engage with multiple possible futures, a consistent
concept (expressed in many different ways) was anchoring the
future to something concrete that the participants can relate
to. According to project leaders, anchoring is used to help
stakeholders imagine the future by connecting it to something
that has already happened (a past event) or already exists (a
current policy). This helps futures become more relatable and
tangible for stakeholders. For example, in Northern Ireland
Nexus, the project lead began the scenarios with actual events that
had occurred in the past.

Similarly, SEI sometimes reminds participants of an
unexpected event from the past:

If [participants] are getting stuck on assuming something will

happen that is in fact uncertain- remind about what has happened

in the past there or elsewhere. Wherever they’re stuck, try to give

them an anchor in their own experience that gets them out of that

stuck place.

The project lead illustrated this process using the example of the
fall of the Berlin wall, saying that the day before it happened,
the world was certain it wouldn’t. In other SEI nexus projects,
they embed their scenarios within existing national plans. The
concept is the same- begin with concrete ideas that are in the
participants’ realm of experience, and then gradually become
more imaginative to illustrate multiple plausible futures through
the scenarios.

One consistent recommendation was to be transparent
about assumptions, uncertainties, and sources of data. However,
accompanying this was an emphasis on being judicious
and strategic with the amount of information shared with
stakeholders. As one person explained,

You don’t have to go into the detail. There are just some key things

people need to know to feel comfortable with themodel. . . .they don’t

necessarily need to know how it works, but they really want to know

what’s gone into it, and the key assumptions of that data going

into it.

As another project lead explained, “the modeler gets up there,
with scatter plots and everything, and people’s eyes glaze over.
Even within the research team!” She accompanied this by
emphasizing the importance of participation in workshops and
having stakeholders “present back” to researchers.

Multiple project leads explained that representing uncertainty
numerically or probabilistically was insufficient for most policy
audiences, that those numbers would “lose their nuance in policy
circles.” As one person explained, a probabilistic representation
of uncertainty (i.e., risk) may be well-understood by technical
audiences, but amongst less technical audiences, the high levels of
uncertainty represented in one numbermay be lost in translation.
Said differently, a single, definitive representation of uncertainty
is more vulnerable to political pressure than multiple, qualitative
forms of uncertainty. This is not to say that uncertainties should
never be represented quantitatively, but rather that the way
uncertainty is communicated should be carefully tailored to the
particular audience.

Conversations on communicating about future uncertainty
also surfaced challenges. The most consistent challenge in getting
stakeholders to engage with multiple futures was the mismatch
between scales. Often, politicians think in terms of 5–10 years,
whereas nexus research may be concerned with larger timescales.
A project lead from Ring of Fire illustrated this challenge with a
typical example. The researchers involved in the project wanted
to discuss projections for the year 2100, stakeholders wanted
to focus on 2040, and it was such a conflict, they ended up
doing both.

Another consistent challenge in getting stakeholders to discuss
the future and uncertainty was working in contexts with
immediate, pressing issues. For example, for P2, trying to engage
policymakers in turbulent, war-torn countries in conversations
about the future was a challenge while immediate political unrest
was so prevalent. Similarly, in the P4 project, electricity and
population growth present immediate challenges to decision-
makers: having conversations about long term future is not
always a priority.

Case Study of LIVES Cambodia
The case study location is the Mekong Flooded Forest Landscape
which covers two provinces in northeastern Cambodia, Kratie
and Stung Treng, and Champasak province in Lao PDR
(see Figure 1). Two major mainstem hydropower projects are
underway in the landscape. Hydropower is one of few alternatives
to improve national energy security (RGC, 2016) but the resulting
changes in the Mekong river’s flow, flood regime, fish migration
patterns, and biodiversity from these developments is a risk to
rural livelihoods and food security (MRC, 2017). These risks are
compounded by anticipated changes to monsoon seasons, as well
as changes to overall precipitation and temperature, as a result of
climate change (Loo et al., 2015). Equitable solutions have been
elusive due to differences in local and national priorities (Siciliano
et al., 2015) and complex cultural, political, and historical factors
(Milne and Mahanty, 2015). Most development planning to date
has been sector-specific.

LIVES Cambodia was a 3 years transdisciplinary project
collaboratively designed by a project team that included
individuals from Cambodia’s Ministry of Environment’s National
Council on Sustainable Development; World Wide Fund
for Nature; KnowlEdge, a consultancy firm for participatory
system dynamics modeling; the Royal University of Agriculture
Cambodia, the Royal University of Phnom Penh, the University
of Bergen, and the University of Maryland. The project sought to
demonstrate the value of integrated, cross-sectoral, participatory
nexus analyses and to co-produce new knowledge (Cash
et al., 2006; Berkes, 2009) to support sustainable development
decision making in this landscape using participatory system
dynamicsmodeling (Antunes et al., 2015). Participants, including
provincial departments of national ministries, civil society
representatives, and members of local farming and fishing
communities, were involved in participatory model building
exercises as well as facilitated dialogue on qualitative and
computer simulation scenario outputs (as per Vennix et al., 1996;
Lane, 2008; Antunes et al., 2015) (see Figure 2).
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FIGURE 1 | The LIVES Cambodia study site.

Navigating Uncertainty in a Data-Poor Environment
The LIVES Cambodia model was designed explicitly to produce
descriptions of possible futures (scenarios) potentially stemming
from the convergence of local water-energy-food conflict,
global environmental change, and socioeconomic change in
the Mekong Flooded Forest landscape. System dynamics
modeling creates explanatory models of system structures and
simulates the dynamic interplay between key variables to
explore system behavior over time (Forrester, 1961). Systems
dynamics models have been used extensively for planning under

complexity and uncertainty and look promising for nexus
assessments given their ability to integrate social, economic, and
environmental dimensions into scenarios (Bassi and Gallagher,
2016). The process entails iterative problem identification, system
conceptualization, computer model formulation and validation,
and both qualitative and quantitative scenario analysis.

At the start of the process, team members and participants
assumed the LIVES Cambodia model would fill current data
gaps on mainstem hydropower development risks for national
and local energy security, local fishery sustainability, local food
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FIGURE 2 | LIVES Cambodia participatory modeling exercise.

security and agricultural livelihoods sustainability to predict
future outcomes for policy solutions accurately. One civil
society partner argued that reducing uncertainties through
scientific evidence was “required for policy change.” As the
group built the model, many project team members and
participants started “to realize we don’t have that data” and that
“without the data, it’s hard to make choices.” LIVES Cambodia
aimed to missing long-term data on such variables as fisheries
and land productivity, dolphin birth rates and death rates,
local market prices for rice and fish in part through the
participatory stakeholder process. Dialogue processes helped
to deepen participants understanding of uncertainties and key
data gaps. Key uncertainties revolved around the relationships
between developments (e.g., hydropower) and impacts (e.g., the
availability of fish resources), which future changes to anticipate
(e.g., how climate change might impact the monsoon), and the
efficacy of specific mitigation and adaptation actions. As one
research partner reflected: “We don’t know exactly yet what
we will change...We don’t know exactly what is the policy that
will work.”

Initially, uncertainty was not explicitly discussed in the
stakeholder workshops beyond acknowledging these data gaps
and issues. The main objective communicated to participants
was to identify potential future risks in Kratie and Stung
Treng provinces that could be monitored through 10–12 key
indicators. These indicators would inform policy actions and
investments in formal commune and national development
planning processes. Project team members were reluctant to
raise the question of uncertainty directly with provincial and

community stakeholders. Some team members worried that
an open discussion of uncertainty would further complicate
an already complex project and method that was new to
stakeholders. Others were concerned that final results would
be appear less credible to participants if uncertainty was made
explicit, potentially affecting the policy impact of the project.
Some team members also had concerns about model robustness.
However, uncertainty implicitly played a key role in the project
design through the focus on building and questioning causal
assumptions with the intention of identifying unforeseen risks
due to interplay between WEF nexus elements.

The basic premise, based on previous applications in similar
contexts (Voinov and Brown Gaddis, 2008; Videira et al.,
2010; Kopainsky et al., 2017), was that (1) participatory system
dynamics modeling could identify major structural elements
in the social-ecological system and how these elements might
interact and evolve over time, despite local data scarcity
(Sterman, 2000); and (2) this would be useful to decision
making under uncertainty because of the contribution of
“crowdsourcing” (Backstrand, 2003; Bott and Young, 2012)
accomplished through participatory processes that encouraged
critical thinking about system linkages (Leys and Vanclay, 2011;
Bodin, 2017).

The project focused on scenarios rather than specific policies
because, in this context of multiple and heterogeneous actors,
scenarios provide an aggregated analysis of the different
governance responses that first must be negotiated and agreed
upon before specific policies could be defined and implemented.
Further, training and capacity building was provided to the
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project team to be transparent about the meaning of the model
outcomes, with a specific focus on how the model did not predict
future outcomes but rather produced results that represented one
possible future. As one of the project modelers reflected:

People believe if they invest a lot of money in a model, they believe

that it should accurately predict the future...The [LIVES] project

raised awareness about the how hard it is to predict the future. I

get frustrated with tools that say that they can predict the future

and help policy makers...Donors and policy people want research

to give certainty to policy making but in reality, it is very hard

to prove that a particular intervention is going to work...it seems

like anybody who suggests their data and models can give absolute

certainty is lying..

Thus, a key strategy to help participants engage with the
model was understanding its strengths and limitations, and
predictive abilities given that multiple futures were possible for
the landscape.

Integrating Futures Thinking Into the Deliberative

Process
A notable challenge was developing the scenarios in futures
thinking procedures with provincial administration stakeholders.
For some, the computer software was confusing. Others reported
to local researchers that they felt they were not in a position to
speculate about the future given “the decision [about hydropower
infrastructure placement and design] is not made by them.”

This almost certainly reflects the politically sensitive nature of
the forthcoming hydropower developments approved at central
government level, rather than a lack of capacity to imagine the
future. The project team implemented two strategies to overcome
this barrier. A more intensive engagement with representatives
from fishing and farming communities—both mixing these
participants with provincial administrators and conducting
separate sessions just for community-level actors. The latter
enabled a more grounded, less overtly political discussion of
future trends and potential responses as seen from the local-
level perspective. Secondly, a more “hands on” group modeling
protocol that allowed participants to engage in deeper ways
with scenario development. Finally, the project team synthesized
discussions across both the provincial and community sessions
to develop draft scenarios which were then validated with
stakeholders in final workshops. The final scenarios explored
the ways that different development scenarios would impact
food, water and livelihoods security. The four scenarios are
summarized here:

1) Maintaining the status quo development pathway (no dams);
2) Introducing the two planned hydropower developments,

modeling the impact of the Stung Treng dam and then
subsequently adding the Sambor dam (in order of their likely
completion and operation);

3) Implementing one adaptation strategy in local agricultural
systems focused on intensification of rice production (based
on Cambodia-specific data: Ly et al., 2012, 2016);

4) Implementing an environmental flows mitigation policy in
the planned hydropower projects with the goal of maintaining

flows on the mainstream of the Mekong river [as per
specifications in Babel et al. (2012)].

A common reflection across project team members and
participants points to one factor enabling this outcome. The
participatory system dynamicsmodelingmethodology used often
gave voice and legitimacy to a range of interests, opening up space
for deliberation and engendering a new sharing of information
and perspectives. As one civil society team member claimed:
“participants dared to say anything, their voice is included.”
Local participants initially expressed that they did not have
the education or credentials of national level government and
university participants. But as they engaged in the process,
they “challenged” the assumptions of the model “saying this

variable shouldn’t connect to that one.” As a result, some national
government teammembers realized that they “lack the knowledge
of the reality” of local communities and that local stakeholders
“know more about the landscape, they know with their own
eyes.” The participatory process enabled the group to recognize
the value of local knowledge and integrate that knowledge into
the model to fill data gaps regarding the relationships between
key variables. As one participant commented about the model
building process, “It’s done with people. I think as a planner, this is
really important.”

By the end of the 3 years, there were signs that the project
team and participants were shifting away from a focus on filling
data gaps and waiting for model results toward asking how
the LIVES Cambodia process of participatory model building
and futures thinking itself might contribute to a “better plan,

better future.” Project participants with responsibilities for local
planning and expressed an interest in utilizing the participatory
model building and scenario tools in Commune Investment
Planning, a formal part of developing the next National Strategic
Development Plan (2019–2023). Further, some project team
members came to recognize that uncertainty is not always a
result of lack of information or data gaps. Because data is
politicized in Cambodia, some participants expressed concerns
that others were deliberately withholding information during
the model building process to create uncertainty about the
impacts of hydropower developments on local communities:
“Data holders do not want to share data,” one civil society
project partner claimed. For other team members, the interest
that government partners had displayed throughout the process
provided evidence that policy influence was possible even in
the face of ongoing uncertainties. For example, one civil society
team member who initially expressed frustration at not having
“evidence for advocacy” on hydropower from the model, reflected
later that uncertainty about future actions and solutions could
potentially be tackled in through stakeholder deliberation, saying
“If we introduce integrated planning based on the causal loop
diagrams, all the people sit in the same room and discuss from one
issue to another issue and get consensus for policy implementation.
This way is very effective.”

Ultimately, the deliberative process that drove the model
building and scenario development enabled stakeholder
recommendations to be crafted in the face of uncertainty.
Looking back, some project team members who had initially
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opposed addressing uncertainty explicitly reflected that one
of the key insights from LIVES Cambodia was that planning
for the future often requires thinking about complexity and
uncertainty. One civil society partner compared SWOT
(strengths, weaknesses, opportunities, and threats) analysis
(commonly used in planning processes in the case study
location) to the group systems model building (Causal Loop
Diagrams), saying: “We have been trying to cope with limited local
knowledge by using simple tools—but the CLD shows that even
if it is complicated, it is better. People accepted that SWOT was
simpler, but giving the wrong analysis. CLD is more complex but
reflects the situation better.” In effect, though the original plan
had been to minimize discussions of uncertainty in stakeholder
workshops, the choice of the system dynamics modeling
methodology may have introduced uncertainty by default. New
capacities for dealing with uncertainties were developed through
the engaging with the modeling process, specifically critical
analysis of feedback loops, the possibility of non-linear change,
and the potential for delayed effects in a system’s structure and
evolution. The participatory process created conditions whereby
deep uncertainty could be explored by stakeholders. Discussions
about cause-effect linkages and future scenarios led to more
agreement on where and how to intervene—including clarity on
who has the capacity to intervene. This process also pointed to
a range of possible solutions or development pathways. As this
participant pointed out: “That’s the kind of planning you need.
[...] Not just filling in the template. It gives you flexibility. Though
you know your goal is sustainable development, there are many
ways there. We can identify diverse ways to get there.”

Summary of Results
The nexus case studies demonstrated a range of levels and a
diversity of types of engagement with uncertainty and futures
thinking. For some, uncertainty played a key role in the project
and was intentionally brought into focus for stakeholders. In
these projects, uncertainty was invoked to foster robust decision
making, question causal assumptions, and surface unforeseen
conflicts between nexus elements. In other projects, uncertainty
was more incidental, implied in the research question or
encountered as a challenge to the project as planned. LIVES
Cambodia, a project in the latter category, demonstrates how
projects mixing participatory research, quantitative modeling,
and qualitative futures thinking will often be called to explicitly
address uncertainty in some way. This kind of flexibility and
reflection on development pathways builds the adaptive capacity
needed in the face of deep uncertainty and potential surprises.
We suggest that mixing participatory research, quantitative
modeling, and qualitative futures thinking methods shows
promise in developing such capacity.

DISCUSSION

We set out to understand how nexus projects envision,
operationalize, and navigate uncertainty, specifically in those
cases where nexus research is linked to policy-making contexts.
Through in-depth interviews with project leads from nine
applied nexus projects and a detailed examination of LIVES

Cambodia, we discovered complex, nuanced understandings of
the types of uncertainties that are important, as well as detailed
insights into the opportunities and challenges of engaging
stakeholders in thinking about uncertainty.

Interestingly, interviews with project leads led to more
nuanced discussions of uncertainty than are currently present
in the nexus literature. This may be a result of the focused
nature of academic publishing and the barriers to reflecting
in-depth on the limitations of a particular analyses (especially
the analysis that was employed for the publication). This
finding may also be an artifact of our sampling process, which
focused specifically on nexus projects that bridge science and
policy. For example, while LIVES Cambodia did not set out
to explicitly integrate uncertainty into their project, workshops
with stakeholders raised critical questions about uncertainty that
became an important part of the process. Thus, it is possible that
moving nexus science into policy-making requires confronting
uncertainty in different ways as compared with nexus research
that is more detached from applied contexts.

That said, engaging stakeholders in explicit conversations
about uncertainty is challenging. This is due to the technical
nature of how uncertainty is dealt with and represented in
modeling computations and the challenge of communicating
about that process to a broad audience. But conversations
about uncertainty are also challenging because of a fear that
acknowledging uncertainty will undermine the credibility and
utility of a particular model.

One way out of this conundrum is to utilize qualitative
futures thinking processes, such as scenario planning, to
engage stakeholders in more deliberative, explicit discussions
of uncertainty (either alongside quantitative modeling or
as a separate exercise). Futures thinking processes require
participants to confront uncertainty through a focus on a specific
range of futures, and as a result they question assumptions,
foster flexibility, gain insight into the present, and craft robust
solutions. Of the nexus projects we examined, those with a clear
focus on multiple possible futures discussed various types of
uncertainty more explicitly and in more detail, and emphasized
uncertainties with their stakeholders.

However, models were also utilized in stakeholder processes
to enable critical thinking about uncertainty, system dynamics,
and proposed policies. As models moved into stakeholder
processes, they often played the role of boundary objects
(Midgley, 1992), fostering dialogue about the assumptions about
the system that underlie computations, as well as on the strengths
and weaknesses of specific computational techniques. As was
demonstrated by LIVES Cambodia, engaging stakeholders in the
model building process can also help improve the model to the
extent that local knowledge can be used to address data gaps and
critically evaluate model assumptions. Further, many projects
were usingmodels in participatory processes in which hypotheses
could be tested, evaluated, and revised, through a transparent
and collaborative process. This process required modelers to
develop the skills to engage in critical reflection with the models
that they built (Senge and Sterman, 1992). Project leads found
that while these conversations were challenging, they led to
deeper discussions, more holistic framings of problems, and an
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acceptance of the different types of uncertainties, beyond simple
data gaps, that plague nexus research and governance.

This is the process of knowledge co-production, where
experts and non-experts collaborate to create new knowledge
and catalyze change (Cash et al., 2006; Berkes, 2009; Miller and
Wyborn, 2018). The negotiation, mediation, and deliberation
that comprise co-production can play an important role
in achieving new governance outcomes for collective action
problems characterized by deep uncertainty (Innes and Booher,
2010; Wyborn, 2015). Howarth and Monasterolo (2017) justify
a co-production approach to nexus research precisely because
of complexity, non-linearity, and uncertainty inherent in
such analysis.

Critically, when situated within a participatory process,
quantitative models present a “jumping off” point from which
to initiate discussions about the future. Breaking out of a focus
on present day politics and challenges is one of the difficulties
that needs to be addressed when facilitating conversations about
the future. In such circumstances, a quantitative model that
stretches out to 2030–2050 or beyond can present participants
with a future that “destabilizes” their connection to the present,
and confronts them with medium to long term outcomes that
can be traced back to choices made historically. The model
then provides a tangible boundary object around which to have
a conversation about human agency within a system, and the
various pathways that are available. In these circumstances,
simulation models can be used to test the outcomes of proposed
pathways, or a set of assumptions about how a given set of actions
might lead to particular changes. When the simulations expose a
set of unanticipated consequences or behaviors, the model does
not need to be “right” to be useful, as it shows the possibility for
unforeseen impacts, thereby explicitly demonstrating the nature
of the uncertainties present within nexus governance.

Creating actionable knowledge in this way is an iterative
process that requires diverse points of view at all stages of
research (Pohl, 2005, 2010; Lang et al., 2012). If the goal of nexus
work is to link science and policy, then producing science that
engages in meaningful ways with policy-making requires more
than integrating across quantitative modeling and qualitative
futures thinking. It requires thinking carefully about how science
and policy come together when projects engage stakeholders in
model building and in scenario development, and through both
processes build capacity for making decisions in the context
of uncertainty.

RECOMMENDATIONS

Based on the research described above, we provide the following
recommendations for applied nexus projects:

Embrace transparency—Be sure that all assumptions, key
uncertainties, and data sources in a model or any kind of analyses
are communicated clearly to stakeholders.

Be participatory—Create a process for mutual learning that
values different kinds of knowledge, including expert and local
knowledge. Stakeholders can help validate research findings,

critique and support assumptions made by researchers, and
present new uncertainties that hadn’t been considered.

Envision models as a tool- Encourage participants to value
the model as a boundary object that facilitates discussion
about future possibilities, based on available data and current
assumptions. Models are powerful tools to spark discussion and
raise areas of concern. Discussions about model uncertainty and
limitations can be balanced with an emphasis on the critical role
that models can play in facilitating discussions about the future.

Use scenarios to raise awareness of uncertainty—Craft
scenarios so as to highlight areas of uncertainty that stakeholders
may not have fully considered. Techniques like wind-tunneling
(seeing how a given policy will perform under various scenarios)
can help to fortify a given policy or management plan against
multiple uncertainties. Scenarios also help participants consider
how to build adaptive capacity in the context of deep uncertainty.

Represent uncertainties in ways that work for your audience—
With technical audiences, probabilistic treatments of uncertainty
may be sufficient to communicate uncertainty within a
model. However, with many policy-makers and practitioners, a
probability, or risk, may not be adequate. Simplified, numeric
representations of uncertainty may be more vulnerable to
political pressure and may neglect deeper uncertainty. Instead,
help stakeholders understand the sources and nature of
uncertainty, and encourage critical thinking about the role of
uncertainty in decision-making.
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