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1: Overview

The Food-Energy-Water (FEW) System in the Columbia River Basin: Innovations in Storage
for Sustainability and Resilience
Jennifer C. Adam and the Columbia FEW Team
Project Overview
Natural resource management in the Columbia River Basin hinges on understanding the complex and interdependent
relationships between food, energy and water (FEW). In this Basin (Figure 1), these issues revolve around the
competition for limited surface water resources to sustain irrigated agriculture, hydropower generation, and instream
flow requirements for endangered fish populations. Our team seeks to develop a framework for achieving maximum
co-benefits between FEW sectors to foster sustainability and resilience to future change in the Columbia River Basin.
Using conceptual and biophysical regional models, we are evaluating innovations in technology and institutions
across multiple spatiotemporal scales, and helping develop—with stakeholder input—food, energy, and water storage
management strategies that could reduce current and future competition (or friction points) between FEW sectors.
Why Study the Columbia River Basin?
The Columbia River Basin is one of the most highly managed, large river systems in the U.S., producing more
hydroelectricity than any other river basin in the country. It caters to a diversity of water users with growing demands
for food, energy, and water. However, this Basin is also storage-limited, with enough reservoir capacity to store only
half of the river’s mean annual discharge. Declines in snowpack are also reducing natural storage, making this system
particularly sensitive to warming. As a result, increased tensions between water users, especially in the dry, hot
summer months, can emerge when water availability is limited.
Project Goal
Our goal is to identify and examine effective strategies to co-balance benefits among the food, energy and water
sectors, and increase sustainability and resilience (Box 1) across the integrated FEW system.

Box 1: Working Definitions for Sustainability and Resilience of a Food-Energy-Water (FEW) System
FEW Sustainability: A FEW system is sustainable only if it maintains and enhances environmental health,
economic viability, and social equity within the integrated FEW system, for current and future generations.
FEW Resilience: Resilience is a system property that describes the tendency of a FEW system to maintain structure
and functions following perturbation.

Our Central Hypothesis
We hypothesized that coordinated management of storage systems across the food, energy and water sectors could
increase the sustainability and resilience of the integrated FEW system. Coordination increases effective storage within
the overall system and enhances its capacity to buffer disturbances at multiple spatial and temporal scales.
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Our Approach
We are developing, evaluating, and iteratively applying a framework spanning the continuum from theory (Aim 1) to
practice (Aim 4) to understand FEW interconnections, and to quantify the change affected by innovations across the
FEW sectors.

Figure 1. The distribution of food, energy, and water sectors across the Columbia River Basin. Data sources: crop distribution
(Friedl et al. 2002; USDA CDL 2014); power plant distribution and generation capacity (US EIA 2016); groundwater depletion
boundaries (Hortness and Vidmar 2005; Konikow 2013; USGS 2003); DEM (HydroSHEDS 15-sec DEM data; Lehner and Doll 2004);
dam distribution (Lehner et al. 2011); irrigated area (Ozdogan and Gutman 2008; Siebert 2007; Siebert et al. 2005); population
density (GPWv3; CIESIN-CIAT 2005); solid biomass (includes crop, forest, primary and secondary mill, and urban wood residues)
(Milbrandt 2005); total income and benefit from each household in 2010 (USCB 2011).

 Aim 1 – Problem Definition: Develop a theoretical foundation characterizing our region’s FEW system that is
generalizable to national and global scales.
 Aim 2 – Quantification: Integrate state-of-the-science computational models to capture FEW system
interactions.
 Aim 3 – Innovations: Evaluate technological and institutional innovations to increase sustainability and
resilience of the FEW system using the Aim 2 modeling platforms.
 Aim 4 – Impact: Engage scientists and other FEW experts in the region to develop new strategies to increase
FEW system resilience and remove barriers to the adoption of those strategies.
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The innovations we are assessing include technological changes, as well as innovative institutional practices or
technologies focused on increasing system-wide sustainability and resilience to global change (Figure 2). Our specific
aims are to:

Scenarios of Future Change
To achieve the aims described above, we are exploring a set of scenarios that will be run through the modeling
framework and our STAR (SusTainability And Resilience) Calculator (see Richey et al.’s article). We start by considering
the status quo: what is the situation today regarding competition for resources—friction points—between the FEW
sectors? We then explore external and internal pressures or disturbances, characterizing how the FEW system may
change moving into the future (Box 2). Finally, we are overlaying innovations that target existing and expected friction
points, potentially benefitting the FEW system as a whole (Figure 2).
What This Progress Report Provides
We are completing the third year of an anticipated five-year project. The primary purpose of this 2019 Progress
Report is to share developing insights and progress to date with regional stakeholders, including the Columbia FEW
Advisory Group. Through this we hope to receive input from those knowledgeable about food, energy, and water
concerns in the Columbia River Basin, to inform the remainder of our work under this project and future efforts.
We have organized the articles describing our team’s progress so far into five sections. The first section provides some
of the theoretical underpinnings of a FEW system, including how such a system is defined, and why the research we
have undertaken is relevant. The second section contains articles that look to establish a baseline for the current FEW
system in the Columbia River Basin, including identifying existing friction points. This is followed by a set of articles
in the third section that quantify how different aspects of the FEW system are expected to change in the future,
both in response to global change and autonomous adaptation (Box 2). The fourth section focuses specifically on
the potential solutions to existing and future friction points, including examples of coordinated storage, and both
technological and institutional innovations (Figure 2). We also include articles describing independent but closely
related projects that are part of our collective work to better understand the issues and trade-offs surrounding the
FEW system. Finally, the fifth section includes articles that discuss our team’s efforts to integrate the research and
results described in preceding sections to address and assess the interconnections, synergies and trade-offs between
the food, energy and water sectors, and across social, ecological and economic dimensions of sustainability and
resilience.

Box 2: Types of Change the Food-Energy-Water (FEW) System May Experience in the Future That Were
Considered
1. Global Changes
Climate change; increases in carbon dioxide; land use and land cover (LULC) change; changes in population,
industry, and FEW demands (within-basin and trade outside of the basin).
2. Example Autonomous Changes
Food: irrigation technology/management; planting date; crop variety/mix; double cropping; fallowing.
Energy: increase in non-hydro renewable energy; energy dispatch optimization.
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Water: dam operations; instream flow rules; water rights expansion; tribal adjudication.

Figure 2. Potential innovations identified by our team and our Advisory Group. Orange denotes changes in coordinated storage
management. The two tones of green denote innovations, including institutional (light green) and technological (dark green)
innovations.

For additional information on the Columbia FEW project, please visit:
https://s3.wp.wsu.edu/uploads/sites/1428/2018/01/ColumbiaFEW-full-article.pdf
https://fewstorage.wsu.edu/
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What is a FEW System, and Why Should We Care?
Michael Goldsby
The connections between the food, energy and water sectors means that there are trade-offs to be considered
in managing existing resources. Understanding these trade-offs and their impacts on food, energy and water
security in the Columbia River Basin starts with clearly defining and conceptualizing the integrated foodenergy-water system.
Food, energy, and water sectors are connected in important ways; what affects one sector is likely to have consequences
for the others, resulting in trade-offs between the sectors. For example, increasing agricultural water use may have
impacts on the amount of water available for power generation or municipal usage. Understanding those connections
and the attendant trade-offs will help society more efficiently ensure food, energy, and water security. As a result,
there has been a push to consider food, energy, and water not as three separate yet interconnected systems, but
rather as a single integrated Food-Energy-Water (FEW) system. This integrated approach might help scientists,
managers and broader society understand when management decisions could become lose-lose-lose strategies across
all three sectors (Figure 1).

Figure 1. The interconnections between the food, energy and water sectors have evolved over time. The current integrated
approach is meant to help scientists, managers and broader society identify win-win-win strategies across all three sectors. Figure
developed based on a presentation by Paul Roberts, journalist.

Defining a FEW system is not as easy as coming up with a catchy acronym. A good working definition must be able to:
1) distinguish FEW systems from non-FEW systems,
2) be useful to managers and scientists working in each sector, and
3) be adaptable enough to allow resource managers to make good management decisions within their own
jurisdictions.
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If one simply defines a FEW system as any “system” that manages food, energy, and water, then nearly every living
thing counts. Bears, ducks, and even mosquitoes manage food, energy, and water resources, but they are not what
we would study as FEW systems. Moreover, there is no human endeavor that is not affected by concerns about food,
energy, and water security. As such, there is a temptation when conceptualizing the FEW system to have it include
everything. This presents a problem, because a model of a FEW system that includes everything is neither possible nor
practical. So, an adequate definition of FEW systems must be more specific, and must focus on relevant predictors and
leverage points, while excluding factors that are not that relevant to the core system (see Padowski et al.’s conceptual
mapping article).
Conceptualizing a FEW system faces another difficulty: the study and management of FEW resources tend to be
highly specialized. Hydrologists see FEW difficulties as water issues, agronomists think of FEW in terms of crop yields
and markets, and energy specialists couch the issues around energy production. That by itself is not necessarily bad;

however, for FEW research to be effective, it must be accessible to scientists, managers, and producers from all three
sectors. In other words, the FEW system must be conceptualized generally enough to provide actionable information
to all three sectors, but specialized enough to be of use to each. Our team has the goal of providing a way to measure
the integrated “health” of a FEW system (see Richey et al.’s article), in a way that can easily be translated to terms that
managers in each sector can understand.
Other issues include scale and boundaries. With regard to scale, some scientists and scholars conceive of the FEW
system as a global system encapsulating the food, energy and water sectors throughout the entire world. This
conceptualization is too large to be of use to most resource managers, as it is unlikely that political situations will
allow for the global management of this global FEW system. The study of a FEW system needs to be applicable to
particular resource managers’ area of authority and concern.
With regard to defining the boundaries of a FEW system, some have suggested watersheds, food distribution networks
or power grids. The problem is that those boundaries are rarely co-extensive, so choosing one over the others is
arbitrary at best. Moreover, resource managers and producers rarely have influence over an entire energy grid, food
distribution network, or watershed. If the goal is to provide decision-relevant information to resource managers in an
effort to improve FEW security, efforts to define a FEW system in those ways will fail.
In order to avoid the pitfalls mentioned above, we look for certain traits that make up a FEW system. According to our
understanding, a FEW system must have three traits:
1) There must be specialization in the production and management of the resources. Food producers
produce food, water managers manage water, and the energy sector is likewise focused on energy;
2) Resources in one FEW sector may be traded off with resources in another sector; and
3) Scarcity in one sector has the potential to propagate throughout all three sectors.
This definition is somewhat permissive, but not so permissive as to count bears and ducks. Additionally, this
conceptualization allows for nested and overlapping FEW systems. The Yakima River region is a FEW system as it has
all three traits mentioned above, and it is a FEW system fully contained within the Columbia River Basin FEW system,
which in turn is part of the North American FEW system, which itself is part of the global FEW system (Figure 2). The
strength of this definition is that it allows serious research into the interactions of FEW systems, while still allowing
for meaningful action on the part of resource managers.
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Figure 2. Nested food-energy-water (FEW) systems in the Pacific Northwest.

Preparing for the Decades to Come in the Columbia River Basin: Integrating a Community
Perspective
Christian D. Guzman, Julie C. Padowski and Jennifer E. Givens
The soil, water, ecosystem, and economic resources in the Columbia River Basin are managed by leaders and
institutional organizations representing communities of this region. Innovations aimed at solving the practical
issues across communities help to produce management strategies that enable adaptation to new, uncertain
environmental conditions and encourages cooperation in defining future goals and livelihoods. Social science
perspectives help us understand how communities’ resilience is a central part of the food-energy-water system’s
resilience.
The Great Depression of the 1930s demonstrated how recessions can deeply, persistently, and unevenly disrupt
society through interaction with environmental stresses (water scarcity and soil erosion). While scientific advances,
stabilizing economic policies, and the return to pre-disruption environmental conditions may lead to full recovery of
economic indicators, lived experiences and oral histories remind us that communities are altered in profound ways,
often with long-term implications. With the loss of livelihoods, capital, and community networks comes a breach in
the pre-existing social fabric that recovers in ways different than improved unemployment numbers and reconstruction
rates might suggest.

Figure 1. Wheat farmer with his mules, farming technology commonly used around the time of the Great Depression.
Whitman County, Washington. Photo: Library of Congress, 1941 (https://www.loc.gov/pictures/resource/fsa.8c35303/ and
https://www.loc.gov/pictures/item/2017790210/).
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The Columbia River Basin is projected to experience technological, economic and climatic shifts over the next several
decades; specifically, studies estimate between 0.2°F to 1.0°F (0.1°C to 0.6°C) rise per decade (Mote and Salathé
2010). How will these shifts translate into local impacts that alter existing social structures and dynamics in each
community? What impacts has the rise in temperatures already caused locally, in your community? In your region?
As political, economic and demographic trends continue to evolve, this rise in annual average temperatures, along
with other changing climatic variables, has the capacity to further heighten and intensify particular socio-ecological
interactions.
Similarly, economic advances and technological innovation have led to new ways of distributing goods,
transferring information and investing in institutions that build up, diversify and integrate communities. In the
Columbia River Basin alone, railways, telecommunications and the Clean Water Act have had drastic impacts
on how communities are able to thrive and develop. These innovations were driven by legal and institutional
developments, global market forces and demographic changes, and have had important structural influences
on ideas and processes used to create new technologies, regulations, and incentives (Givens et al. 2018).

Figure 2. Bergevin-Williams and Old Lowden Pipeline and Diversion in Walla Walla, Washington with water rights for some farms
dating back to 1870 (http://www.wwccd.net/district-projects/bwol-pipeline-and-diversion). Irrigators worked with the Walla
Walla Conservation District and Washington Department of Fish and Wildlife to provide improved fish passage and flow to MidColumbia Steelhead, while aiming for a reliable irrigation water delivery system.

In the coming decades, the food, energy and water sectors will develop independently according to specific sectoral
needs. But they will also develop in co-dependent (or competing) and uncertain ways. Whether these developments
occur in directions that have wide-reaching, life-improving benefits or drastic negative effects is of concern not
just for academics, industry leaders or politicians, but also for the communities that plan out their futures among
relatives, neighbors, and school districts. Looking forward and anticipating innovations can help water managers,
farmers, public utilities and other decision-makers in these communities prepare for or take advantage of new
environmental conditions. Innovations are exciting, but may lead to labor market transformations or other disruptive
effects. Greenhouses for instance, have the capacity to provide new compact spaces for diversification of agricultural
production (see Maureira et al.’s greenhouses article). However, the new labor skills needed might shift the composition
of nearby towns. How social systems drive innovations and how they are later impacted by these same patterns is
currently of interest to many social scientists, as we seek to understand the underlying dynamics at hand (see Briscoe
and Givens’ article).
Interdisciplinary studies help to incorporate how stakeholders perceive the food, energy and water sectors,
complementing previously studied system biophysical components. Our team currently works towards this in the
Columbia River Basin’s food-energy-water (FEW) system by asking: Where amongst the intersections of FEW sectors
does friction (competition and conflict) occur? How are these sectors influenced by the next generation of consumers
and producers (e.g, in 2050 or 2100)? And how will that affect those friction points? What key innovations resolve
future friction points between the FEW sectors? For instance, water rights and sharing must comply with supplying
irrigation needs, ecological flow and energy demands, but also function within social structures that often enhance
cooperation rather than competition (Figure 2; Givens et al. 2018).
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This broad collaboration of extension researchers, university scientists, and stakeholders convened to explore
innovations that can be developed with these questions in mind, using both complex, mechanistic models and
simpler system dynamics models to test out scenarios of implementation under current and future conditions. At
the heart of this innovation exploration is storage of the resources the Columbia River Basin social system needs the
most. Ultimately, of central importance is whether these innovations enhance the resilience and sustainability of the
Columbia River Basin as an environmental, economic, and social system. We aim to work towards the discovery of
bold innovations driven by stakeholder insight in order to empower communities who are already at work planning
their futures in these coming decades.
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Who Cares? Bridging Theory to Practice for Food, Energy and Water
Sonia A. Hall, Jennifer C. Adam, Georgine G. Yorgey and Julie C. Padowski
The Columbia Food-Energy-Water (FEW) Project aims to advance basic research while providing value for
managers, practitioners, politicians and other decision-makers. We strive to answer questions inspired by
the FEW-related problems faced by the people of the Basin. The articles in this Progress Report translate
preliminary basic research into practical terms and highlight the potential value of this project to the region
and its decision-makers.
Our project focuses on the Columbia River Basin’s interconnected food-energy-water (FEW) system, spanning
the continuum from theory to practice. The funders, the National Science Foundation and the United States
Department of Agriculture, consider this a “use-inspired basic research” project. That is, the research is focused on
gaining understanding of how the system works, but the focus of that basic research is targeted towards tackling
questions important for decision-making. The questions we address span disciplines and sectors, such that the
research results and associated insights we generate may be of interest and value to a range of different audiences,
from other researchers through to managers, practitioners, politicians and other decision-makers across the food,
energy and water sectors in the Basin. This emphasis underlies other projects team members are involved in within
this geography and topic area, and we have included articles on these independent projects as well (see Hall et
al. and Yorgey et al.’s articles), as they add to our overall understanding of the Columbia River Basin FEW system.

•

•

•

Quantifying expected changes in the Columbia River Basin. Changes include those that are external, such
as climate change (see Hall et al.’s article on the independent Columbia River water supply and demand
Forecast), as well as internal to the system (see Yourek et al.’s article on land use and land cover change,
Maureira et al.’s article on vegetable migration into the region, Mills and McLarty’s article on optimizing
energy systems under current and future conditions, and Rajagopalan et al.’s article on adaptation in the
agricultural sector). We also explore how a change in one sector can interact and affect social, economic or
ecological components of sustainability in other sectors (see Luri and Yoder’s article on the economic value of
storage capacity, Briscoe and Givens’ article on social elements as drivers and outcomes of decisions, Grieger
and Harrison’s article on nitrogen loading in the Yakima River, and Malek and Adam’s article on consequences
and trade-offs of improving irrigation efficiency). These results provide useful scenarios that can inform longterm planning and decisions.
Quantifying the effectiveness of specific technological and institutional innovations. Different models and
technological tools allow us to explore futures or ‘what if’ scenarios before making decisions (see Maureira et
al.’s article on greenhouses, Zhao and Boll’s article on managed aquifer recharge, Wick-Arshack et al.’s article
on minimum insteam flows, and Yorgey et al.’s article on the independent Technology for Trade project), as
well as the consequences those innovations may have on other sectors to the one they are implemented in
(see Cosens’ and Rushi et al.’s articles on the Columbia River Treaty). These results can provide insights to
practitioners considering implementing such innovative technologies, or entities advocating for improved
governance or rules regulating water rights, for example.
Informing policy discussions that foster adoption of technologies or institutional innovations that show
promise for addressing current and future friction points across the food, energy and water sectors, leading to
overall improvements in the FEW system’s sustainability and resilience (see Padowski and Hampton’s article
describing stakeholders’ desired futures, and Richey et al.’s article on the STAR calculator and its use for
comparing innovations’ effects on sustainability and resilience).
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As researchers, we have—and commonly use—a variety of communications mechanisms (e.g. conference
presentations, journal publications) to share our results with the academic community. Some of the contributions
this project is making are particularly suited to academia, and also provide a foundation for more applied aspects
of this same project. In contrast to these academic communications approaches, this Progress Report is meant
to share results and insights gathered so far with regional stakeholders. We therefore highlight some of the
opportunities we see for providing a clearer understanding of the FEW system and its interconnections, friction
points, expected future changes, and strategies that could enhance the system’s overall sustainability and resilience.
We discuss both conceptual advances (see Goldsby’s article on defining a FEW system and its sustainability and
resilience, and Padowski et al.’s article on conceptual mapping across the food, energy and water sectors in the Columbia
River Basin) as well as more applied work, which we envision informing different decision-making processes through:

These are simply examples where we see possible links between the ongoing Columbia FEW research and decisions that
impact how food, energy, and water are managed in the Columbia River Basin (Figure 1). Each article mentioned here
touches on the management, policy- or decision-making implications that we see, and we look forward to deepening
our understanding of these links, as well as exploring additional links that we have not envisioned. Ultimately, we
hope these ongoing research contributions will help enhance the sustainability and resilience of the Columbia River
Basin’s FEW system, and the communities it supports.
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Figure 1. The food, energy and water sectors in the Columbia River Basin are interconnected, as visualized in these
photos. Research and management, therefore, should acknowledge and consider these connections.

2: Our Current Food, Energy
and Water System: What
Friction Points Exist?

How Measuring Community Assets Can Inform Sustainability and Climate Resilience
Daniel Mueller and Season Hoard
Measures of social, human, cultural and political capitals, which capture community traits like social bonds, the
state of the workforce, ability to innovate and political leverage, can help communities identify their strengths
and weaknesses and improve sustainability and climate resilience efforts across the Columbia River Basin.
The traits of any food-energy-water system that contribute to the system’s sustainability and ability to recover from
climate shocks are numerous, including the quantities of available food, water, financial resources, reliable and lowcarbon energy sources, and the responsible management of these resources. Social traits also contribute to a system’s
resilience and sustainability (defined in Adam et al.’s overview article). One way to represent these traits is through
the Community Capitals Framework (CCF). The CCF suggests that seven capitals—social, human, cultural, political,
natural, built, and financial—contribute to a community’s overall well-being or general state of sustainability (Figure
1; Emery and Flora 2006). High stocks of these capitals are generally thought to result in happier, healthier, more
sustainable communities, and they may also be linked to community resilience in the face of extreme weather events
or drastic social or economic transformations, such as those that may result from climate change.

Figure 1. Community Capitals Framework and Capital Summaries. These capitals contribute to a community’s overall well-being
or general state of sustainability.
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When community members pursue efforts to improve the sustainability or resilience within their food-energywater system—through the adoption of innovations like more efficient irrigation techniques or improved resource
management strategies or policies, for example—it is often easier to incorporate economic elements associated with
natural, built, and financial capitals in decision-making, while the social elements associated with social, human,

cultural, and political capitals may be overlooked. This is because quantitative information on the social elements
can be difficult to acquire, and the available qualitative data can be expensive and time-consuming to gather.
As a result, the social elements of the Community Capitals Framework may be missing in assessments of foodenergy-water systems, and this can lead to inaccurate conclusions about the state of the sustainability or
resilience of these systems. After all, a community may have a strong economy, the necessary stocks of natural
resources, and the infrastructure needed to carry out a sustainability or resilience project, but might lack social
trust, strong community networks, political will, or public support, which can undermine the success of the
sustainability project. To address this issue, a research team supported by the Federal Aviation Administration
(FAA) developed the Community Assets and Attributes Model (CAAM), a quantitative model that measures the
social elements of the Community Capitals Framework. We applied this model to the Pacific Northwest by using
several county-level, quantitative indicators that represent social, cultural, human, and political capitals (Figure
2), and are using the results to examine food, energy, and water systems and innovation adoption in the region.

Figure 2. Indicators included in the Community Assets and Attributes Model (CAAM), which measures the social elements of the
Community Capitals Framework.
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To date, this model has been used in the Pacific Northwest to assess ideal siting locations for biorefineries that produce
sustainable aviation biofuel, and we have used interview data to validate the model and improve its accuracy. The
current version of the CAAM can be used to help assess capital stocks within a community (see Figure 3 for an example
using social capital), or it can inform how to engage with community members to develop food-energy-water projects.
For example, stakeholders could use the CAAM to generally assess the stocks of their community’s social, cultural,
human, and political capitals and combine this information with other capital data (natural, built and financial) to
understand potential community resilience to climate shocks. Where there are strong social bonds, political leverage,
innovation and quality of the workforce, combined with economic resources, community members will likely find it
easier to work together to recover from climate shocks and develop strategies to mitigate future catastrophes.

Figure 3. Social capital in the Pacific Northwest, quantified using county-level data on a range of indicators (see list
in Figure 2).
Additionally, in the case of a biorefinery or other sustainability project, the social and political capital data provided
by the CAAM can inform how project leaders approach and interact with community members to build trust and
ensure community engagement in the decision-making process. For example, in a community where the CAAM
indicates weaker social bonds or high levels of internal mistrust, project leaders would need to expend more effort
to reach out to community members. The cultural and human capitals data can help assess whether or not the
community has an adequate workforce to complete and maintain the project.
The CAAM therefore serves as an effective tool for stakeholders and community decision-makers, granting them quick
and efficient access to social data that can be used to assess important community traits that directly and indirectly
contribute to the sustainability and resilience of their food-energy-water system. If stakeholders and community
members fully access and utilize all the relevant social and economic information to assess the sustainability and
resilience of a food-energy-water system, they are more likely to develop a fuller and more accurate understanding
of the state of the system and can make better-informed decisions on issues related to sustainability and climate
resilience within their communities.
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A Vulnerability Analysis for the Columbia River Basin’s Food-Energy-Water System
Paris Edwards
The future of water and thus food and energy production in the Columbia River Basin is uncertain. Changes to
water resources will not have equal impact across food, energy and water sectors. We mapped hydrologic and
socio-economic vulnerability to changes in water resources across the Basin, a product that can help decisionmakers think ahead and take action with the most sensitive subbasins in mind.

Figure 1. Map of variance weighted vulnerability hotspots. Red coloring and crosshatching indicate overlapping vulnerabilities.

Water systems across the Columbia River Basin sustain crops, livestock, ecosystems, people and power production.
These highly managed, interconnected networks of rivers, reservoirs, canals, and pipelines are economic mainstays
for the region, and play a foundational role in food and energy security and sustaining natural resource livelihoods.
However, climate change has begun to challenge water resources by increasing temperatures, decreasing snowpack,
and altering the timing and amount of available water (Mote et al. 2005; Regonda et al. 2005; Nolin and Daly, 2006).
Current water management systems are designed around historical norms and trends that are rapidly becoming
outdated, due to increasing climate variability and uncertainty about future resources. We now have to reconsider
how best to plan around and adapt to expected change in order to reduce and avoid negative consequences to the
overall food-energy-water (FEW) system and to community well-being.

To carry out our analysis, we engaged with regional water managers to develop a suite of Basin-relevant social and
physical variables indicative of sensitivity to increased water scarcity (Tables 1 and 2). We mapped the results to get
a clearer view of subbasins that may be more vulnerable to climate change impacts on water resources (Figure 1).
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Adaptation planning is largely about anticipating future needs in balance with expected change. We recognize that
appropriate adaptation strategies to address changes in water resources are specific to a particular place and influenced
by many factors, including hydrology and socio-economics. For example, adaptation plans that are appropriate for a
rural, agricultural community in the arid eastern portion of the Columbia River Basin should be different from plans
for a densely populated, urban community on the wetter west side of the Basin. Our study highlights these social
and physical particularities across 144 subbasins in Oregon, Idaho and Washington to improve our understanding of
relative vulnerability to water loss at a management-ready scale. The results provide a jumping off point for future,
community-scale research and adaptation planning.

Table 1. Social vulnerability indicators.

This approach allows for readily viewing geographic patterns of vulnerability, and identifying “hotspots” of overlapping
social and hydrologic vulnerability. We argue that vulnerability hotspots, in particular, may benefit from targeted
adaptation resources, such as further study of on-the-ground vulnerabilities, and exploration of community-specific
needs.
To determine vulnerability, we compare two simple methods: the equal weighting method and the variance weighting
method. Both methods assign a score between 0 and 1 for each vulnerability indicator. These scores are summed to
provide a final score for each subbasin and standardized for the sake of comparison. The equal weighting method
assumes all indicators contribute equally to the overall vulnerability score, while the variance weighting method uses
a statistical approach called a Principle Components Analysis (PCA) that groups the strongest indicators of vulnerability
in order of importance. Instead of assuming each indicator contributes equally to vulnerability (e.g. poverty is as
important as education), the PCA allows us to assign a specific, numerical amount of importance to each indicator
before summing.
Our findings suggest that, of the social variables considered (Table 1), age, poverty and household composition
strongly influence overall social vulnerability across the Basin. Additionally, we find that the greatest concentration
of highly vulnerable subbasins are located in southern Idaho along the Snake River Plain (Figure 1). We also find
that social vulnerability associated with economic dependence on natural resources is most common among rural
subbasins, while urban subbasins are more commonly influenced by minority status. The results of our hydrologic
vulnerability analysis show similar geographic patterns, with a concentration of highly vulnerable subbasins clustered
in eastern Oregon and southeastern Idaho. A high dependence on irrigated agriculture and a dominance of “at-risk
snow” elevation ranges strongly influence hydrologic vulnerability in these areas.
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Potential “hotspots” of vulnerability are found in subbasins where high social and hydrologic vulnerability coexist. These hotspots were identified throughout southern Idaho, in eastern Oregon, and in central Washington.

Table 2. Hydrologic vulnerability indicators.

Two standout subbasins, American Falls and Portneuf in southeastern Idaho, show high overlapping social and
physical vulnerability scores across both of our comparative methods. These subbasins are home to two of the state’s
largest population centers, intensive agricultural production, small-scale power production, and the Fort Hall Native
American Reservation. This overlap of social and hydrologic vulnerability suggests the possibility of lower potential
social capacity to adapt, coupled with higher potential likelihood of water loss and increased variability.
As the Columbia River Basin’s climate changes and FEW resources change with it, some subbasin communities will
be affected more than others. The importance of moving forward with localized adaptation planning cannot be overemphasized. Our vulnerability map can help communities and their leaders be better informed and more nimble in
their efforts to think ahead and take action with the most sensitive subbasins and their communities in mind.
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Managing For Whom? Social Well-Being and the Food-Energy-Water System of the
Columbia River Basin
Michael Briscoe and Jennifer E. Givens
Availability of new, large datasets has expanded possibilities for research in socio-ecological systems and, along
with focus groups of stakeholders, can help inform which aspects of the food-energy-water (FEW) system are
most important for driving resource use and influencing sustainable outcomes, both in general and for specific
groups and contexts.
Whenever we discuss sustainability or resilience, we need to ask “sustainability (or resilience) for whom?” Building
resilience or sustainability for some is a lackluster achievement if it comes at the expense of other users, specific
groups within society, or society in general. Research also often conceptualizes biophysical systems and social systems
as distinct and disconnected, and focuses on separate parts rather than how these parts fit together as a connected
system. Recently, researchers and managers have begun to frame social and biophysical systems as connected socioecological systems. With this approach, it is evident that social variables are both outcomes and drivers in socioecological systems (Givens et al. 2018), and that natural resource decisions are tied to social well-being.

Figure 1. Inside Rocky Reach Dam, one of the Columbia River dams that facilitated economic expansion and inexpensive power,
yet also impact salmon populations.

Social Outcomes
Whether discussed explicitly or not, natural resource management decisions almost always impact society in complex
ways. Sometimes natural resource industries can have negative impacts on communities, as with the boom and bust
cycles of energy towns (Freudenburg 1984), where the increased depression, suicide, delinquency, mental disorders,
and other social problems that came to energy boomtowns were characterized as “Gillette Syndrome” (Smith et al.
2001). However, research shows that in some contexts towns can recover after boom periods subside.
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On the other hand, natural resource development can have positive social impacts as well. Some communities actively
seek industries for the economic development they can bring, even knowing they are environmentally damaging. This
could apply to the Columbia River Basin when the dams were built in the 1930s and beyond, facilitating economic
expansion in the Pacific Northwest and providing inexpensive power (Figure 1). Governments and managers now
must grapple with the impacts of dams on salmon. Native American tribes, which relied on salmon populations, are
losing both a source of food and cultural heritage. Furthermore, in some cases their burial grounds were flooded by
newly created reservoirs before they could move the individuals buried there, a loss mourned by both the tribes and
archeologists and anthropologists.

In addition to the Columbia River Basin’s abundant hydropower and expansive river system, the region is also important
for its food production. The major agricultural products for the region include wheat, potatoes, apples, pears, and
dairy (USDA 2019). Farms and the production methods they employ can have far-reaching community impacts, both
positive and negative. Local food can promote social interaction, and keep money within communities, but some
forms of intensive food production can have detrimental economic impacts and create pollution that has negative
impacts on health and quality of life of local residents.
Social Drivers
Communities can shape natural resource use and production. Sociologists developed the IPAT equation (Impact
= Population, Affluence, and Technology) that gives a general starting point for conceptualizing social drivers of
environmental outcomes (York et al. 2003). How these different factors work and impact environmental outcomes
varies by context, and requires additional research to understand their nuances. Adaptive governance and adaptive
management are approaches to natural resource management that take these different contexts into consideration
by bringing local people and organizations into the governance and resource management processes, and building
resilience as more community members become involved in management and are able to better respond to
uncertainties and shocks to the system (Chaffin et al. 2014). As stakeholders are actively included in the research
process through focus group interviews, they can help identify important social drivers that warrant further analysis,
and help identify social outcomes that are impacted by decisions within the food-energy-water system and that could
be incorporated into management planning.
Moving Forward
Existing efforts that incorporate social elements into food, energy and water research tend to focus on the microscale, looking at specific communities or case studies. This research is valuable, but may not be applicable to other
communities or managers making resource decisions. The new availability of large datasets may help address these and
other challenges in socio-ecological systems research. Our research strives to use “big data” to identify generalizable
patterns across contexts, while also keeping the unit size small enough to see patterns at local levels. We are beginning
to use such data to analyze relationships between social well-being, food, energy, and water consumption, production
and management indicators at the county level. Our analyses of these data are intended to reveal patterns in both
the social outcomes of natural resource use decisions and the social factors that drive such decisions. Through focus
group interviews, stakeholders and community members can help identify key variables, and provide context and
greater understanding of what these patterns mean in practice for resource managers and for the well-being of local
areas.
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Understanding Interactions Between Food Production, Water Management and Water
Quality in the Yakima River Basin
Sammi Grieger and John Harrison
In water-stressed, intensively managed agricultural valleys like the Yakima River Basin, sustainably managing
food production systems and aquatic ecosystems requires an understanding of the relationships between water
flows and nutrient fluxes over multiple decades. Our work aims to further develop this understanding through
analysis and synthesis of historical data.
Understanding trade-offs between the food, energy and water sectors and environmental quality in the Yakima River
Basin is important in developing future management that sustains and preserves FEW resources. Focusing on tradeoffs between the Yakima’s food and water sectors is especially meaningful, as the Basin leads Washington State in
orchard and milk production, and is the nation’s largest producer of apples, cherries and hops (USDA 2017). Fruit, corn
and other high-value crops grown in the Yakima Basin require a consistent water supply in order to meet agricultural
demands, meaning over 180,000 hectares are irrigated annually (Vano et al. 2010). The main source of water to
support irrigation demands in the Yakima Basin is surface water diverted from the Yakima River. This surface water
comes mostly from snowmelt in the spring and early summer, and five primary storage reservoirs in the mountains
store 30% of the Basin’s annual runoff, helping to provide water for downstream irrigation when needed later in the
growing season (USBR 2002).
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Over the past century, the Yakima Basin has seen rapid increases in population (Figure 1) and agricultural intensification.
Agricultural and urban activities are significant sources of nutrients, such as nitrogen (N) and phosphorus (P), which
can enter waterways via runoff and potentially harm water quality (Figure 2). Inputs of N and P have been increasing
in the Yakima watershed (Figure 3), and elevated levels of N and P have been measured in surface waters and
groundwater. For example, an assessment by federal, state, and local agencies found that over 2,000 people obtain
water from wells with N concentrations above the Environmental Protection Agency’s drinking water standard (10mg
NO3-N/L) (WSDE, 2010), initiating further assessments of N in groundwater in the lower Yakima (Bahr et al. 2018).
Average N and P concentrations in the Yakima River are enriched relative to unpolluted surface waters.

Figure 1. Total populations of Benton, Kittitas, & Yakima counties from 1970 to 2010. Data from U.S. Census Bureau.

In addition to water quality concerns, the Yakima faces water supply concerns. The Yakima water system has been
over-appropriated, and particularly during dry years, some water rights holders do not receive their full allotments
(ECONorthwest 2017). Strains on water supply for irrigation needs highlight potential friction points between
agricultural water use and water quality. As water is diverted from the river for irrigation, less water is available to
dilute incoming N or P from agriculture runoff. Similarly, if irrigation needs increase, the amount of pollutants entering
the river via return flows could increase, risking water quality degradation. In light of the emerging stresses on water
resources and potential trade-offs between agricultural water use and water quality in the Yakima, it is important to
understand how water management influences instream flows, and N and P fluxes in the watershed. Understanding
how past management decisions have influenced nutrient fluxes is necessary for managers to find a balance between
maintaining agricultural operations and sustaining ecosystem functions.

We are analyzing and synthesizing records of water flow and nutrient loads in the Yakima Basin watershed to investigate
interactions between water flow and N and P exports. To better understand historical nutrient management, we are
using county-level U.S. Department of Agriculture Census and fertilizer sales data to estimate annual N and P inputs
to the Basin. Agricultural nutrient inputs from fertilizer application have increased over 80-fold (N) and 10-fold (P)
since 1945 (Figure 3). Nutrients from manure and livestock operations have increased as well, albeit not as rapidly as
fertilizer loads. Interestingly, increasing nutrient inputs have not been accompanied by comparable rapid increases in
river nutrient exports. A long-term dataset of daily nitrate and phosphate loads at Kiona, a site close to the mouth of
the Yakima River, shows no clear trend in river loads over time (Figure 4).
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Figure 2. Diagram of the Yakima River Basin, describing the major sources of nutrients to the Basin from human and natural
activities across the watershed. Diagram includes the five major storage reservoirs located in the upper Yakima, the Yakima
and Naches rivers, as well as Kiona, a gage station on the lower Yakima River where long-term nutrient data is from. Inputs
of nutrients, such as nitrogen (N) or phosphorus (P), shown are: atmospheric nitrogen deposition, natural biological nitrogen
fixation, agricultural nitrogen fixation from crops such as legumes, fertilizer application (both agricultural and urban), livestock
operations, emissions from urban activities, and point source inputs from waste water treatment plants, septic waste or runoff.
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Figure 3. Annual inputs of A) nitrogen (N) and B) phosphorus (P) for the Yakima Basin from 1945 to 2012. Blue line represents total
inputs, pink line represents inputs from manure, and yellow line represents inputs from fertilizer. Data from U.S. Department of
Agriculture, Alexander and Smith (1990), Ruddy et al. (2006), and Brakebill and Gronbery (2017).

Figure 4. Historical daily loads (kg/day) of A) nitrate (NO3-) and B) phosphate (PO43-) in the Yakima River at Kiona. Data from USGS
(2018) and WSDE (2018).

This apparent lag between trends in Basin nutrient inputs and river nutrient exports over the last 70 years raises
questions about the fate of the “missing” N and P, such as:
1) Where has it gone? Is it accumulating in the soil or groundwater, or in the case of N, it is being lost to
the atmosphere (i.e. denitrified) via microbial activity?
2) Is this apparent imbalance likely to continue, or if N and P are accumulating, will it eventually begin
leaking into surface waters at greater rates?
3) Are there ways—for example, by manipulating reservoir water releases—we can manage water and
nutrients so as to mitigate current or potential water quality problems associated with agricultural
intensification in the Basin?
These are the questions we are looking to answer. Understanding the drivers of nutrient loading may help identify
management strategies to ease the challenge the Yakima Basin is facing, to preserve water quality while simultaneously
adapting to a changing climate and its growing agricultural economy. Insights from the Yakima Basin may also inform
a broader understanding of stresses and trade-offs facing FEW systems in arid, agricultural valleys throughout the
American West and beyond.
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Improving Agricultural Nitrogen Use Efficiencies from Farm to Regional Scales: Trade-offs
among Food, Energy and Water Sectors
Mingliang Liu, Jennifer C. Adam and Claudio O. Stöckle
Understanding agricultural nitrogen use at multiple scales can help producers choose the right time, location,
and amount of nitrogen to apply, improving nitrogen use efficiency (NUE), and the overall sustainable
management of the food-energy-water system in the Columbia River Basin.
More than half of the world’s food is produced through modern, intensively managed agriculture. Such production
cannot be sustained without using synthetic nitrogen (N) fertilizer. Widespread use of N fertilizer has greatly increased
crop yield in nutrient-deficient soils. However, there are trade-offs. Fertilizer manufacture is an energy-intensive
industry, using about 1.2% of the world’s energy, mostly for N-based fertilizer (International Fertilizer Industry
Association 1998). Agriculture also plays a major role in water pollution: over-fertilization of crops leads to excess N in
the agricultural ecosystem (roughly 50-60%; Conant et al. 2013). N in the form of nitrate (NO3-) can either run off into
rivers and lakes, posing risks of eutrophication and fish kills, or leach into and contaminate groundwater, potentially
polluting drinking water sources. Additionally, N can be transformed to nitrous oxide (N2O), an important greenhouse
gas that is roughly 300 times more potent than carbon dioxide and can also deplete stratospheric ozone (Figure 1).
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Figure 1. Main sources and possible destinations of agricultural nitrogen fertilizer. More detailed descriptions of the nitrogen cycle
in natural and agricultural systems can be found in Chapin et al. (2002) and Vitousek et al. (2013) (SOM: soil organic matter; DON:
dissolved organic nitrogen; NO3- and NH4+: inorganic nitrogen [N] forms available for plant uptake; N2O: a greenhouse gas that
can deplete stratospheric ozone).

Nitrogen use efficiency (NUE) is defined as the ratio of N recovered in harvested products (grains, fruit, etc.) relative
to the N inputs (synthetic fertilizers, manure, symbiotic fixation and atmospheric deposition). Higher NUE implies

that relatively more N is enhancing crop production and less N is leaving the system which causes environmental
degradation. As such, NUE has been used as an important indicator of sustainability (SDSN 2015; Zhang et al. 2015).
In order to increase crop yields to meet our growing population’s needs while protecting the environment, it is critical
to optimize the trade-offs between agricultural N inputs and N exports at multiple spatial scales. It is important to
understand differences between the trade-offs an individual farm or small irrigation district may face and the tradeoffs a state or nation faces. NUE varies significantly among regions and countries due to differences in soil types,
climate, and farming practices, and the cost and benefit of NUE improvement itself also varies depending on
technology and local socio-economic and biophysical conditions. Improved agronomic practices can increase NUE
potential, and therefore change the N input-yield relation, that is, the trade-offs between applying more N and
increasing excess N in the system, as well as the trade-offs between N fertilizer use and increased energy use and
irrigated water demand. This is also known as the N trade-off frontier: obtaining more harvested N with same N input
(Tilman et al. 2002; Mueller et al. 2017) (Figure 2).

Figure 2. Concept of N input-yield relation (N trade-off frontier) under low- and high-level of agronomic practices (adapted from
Mueller et al. 2017). The x-axis shows total N fertilizer use; the y-axis shows total harvested N; the blue and red lines represent
the response curves of harvested N in response to fertilizer use in low-level and high-level agronomic practices, respectively; the
triangles with different slopes represent the response of N yield to N application at specific N application levels for that agronomic
practice.

1) Quantify the patterns of field-scale variations in NUE across different climatic zones, under different farming
practices and crop rotations, as well as its dynamics given year-to-year variations in weather;
2) Quantify the NUE at county and state levels in economic terms, such as income from crop yield and its
relationship to total N input; and
3) Estimate the N budget of agricultural ecosystems under current and projected climate and land use change
scenarios.
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By quantifying the patterns of NUE across the Columbia River Basin we will lay the foundation for efforts to improve
this sustainability metric across our region, and for evaluating the effectiveness of such improvements. Our specific
objectives are to:

We will integrate field observations, survey data, outputs from a watershed-scale, crop growth and nutrient transport
model (MicroBasin) and a macro-scale, coupled hydrological and crop growth model (VIC-CropSyst) (Box 1) to
reconstruct N fluxes between agricultural ecosystems and the atmosphere, N lost through runoff and leaching, and N
harvested in crop yields, as well as the movement of N across landscapes with complex terrains. The MicroBasin
model is targeted at farm-level precision farming practices and focuses on the local topography and soil type effects
on NUE and N. It will be used for case studies and sensitivity analyses in determining how agronomic practices affect
NUE on various hillslopes. Meanwhile, VIC-CropSyst focuses on large-scale patterns and helps in regional decisionmaking processes, and will be used to estimating how NUE can be improved across various climate zones and under
climate change scenarios, and through intra-regional trading. This combination of approaches will allow us to provide
field-validated estimates of NUE across the whole Columbia River Basin under current conditions, and to explore how
a key metric of sustainability varies across the region. It will also allow us to estimate how realistic variations in NUE
could affect the overall sustainability and resilience of the food-energy-water system, as well as allowing us to explore
the potential for improving NUE using current and emerging agricultural technologies and institutional innovations.

Box 1: Approaches That Will be Integrated in This Study
Field observations provide long-term and continuous observations and experiments on N content in soils,
fertilizer N input, N harvested in crop yields, and N leaching at field, station and watershed scales.
Survey data include information on synthetic fertilizer production, crop yield, manure production and
application. These kinds of surveys are mostly being conducted at county and state levels.
The MicroBasin model is a three-dimensional, watershed-level crop growth model in which core plant growth,
management, and soil biogeochemical processes are simulated with CropSyst (Stöckle et al. 1994; Ward et
al. 2018). MicroBasin then simulates water and N transport vertically through the soil profile and horizontally
across the whole watershed.
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The VIC-CropSyst model is a macro-scale hydrological and crop growth model which couples the Variable
Infiltration Capacity (VIC) model and the CropSyst model (Liang et al. 1994, 1996; Malek et al. 2017). The
integrated model calculates a closed water and energy budget over all biome types, and tracks the N fluxes
and the impacts of management practices (e.g. irrigation, fertilization, tillage, grazing, harvest, and rotation)
on cropland and pasture. We are using remotely sensed data (gross and net primary production and
evapotranspiration estimates based on MODIS satellite data) and data from US Geological Survey stream gages
to validate the modeled results.
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Stream Temperature Modeling in the Columbia River Basin
Nigel Pickering
Salmon in the Columbia River Basin are an iconic species that have been treasured by native American tribes
and other people in Washington for decades. Dams for energy generation, irrigation and climate change have
raised stream temperatures to lethal values for salmon. We are developing a river model that will be useful
in determining the best land and river management options for lowering stream temperatures to protect and
promote the survival of the salmon.
Stream temperatures in the Columbia River Basin have been rising slowly since the early 1900s. A relatively recent
evaluation by the Environmental Protection Agency (EPA 2018a) showed about a 4°C (7.2°F) rise in summer stream
temperatures since 1970, with about half attributable to dams and half to climate change. Irrigation and hydroelectric
dams built in the mid-1900s (such as the Grand Coulee Dam, Figure 1), have slowed down the river and expanded
the water surface, both factors that increase stream temperature. Basin modeling research has shown that stream
temperatures have increased and will continue to increase with climate change over the next 70 years (Mantua et al.
2010).

Figure 1. Grand Coulee Dam on the Columbia River (Photo: U.S. Bureau of Reclamation, public domain). Water released through
the left and right power plants is cooler than that released through the third power plant, which could be used to help manage
stream temperatures.

Stream temperature is increasingly a limiting factor to the survival and recovery of many salmonids in the Columbia
River Basin, including salmon and steelhead stocks that are listed under the Endangered Species Act. Returning
adult sockeye salmon were decimated by extremely high temperatures in 2015. The 2015 year may be a harbinger
of a future with more stressful stream temperatures for salmonids, especially during their migration season.
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Are there ways that the Columbia River Basin can be managed to ameliorate these stream temperature increases?
Peak steelhead and fall chinook runs coincide with the highest stream temperatures in the summer (Figure 2). Can the
timing of these high stream temperatures be altered? Migrating fish in the Basin seek out cooler water in the mouth

of tributaries and in the deeper waters of the mainstem. Can we take advantage of this adaptive behavior? Upstream
land use management can have serious effects on downstream habitat and stream temperature (Simenstad et al.
1992). Can land conservation or increased recharge promote cooler baseflows? Prior studies have also indicated
there could be significant cooling far downstream from releases of cool water from deep outlets at Grand Coulee (EPA
1971; Vermeyen 2000). Can we take advantage of this upstream cooler water by changing dam management?

Figure 2. Average stream temperature (°C) at Bonneville Dam (1996-2005) versus fish species count (Keefer, et al., 2008, Marcoe
et al. 2018) showing how stream temperature affects the run timing of adult salmonid species.

The Columbia FEW project represents the ideal environment for evaluating the effect of land and dam management
on stream temperature, but to do that we need an appropriate stream temperature model. Our first step was a review
of the stream temperature literature, including regulatory criteria and standards, data availability, and modeling. The
intent of this review was to identify suitable models to explore stream temperature questions in the Columbia River
Basin, regional data that could be used to calibrate those models, and potential strategies to mitigate the impact of
increasing stream temperature on fish species. We now intend to move on to stream temperature modeling.
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Prior Models
The most comprehensive stream temperature model is the recently-updated RBM10 model (EPA 2001; EPA 2003;
EPA 2018b). This one-dimensional model predicts stream temperature along the river length, ignoring variations in
temperature with depth and width. This model was used to evaluate various river management scenarios (EPA 2018c)
necessary to develop a stream temperature total maximum daily load (TMDL) for the Columbia and Snake Rivers
(Figure 3). When finalized, the TMDL will specify changes in watershed and river management that could achieve
acceptable stream temperature targets. Other candidate models that predict stream temperature with depth are
a multi-layered CE-QUAL-2W water quality model (PSU, 2018) and a two-layered reservoir module (Niemeyer et al.
2018).

Figure 3. Modeled water temperature for the Clearwater River and Snake Rivers (PNNL, 2017), showing how stream temperature
varies with depth.

Existing Data
Stream temperature data have been collected for a long time in the Columbia River Basin. An early assessment of
these data found 110 existing stream temperature gages (McKenzie and Laenen 1998), and data sources are now
more numerous. Recently, the NorWEST Stream Temperature Database (2018) collated these data, providing one
central repository. However, there are still many data gaps, most of the data are from the summer, and many sites
have a short record.
Research Strategies
We plan to update the most recent version of the RBM10 model and investigate adding a simple two-layer component
to allow the prediction of cooler water with depth. We will work closely with the NorWEST data to collate a ten-year
period of good stream temperature to calibrate the model. We can then run the outputs of the Columbia FEW’s
management scenarios and innovations to predict their impacts on stream temperatures. This will allow us to evaluate
how best to manage the land and river system in the Columbia River Basin to enhance the viability of migratory fish
populations in the face of rising stream temperatures.
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Minimum Instream Flows: An Empirical Study of Instream Flow Law and Policy
Adam Wicks-Arshack, Bradley Luff and Barbara Cosens
Minimum instream flows were established late in the process of water allocation by states in the Pacific
Northwest, and the capacity to enforce these flows may become critical to aquatic species as climate change
unfolds. Yet this capacity is limited by the absence of key data on whether minimum flows are met under current
conditions. Our open access, interactive tool will allow users to compare minimum instream flow requirements
to actual flow, evaluate governance approaches, and assess the resilience of subbasins to a changing flow
regime in the Pacific Northwest.
Throughout the Columbia River Basin, water resource departments are increasingly charged with the task of balancing
an ever-growing demand on consumptive, out-of-stream, water uses with a competing mandate to preserve instream
flows for environmental, recreational and aesthetic purposes. However, due to varying approaches to establishment
of instream flows by state governments and a lack of readily available streamflow data, the efficacy of instream flow
requirements is unknown. This lack of readily available information may hamper governmental capacity to modify
instream flow laws to adapt to climate change impacts.
We have attempted to bridge these knowledge gaps, and support decisions by policy-makers, by creating a minimum
instream flow database and interactive mapping tool that compiles streamflow monitoring data, and compares these
flows to every designated minimum instream flow across the Pacific Northwest. In essence, we are creating a publicly
available, quantitative tool for comparing minimum instream flow requirements to actual flow, evaluating governance
approaches, and assessing the resilience of subbasins to a changing flow regime in the Pacific Northwest.
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Figure 1. Screenshot of the interactive mapping tool, comparing flow data to the appropriate minimum instream flows
designated for that location at that time of the year.

The premise of our tool is simple: real-time streamflow data are populated from state or U.S. Geological Survey
streamflow gages, and located on an online map (Figure 1). This online map, which was created using the Shiny
package in R, uses a simple color-coding scheme to indicate whether the measured streamflow is above or below the
designated minimum flow. Minimum instream flows are determined using an array of science-based and non-sciencebased methodologies including baseflow and exceedance flows, instream flow incremental methodology (IFIM), and
aesthetic or recreational needs. Where a minimum instream flow rule or water right does not reference a gage, daily
outputs from the National Oceanic and Atmospheric Agency’s National Water Model are used. However, due to the
inherent inaccuracies of modeled streamflow data (especially at low flows and for smaller tributaries), we explicitly
caution users if they plan to use the modeled data in monitoring or enforcement actions.
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This tool can support both quantitative and qualitative legal analysis. For example, using the online mapping tool,
one can select a stream reach or point of interest and determine whether that stream reach is meeting its designated
minimum instream flow at that point in time. Or, using historical flow data, we can understand the frequency with
which a stream reach does not meet the designated minimum instream flow; and we can identify stream reaches
where expected long-term future changes in flows could lead to new—or exacerbate existing—instream flow
violations, using historical and future predicted flow data. In sum, this presents a novel quantitative tool to help legal
analyses evaluate governance approaches used by states and subbasins, and assess resilience to a changing flow
regime in the face of climate change.

Water Storage and Economic Resilience in a Managed Hydrologic System
Moses Luri and Jonathan Yoder
Water storage impacts a water system’s ability to withstand extreme events and can be an important determinant
of managed hydrologic system resilience. We examine how water storage management can be used to improve a
measure of economic resilience to such extreme events.
Water storage impacts a water system’s ability to withstand extreme events and can be an important determinant of
a managed hydrologic system’s resilience. For example, reservoirs in a river system can help contain floods, or can
store water until needed during droughts (Figure 1). Our area of interest is the economics of resilience. Specifically,
our objective is to examine how water storage management may be used to improve a measure of economic resilience
to hydrologic shocks, such as droughts and floods.

Figure 1. A storage dam on the Columbia River. Storage dams can help contain floods and can store water until needed.
Photo: Sonia A. Hall.

We combined economic theory with methods developed in ecology and water resource engineering to construct a
model that reflects a simple managed water system with inflows that vary from year to year and a maximum storage
capacity. We then use the model to:
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1) Define and characterize resilience in this managed hydrologic system;
2) Identify key relationships between storage capacity, variations in water supply, and the system’s resilience;
and
3) Calculate the economic value of system resilience for a specific model specification.
We started with an important question: what is storage used for? Suppose that storage decisions are made by a
water reservoir or dam manager. Suppose further that the manager stores or releases water from the reservoir in
any given period with the intent to maximize the expected value to users of existing water flows through the system,
over the life of the dam and reservoir, given inter-period variations in inflows. Under these assumptions, the basic
objective leads to a storage rule structurally similar to a well-known income saving and spending rule in economics:
given expectations about future income (future inflows), people will tend to save and borrow (store or release water)
when possible to smooth consumption over time (outflows for use). People tend to save when their income is high
and draw down savings when income is low. In other words, storage is used to minimize the variation in outflows for
consumption and use from one period to the next in order to smooth the expected availability and maintain similar

use of water from one period to the next. The dam manager will therefore tend to increase the amount of water held
in the reservoir from high-water periods with lots of precipitation or a high snowpack, and draw down the water in
the reservoir during droughts.
If storage capacity is huge compare to variation in inflows, the dam manager will be able to store and release water
during high and low water years to allow for perfectly smooth outflows from the dam for use in each year. But if
reservoir capacity is small compared to the variation in inflows, the dam manager will not be able to smooth outflows
completely. For instance, if storage was low because of previous droughts, and another low-water period comes
along, then outflows might be lower than normal. In contrast, a series of high-water periods may lead to a situation
in which there is not enough storage to accommodate as much water for the future, so the dam manager has to let
excess water spill over. In these cases, the value of water is not maximized, because insufficient storage constrains
optimal water allocation and use across periods.
If one or more high-water or low-water years knock the dam manager off their objective, how long would it take for
the dam manager to recover to the desired state of constant (or minimum-variance) outflows following a large inflow
deviation? We defined resilience as the speed with which a system returns to normalcy (i.e. the preferred constant
outflows level), following a single or multiple low-water years.
Preliminary simulations from our model showed that when storage capacity was big relative to inter-annual mean and
variance of runoff, the dam manager could effectively leverage storage to provide smooth optimal outflows over time
(Figure 2). More importantly, the impact of inflow shocks died off relatively quicker when storage was substantially
large (Figure 3). We expect to be able to show that economic value associated with quicker returns (more resilience)
is higher than with slower returns (less resilience).

Our initial results fall in line with some earlier reports from the Great Plains, Rocky Mountains and the arid Southwest:
where water storage was up to 3.8 times the mean annual runoff, storage impacts on river discharge were significantly
greater than other parts of the U.S., where storage was only 25% the mean annual runoff (Graf, 1999). Ultimately, the
ability to achieve resilience in a water system through effective year-to-year storage management would depend on
how large the storage capacity is relative to the within or between years’ distribution of inflows in the system.
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Figure 2. A comparison of variability in outflows for different storage capacity to average runoff (s: µ) ratios.
Variations in outflows was smaller where the storage capacity to average runoff ratio was 125% (orange line), compared to when
the ratio was 25% (blue line).

Figure 3. A comparison of system recovery speeds following a single shock of unit magnitude. The shock approached zero—that is,
the system returned to where it was before the shock—faster when the storage capacity to average runoff ratio was 125% (orange
line), compared to when the ratio was 25% (blue line).
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3: How Are the Food, Energy
and Water Sectors Expected
to Change in the Future?

The Columbia River Forecast: What to Expect of the Columbia River’s Water Supply and
Demand
Sonia A. Hall, Jennifer C. Adam, Georgine G. Yorgey and Jonathan Yoder
The 20-year forecast of future water supply and demand in the Columbia River Basin suggests that seasonal
shifts in both supply and demand could lead to potential shortages both in early spring and late summer. These
periodic forecasts can therefore inform strategic investments in water development and policy discussions on
water use for the benefit of society and the environment. The Columbia River Basin Long Term Water Supply and
Demand Forecast, though not part of the Columbia FEW project, is included in this report because it is relevant
to our understanding of the interconnected food-energy-water system in the Columbia River Basin.
In the Pacific Northwest we have detailed data projections of future climate and its impacts within the region:
warmer temperatures, especially at night, more rain and less snow, drier summers overall, earlier snowmelt and peak
streamflows, more frequent large storms and rainfall events. Yet this information is not sufficient to help people and
organizations in Washington State invest strategically in water development in the Columbia River Basin, for the future
benefit of the society and the environment. Targeted 20-year forecasts (“the Forecast”) of future water supply and
demand across eastern Washington are mandated by the Washington State Legislature, with updates required every
five years. To accomplish this mandate, the Office of Columbia River within the Washington Department of Ecology
has partnered with Washington State University, the State of Washington Water Research Center, and collaborators to
complete the Forecasts for 2011 and 2016. Planning is currently underway for the 2021 Forecast.
At the core of the 2016 Forecast was an integrated biophysical model that allowed the Forecast team to quantify water
supplies at the watershed level for instream and out-of-stream uses. This includes estimating how much water would
be needed to support agricultural production (see description in Rushi et al.’s article), municipal water use, water
for hydroelectric power production, and instream flow requirements within watersheds. By running the biophysical
model with historical climate data (1981-2011), and rerunning the model with climate projections for the decade
centered on 2035 (2020-2050), the Forecast quantifies how water supply and demand will likely change over the next
20 years.
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The 2016 Forecast estimates that the water supply of the Columbia River at Bonneville Dam will increase by an
average of 15% (plus or minus 8%) by 2035 (Figure 1). This increase includes a 31% increase in the spring counteracting
a 10% decrease during the late irrigation season. The reasons for this change? Warming results in less precipitation
falling as snow and more as rain, an earlier snowmelt leads to earlier peak streamflows, and springs are generally
projected to become wetter.

Figure 1. Historical and forecast (2035) water supply and agricultural water demand for the Columbia River Basin. These are
results from the 2016 Long-Term Water Supply and Demand Forecast, reproduced from the associated outreach materials (https://
fortress.wa.gov/ecy/publications/SummaryPages/1612005.html). Note that the agricultural water demand occurs from March
through October, while the water supply is for the whole year, from November through October of the next year. Though water
supply is significantly larger than demand across the whole Basin, timing of availability, difference among subbasins, and other
demands for water—including instream needs—determine that shortages occur in the Columbia River Basin.

How will all these changes impact efforts to balance demands for water across different sectors? Water diverted for
irrigated agriculture is the main out-of-stream water use in the region. Our integrated modeling suggested that, on
average, agricultural water demand is expected to decrease 5% (plus or minus 1%) by 2035, and possibly more if the
trend toward more water-efficient crops seen in the recent past accelerates (Figure 2). This decrease is the net effect
of an increase in spring demand, and a decrease later in the season, on the same extent of irrigated cropland (Figure
1). These changes are partially due to warmer temperatures that would allow earlier planting of crops, accelerating
their growth and leading to a shorter growing season.

Figure 2. Vineyards in Red Mountain, Washington. Washington is seeing increased acreage dedicated to water efficient crops like
grapes. Photo: Washington State Department of Ecology, under CC BY-NC 2.0.

There are some important caveats to keep in mind. In addition to assuming that the amount of irrigated land remains
unchanged, and that the current trend toward more water-efficient crops will continue through 2035, the model
does not quantify what would happen as earlier and shorter crop cycles allow more farmers to plant longer-season
varieties, double-crop their fields, or trade the conserved water. Back-of-the-envelope calculations suggest that an
increase in double-cropped acreage could change this projected reduction in water demand to an increase in water
needed by 2035. Better understanding the potential impact of double-cropping on agricultural water demand is a
priority for the 2021 Forecast.

The 2016 Forecast results focus on surface water only. However, water availability and use of groundwater is often
connected. For example, groundwater in the Odessa Subbasin is used to irrigate agricultural lands in four counties.
Groundwater provides a critical emergency response resource during drought in many areas. A focused review of
declining groundwater in select areas in the 2016 Forecast documented widespread water-level declines and a
reduction in stream baseflows. In addition, the Whatcom County vs. Hirst et al. decision has placed new requirements
on future private domestic water development to limit the impact that new permit-exempt wells might have on surface
water supplies (though those requirements have since changed; see SB 6091). Efforts to integrate groundwater into
the Forecast will therefore continue through 2021.
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The Forecast results also indicate a trend toward less water security for some water-right holders in the spring, with
a decrease in water interruptions later in the irrigation season at some locations and under some future climate
scenarios (for example, Figure 3). The vulnerability of agricultural production to future changes in climate will be most
apparent in drought years, which are expected to become more frequent and severe as warming continues.

Figure 3. Modeled historical (1981-2011) and forecast (2035) median curtailment frequency (percentage of years that observe
any amount of curtailment for a particular week) in the Wenatchee River. Curtailment is forecasted using the climate change
scenario that projects changes in temperature and precipitation closest to the middle of all 5 climate change scenarios considered
under each emissions scenario: the “2035 Med” and the “2035 High” values represent supply forecast under IPCC Representative
Concentration Pathways (RCP) 4.5 and 8.5, respectively.

Other priorities for the 2021 Forecast are to quantify the impact of changing patterns in interruption of water to
water right-holders, and to refine calculations of future municipal water demands, given the importance of this
growing sector in the region. These improvements will help strengthen the information provided to the Office of
Columbia River and the Washington State Legislature on water supply and demand by the 2040s, informing strategic
investments in water development, and providing critical information for any policy discussions around water use and
management in the Columbia River Basin.
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Impact of Land-Use and Land-Cover Change on the Food, Energy, and Water Sectors in
the Columbia River Basin
Matthew Yourek, Keyvan Malek, Mingliang Liu, Maoyi Huang, Claudio O. Stöckle, Jan Boll and Jennifer C. Adam
We are using spatial downscaling of global land-use and land-cover change projections and hydrologic model
simulations to explore the ramifications of global socio-economic and climatic changes for the food, energy
and water sectors and their interactions in the Columbia River Basin.
Global-scale changes—economic, sociological, climatological—have important ramifications for local communities.
Land-use and land-cover (LULC) change, one such transformative process, alters the balance of food, energy and
water resources within a basin. We are interested in understanding the future impact of LULC change in the Columbia
River Basin. This requires first understanding how LULC is expected to change, and then exploring the impacts of these
changes on the different sectors.
Future Changes in the Columbia River Basin
The Global Change Assessment Model (GCAM) simulates supply and demand of fuel and agro-forestry commodities
at the national level under a set of standardized greenhouse gas emission scenarios known as representative
concentration pathways (RCPs). In the model, markets in food and fuel determine LULC change. Biofuel is among the
industries expected to benefit from low carbon emission policies (Figure 1). To be meaningful within the Columbia
River Basin, the broad-scale changes in land use for biofuels and other crops must be disaggregated to a finer scale.
Our goal is to apportion Basin-wide LULC change to individual grid cells based on the underlying variability in land and
climate suitability for various types of land use through spatial downscaling.

We have adopted an existing downscaling tool, Demeter, to map the GCAM LULC change predictions onto grid cells
across the Columbia River Basin. Demeter works by disaggregating the LULC change values among grid cells, subject
to user-defined constraints on the intensification or expansion of each land type. Suppose for instance that GCAM
projects an increase in wheat production. Demeter first searches for all grid cells containing wheat and tries to match
the target increase in wheat area by increasing the proportion of wheat in those cells (intensification). The remaining
target increase in area is apportioned among surrounding grid cells where wheat is not currently grown, based on
their suitability for wheat (expansion).
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Figure 1. Biofuel industries, including switchgrass production, are expected to benefit from low carbon emission policies. Photo:
Dennis Pennington, under CC BY-NC-ND 2.0.

Some land-use changes are constrained by regionally relevant factors, so we modified Demeter to incorporate those.
First, we added a constraint based on water rights. Irrigators must acquire a right to irrigate. Therefore, the places of
use of all water rights constrain the expansion of irrigated agriculture. Our second constraint restricts cropland to land
that is suitable for cultivation.
Exploring Impacts
With the downscaled projections of future land-use change in the Columbia River Basin, we modeled resultant
changes in agricultural water demand and crop yield under each scenario using the coupled hydrology-cropping
systems model, VIC-CropSyst, targeting two different research questions:
•
•

What impact would a global carbon policy have on the production of biofuels?
How much does water rights expansion impact irrigation demand?

To answer these questions, we evaluated two emission scenarios, RCP 4.5 (low emissions) and RCP 8.5 (high emissions), and three levels of expanded irrigation (existing, moderate expansion, and full expansion, where “existing”
reflects current water rights extent, “full expansion” considers that all suitable land has a water right, and “moderate
expansion” assumes new water rights supply half of the additional suitable land currently without a right).
Preliminary results suggest that a low-carbon future (RCP 4.5), achieved through aggressive global carbon policies,
would lead to a large increase in acreage for biofuels by 2060 (from a baseline of zero in 2015 to 12,340 km2 [3 million
acres]). By comparison, our results indicate that a high-emissions future (RCP 8.5) would result in 3,250 km2 (800,000
acres) planted to biofuel crops (Figure 2A). We expect biofuels expansion to occur primarily by converting marginal
lands, currently covered by forest and grassland (Figure 2C and D). Nevertheless, GCAM does predict a decrease in
food production acreage (Figure 2B), especially for fruits and vegetables.
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Figure 2. Trends in land use through the end of the 21st century in the Columbia River Basin, showing expected increases in
area dedicated to biofuel production (A), decreases in area for food production (B), and changes in forested (C) and grassland/
shrubland (D) area.

Assuming no changes to water rights, land-use projections suggest there will be about 40,000 km2 (almost 10 million
acres) of irrigated cropland in 2060. A full issuance of water rights to cover all suitable cropland would result in an
increase to 66,800 km2 (16.5 million acres). Under moderate expansion the irrigated area would increase to around
60,000 km2 (see predicted distribution of irrigated area in 2060 in Figure 3).

Figure 3. Projection of total irrigated area in the Columbia River Basin in 2060, when irrigated agricultural lands are constrained
to suitable cropland currently with a water right (A), allowed to expand into 50% of suitable cropland currently without a water
right (B), or to 100% of suitable cropland (C).

Page 45

The reality of global trade in food and fuels means that land-use changes in the Columbia River Basin will be influenced
by overseas markets. Water regulators and land-use planners should be mindful of such factors—both inside and
outside the Basin—that lead to LULC change, such as our modeling captures. But questions remain. In the next phase
we aim to quantify the energy production from biofuels compared to that from hydropower and to calculate the total
irrigation demand under each water right expansion and RCP scenario. The irrigation demand will be compared with
water supply to determine curtailment rates within selected watersheds to give a rough assessment of the feasibility
of each expansion scenario.

Will Washington State Supplement Some of California’s Expected Losses in Vegetable
Production?
Fidel Maureira, Claudio O. Stöckle, Kirti Rajagopalan and Mengqi Zhao
Climate change impacts in California could pose an opportunity for increased vegetable production in
Washington State. Our work explores the implications of such an increase for the food, energy and water
sectors in the Columbia River Basin.
Climate variability and change—rising temperatures, more frequent heat waves, drought, less snowpack, pests and
diseases, wildfires, and the resulting over-use of resources such as groundwater—are creating critical agricultural
production risks for California, the leading vegetable and fruit producing area of the United States. These issues are
projected to get worse in the future. In contrast, climate change-related challenges in the Columbia River Basin are
projected to be less extreme and there is potential for a more favorable climate for certain agricultural products,
providing the Columbia River Basin with relative competitive advantages over California. Can the irrigated areas of
Washington State supplement some of the expected losses in vegetable production in California? The answer is not
clear yet, but we can explore the implications of increasing vegetable production in the Basin, using climate change
projections and models that quantify how regional hydrology and crops would respond to those climatic changes
(Figure 1).

Figure 1. Vegetable production in California will suffer a reduction in total production because of rising temperatures effects on
vegetables and a higher risk of water shortages. In contrast, Washington will show positive conditions in mid-century for growing
crops and good supply of water. Can the irrigated areas of Washington State supplement some of the expected losses in vegetable
production in California? This could be a beginning of new vegetable production in irrigated areas of Washington.
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Although vegetable crops such as potatoes, sweet corn, onions and green beans are important crops in the Columbia
River Basin, there is potential to consider new crops as well. In fact, there is evidence of past production of crops
that are not currently prevalent; for example, tomatoes in the early 1900s (Figure 2). Additionally, some growers
are currently taking the initiative of growing new vegetable crops in response to retailers looking for local sources.
Currently, 7% of the vegetables offered by Walmart are locally produced. An example is the Imperial’s Garden, owned
by a family business located in the Yakima Valley, that produces more than 1,300 acres (526 ha) of asparagus, sweet
corn, peppers, melon and tomatoes, among many other vegetables. They sell to groceries all around the Pacific
Northwest.

Figure 2. Tomato production between apple rows in the Yakima Valley. Photo made digitally available by the Sloan Foundation,
from Favor (1911), with no known copyright restrictions.

But why should we invest effort in understanding what an expansion of vegetable production in Washington State
would mean? Because such changes in agricultural production could increase the water demand for crops and, where
curtailments already point to limited water resources, an extra demand of water can build up to restrictions for other
uses, such as energy generation, navigation, or wildlife.
To understand the implications of a vegetable production expansion, we will evaluate the feasibility of introducing
new, open-field vegetable crops in the irrigated areas of Washington State. The production of open-field vegetables
was considered, as it would keep most of the investments that growers have already made to produce existing crops,
like central pivot systems and tractors. In a parallel article (see Maureira et al.’s greenhouses article) we will evaluate
the implications on water and energy of producing tomatoes under greenhouse conditions. Using an agricultural landuse and CropSyst model, we will evaluate the implications of changes in cropland use, considering both biophysical and
socio-economic drivers of change, such as increasing demands for food by 2050, and more suitable weather conditions
in the region relative to other, out-of-state producers. CropSyst is a crop model developed in WSU during the last 25
years with the ability to predict the biomass and yield given the weather, soil and crop management conditions.
Our proposed steps (Figure 3) include:

Now is the time to better understand how the expansion of vegetable production in Washington State could affect
the reliability of water available for irrigation, or the impacts on agricultural water demand and how that might
affect competing uses of water (for example for energy generation), and what environmental impacts the new crop
production might have. We can also better understand whether innovative storage management, such as managed
aquifer recharge, could affect the trade-offs between FEW sectors. By doing so, we hope to provide decision-makers
across the food, energy and water sectors with better information as they determine if, when, and how to manage for
or around future changes in vegetable production in Washington State.
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1) Simulating the growth, yield, water use, and nitrogen losses of existing crops and proposed new vegetable
crops under current and future climate scenarios;
2) Determining the enterprise production budget for each crop, that estimates the costs and revenues associated with each of the cases simulated in step (1);
3) Estimating the trade-offs between the economic benefits to growers, obtained from step (2), and the environmental impacts, such as greenhouse gas emissions and water use, obtained from step (1);
4) Estimating the optimal change in crop types, considering the trade-offs in step (3) and adding a critical production area constraint: the minimum production of a given vegetable crop needed to justify the establishment of processing plant facilities; and
5) Evaluating the impacts and feedbacks of land-cover change on developing water storage management strategies with our team’s system dynamics model of the food-energy-water (FEW) system (see Zhao and Boll’s
article).

Figure 3. Steps to evaluate the implications in the Basin of changes in cropland use, considering the biophysical and socio-economic
conditions of Washington State.
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Are Efficient Irrigation Technologies a Winning Solution in the Yakima River Basin?
Keyvan Malek and Jennifer C. Adam
Improving the efficiency of irrigation systems has implications for basin-wide agricultural water availability,
energy supply and demand, and the ecology of the river system. Our results suggest that climate change can
exacerbate some of the negative impacts of these improvements. We argue that water rights and infrastructure
control the overall consequences of improvements in irrigation technology, highlighting the importance of
region-specific studies.
Agro-hydrologists—people who study the dynamics of water in agricultural systems—have frequently pointed out that
one farmer’s investment in new, irrigation efficiency technology improves the productivity of investing farmers, while
it can negatively affect other farmers and water-use sectors (see, for example, Grafton et al. 2018). However, questions
remain, as past studies have not explicitly quantified the impacts of new irrigation systems on other sectors. What are
the implications for basin-wide agricultural productivity? How do efficient systems impact the ecological condition
of the basin? How do energy production and demand change as people switch to more efficient systems? Are there
any social implications? And do these productivity, ecological, and social implications change as the climate changes?
In the real world, climate change and improvements in irrigation technology happen simultaneously, but most studies
do not evaluate their compound impacts. Moreover, most of the modeling frameworks used in other studies tend to
simplify significantly the complicated nature of interactions between agricultural and physical processes, water rights,
and the operation of dams and other water infrastructure. We used coupled physically-based modeling frameworks
that mechanistically capture key water, agricultural, and human decision-making processes to quantify the impacts
of investing in efficient irrigation technology on different aspects of the connected food-energy-water (FEW) system
in the Yakima River Basin.

Figure 1. Changes in average streamflow under a changing climate. Note that RCP stands for Representative
Concentration Pathways, which basically indicate different levels of atmospheric CO2. RCP_8.5 shows a stronger
change in climate.

Page 49

We considered eleven different climate scenarios: one historical (1980-2010) and ten future scenarios (20302090). Three irrigation efficiency investment scenarios include a “no action” scenario, which maintains existing
technologies, an “all switched” scenario, which assumes efficient irrigation systems are universally employed, and a
“market-driven” scenario, where efficient technologies are deployed according to individual farmers’ cost-benefit
analyses (for details on the cost-benefit analyses see Malek et al. 2018). This scenario assumed that farmers would
switch to a more efficient system if the calculated benefits were greater than the costs. By evaluating individual costbenefit analyses cell by cell, we created a map representing this third investment scenario. The “market-driven”
scenario describes a moderate trend towards expansion of drip irrigation and center pivot systems in the Yakima River
Basin.

Major findings
When we looked at a variety of metrics of agricultural productivity, ecological processes, and socio-economic factors
across the three irrigation efficiency scenarios, and under historical and projected future climates, we found that:
1) More efficient irrigation increases consumptive use and evaporative loss, and reduces return flows. The U.S.
Bureau of Reclamation estimates that return flows constitute 40% of the Yakima Basin’s total water supply
during the summer.
2) Irrigation demand declines, reducing the diversions for irrigation and offsetting some of the negative
consequences of a reductions in return flows.
3) Although efficient irrigation systems lead to profits for investing farmers, overall impacts of new irrigation
systems for other farmers and water-dependent sectors is negative.
4) The effects of climate change on streamflow is stronger than that of new irrigation technologies. Streamflow
increases during the spring, and decreases during the summer (Figure 1).
5) Hydropower generation declines in the Yakima Basin, as a result of the changing streamflow profile.
6) Basin-wide energy demand in the agricultural sector falls due to lower water demand and expansion of
energy-efficient systems (e.g., LEPA and drip irrigation).  
7) Positive and negative consequences are not proportionally shared among all stakeholders. Our analysis of
efficient irrigation systems found that the economics of the agricultural sector improve (Figure 2), while there
are adverse effects for fishing and hydropower generation. Also, the number of workers employed in the
agriculture sector declines, which might have social consequences as well. Therefore, we expect there will be
winners and losers, which further socio-economic analyses should explore.

Figure 2. Improved economics of the agricultural sector with investment in more efficient irrigation technology. CC
stands for climatic condition, and CC_1 to CC_6 are consistent with climatic condition in 2020s to 2080s decades.
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Concluding Remarks
It is almost impossible to generalize our findings, simply because they are controlled by factors, such as the structure
of water rights and reservoir systems, that are only applicable to the Yakima River Basin. If a decision-maker in a
different basin wants to know what would happen if they supported a farm-level water conservation initiative, they
would need basin-specific studies that consider all the key conditions within that basin. Our modeling framework,
however, is transferrable, so can be adopted for those basin-specific conditions.

Although we are confident that this study is a significant step towards a better understanding of interactions between
agricultural systems, water resources, and other water-dependent sectors in the Yakima River Basin, there are other
scenarios that should be explored. Next steps include considering changes in water regulations in the Yakima River
Basin, whose results could help evaluate potential alternatives as climate change leads to important change in the
region’s hydrology, impacting the food-energy-water system in the region.
References
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Adaptation to Climate Change in Agriculture: What are the Trade-Offs?
Kirti Rajagopalan, Keyvan Malek, Jennifer C. Adam, Claudio O. Stöckle, Mingliang Liu, Michael P. Brady
Adaptation to climate change in the agricultural sector can lead to synergies or trade-offs across the food,
energy and water sectors. Here we explore these synergies and trade-offs when different combinations of
adaptation strategies are adopted across a watershed. We hope to identify win-win-win strategies that can
alleviate friction points between sectors.
Climate change-related temperature increases and changes in the frequency and magnitude of precipitation events
are anticipated to affect crop production and water availability in the Pacific Northwest. These effects can and should
drive adaptation in the agricultural production sector, that in turn could affect other related sectors such as energy
production and the provision of instream flows for fish. For example, warming and increased growing-season length
could lead to adoption of slower growing crop varieties, as well as increases in double-cropping. Economic factors and
changes in expectations of drought frequency and severity could lead to adoption of new technology (such as irrigation
technology) or different crop choices (see Maureira et al.’s vegetable production article). Adaptation can include longrun choices, often requiring an initial investment, and short-run choices, such as decisions in a specific drought year
(Figure 1).

Figure 1. Adaptation to climate change and other drivers in the agricultural sector can be long-run or short-run.
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Producers who adopt these strategies do so with a view of reducing risk at the farm level. However, this can result
in synergies or unintended consequences across sectors at the aggregate system level, especially when multiple
adaptation strategies are adopted in combination. Using the conceptual framework of food-energy-water relationships,
we are working to characterize the synergies and trade-offs that exist across the food, energy and water sectors
when different combinations of adaptation strategies are adopted across a watershed. Our focus will be the Yakima
River Basin, because of its diverse crop mix, the significant amount of inefficient irrigation systems in use, and their
exposure to water shortages.
We are exploring the use of flower diagrams (Figure 2) as a way to emphasize the trade-offs that this study
finds, as we explore the adoption of adaptation strategies across the Yakima River Basin. By representing the
value of key variables for the food, energy, and water sectors—such as food production, energy production,
instream flow for fish—and how models project they will change through time, it will be easy to visualize when
particular changes are positive (line moves from the zero hexagon outward) or negative (line moves from the zero
hexagon inward) for each sector. Changes where the three lines move in the same direction (e.g. outward) show
synergies, while changes where one or more lines move in the opposite direction to the rest show trade-offs.

As an illustrative example, climatic changes alone could have a negative effect on the food sector, as higher
temperatures accelerate crop growth, decreasing productivity and irrigation demands. This could lead to increases in
energy production and instream flow for fish, however (Figure 2a). Producers could react in several ways to address
these climate change impacts. One option is the use of slower maturing varieties of crops, which have greater irrigation
needs. This could increase crop production, but at the cost of detrimental impacts to other sectors, as more water
would be used in food production (Figure 2b). Another option would be to combine the slower maturing varieties with
improvements in irrigation efficiencies, which can potentially improve yields by better redistribution of soil moisture.
If the irrigation water savings are left in the stream, this can lead to positive outcomes for energy production and
environmental flows as well (in spite of reductions in return flows, as discussed in Malek and Adam’s article; Figure
2c). In the absence of policies and incentives that encourage leaving the water savings instream, however, producers
could spread that water across more irrigated acreage, leading to negative consequences for the other sectors (Figure
2d).
As we calibrate models to represent the conditions and context of the Columbia River Basin and produce quantitative
results that reflect what impacts we might expect in the future, information from the flower diagrams, representing
synergies and trade-offs, can feed into the STAR Calculator envisioned as part of this project (see Richey et al.’s article),
and will be of value in identifying win-win strategies across multiple sectors, as well as minimizing the possibility of
unintended consequences.
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Figure 2. Example conceptual trade-offs and synergies. Each color represents a food-energy-water (FEW) sector, the points along
the circumference of the flower diagram represent decades into the future, and the depth of the flower diagram represents levels
of impact—positive or negative—to the sectors, as a percentage change.
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4: Key Innovations That
Could Resolve Friction Points
Between Food, Energy and
Water Now and in the Future

Greenhouse Production of Vegetables: Implications for the Regional Food-Energy-Water
System
Fidel Maureira, Claudio O. Stöckle and Kirti Rajagopalan
Greenhouse agricultural production is a rapidly growing industry that large retailers are showing significant
interest in. Given the potential for higher yields, and different water and energy requirements as compared to
traditional production methods, we explore the implications of large-scale adoption of this technology for the
food-water-energy system in Washington State.
Greenhouse agricultural production currently accounts for 1 to 2% of the agricultural production in the Unites States,
but is rapidly growing. The value of this greenhouse production has increased 44% in the last years, and the number
of operators has gone up by 71%. Large retailers have a significant interest in this technology, given the benefits of
consistency in quality, flavor, and production volume, the potential for year-round supply, consumer preferences for
local supply, and the perception that greenhouse production can be more sustainable than traditional production,
with more efficient use of resources. New, larger, commercial operations tend to be concentrated around bigger cities
to satisfy those local needs. This trend is true in other parts of the world as well, including neighboring Canada.
Greenhouses provide a tightly controlled environment, where computer systems allow strict management of ventilation, lighting, irrigation, humidity, temperature, and carbon dioxide concentration, with higher yields and resource
use efficiency. These factors are all energy intensive, and therefore energy requirements can be large. Most of the
technology is imported from the Netherlands, where it has been fine tuned in the last few decades to help achieve
their national goal of “producing twice as much food with half the resources.” Adoption of this technology has helped
the Netherlands become a global leader in the export of tomatoes, potatoes, onions and other vegetables, in spite of
a lack of access to a massive land area, considered necessary for large-scale agriculture.
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Figure 1. Greenhouse production facility for bell peppers. Photo: Fidel Maureira.

While greenhouse production of vegetables is not currently prevalent in the Columbia River Basin, given the national
and global trend, and given the fact that it has been successfully incorporated just across the border in Canada (Figure
1), we plan to explore the impacts of this innovation on the food-energy-water system in Washington State. To get a
better sense of the technology, production practices, and challenges, part of our team visited a bell pepper greenhouse
production facility in British Columbia in 2018 (Figure 2). We also invited American Ag Energy—a company based on
the U.S. East Coast, that is focused on integrating greenhouse production with power plants—to visit our team and
discuss their operations. For example, we learned that the technologies prevalent in British Columbia were developed
for milder summers and might not apply directly to a hotter areas such as central Washington State. Another factor
that came up was the importance of having clean rainwater available, with associated questions around the legal
feasibility of rainwater collection in Washington State, and whether it would be permitted under current water laws.

Figure 2. Team visiting greenhouse production facilities in British Columbia, Canada. Photo: Mengqi Zhao.
We plan to use a system dynamics model for greenhouse production to explore the potential to produce more food
without exacerbating existing friction points between the water and food sectors in Washington State. Greenhouse
production may even have the potential to alleviate friction points due to higher resource use efficiencies, albeit their
higher energy use. We will apply the model to:
1) Characterize the impacts of introducing greenhouse vegetable production on the food-energy-water system
of Washington State,
2) Evaluate the potential to capitalize on opportunities unique to the region, such as access to 15 million acres
of timberland and landfills for bioenergy production and carbon dioxide enrichment, and utilizing heat
generated from data farms in the region,
3) Compare the production per unit land and water, as well as the environmental footprint, of greenhouse and
open-field vegetable production, and
4) Obtain a list of the elements and conditions that will make the greenhouse feasible under future conditions
expected in the region.
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This work should inform the decisions of those in the food sector who are considering adopting this innovation,
policy-makers considering incentives to produce more food with less resources, as well as planning agencies who
need to be cognizant of the impacts of large-scale adoption of this innovation on the water and energy sectors.

EAGERS: The Tool Behind the Energy Optimizations
Ashley Mills and Dustin McLarty
The ever-changing energy sector continues to see increases in the demand for power and a transition towards
solar and wind renewables. In order to use our existing resources as effectively as possible, we developed a new
method to optimize existing and new power infrastructure under various future climate and demand scenarios
while considering the constraints of the diverse energy sources.
The Columbia River system plays a central role in energy production and irrigated agriculture, as well as meeting
instream flow requirements. Management decisions in the future will be complicated by changing water availability,
increasing irrigation and energy demands, and changing energy sources. We are using a newly developed optimization framework, “Efficient Allocation of Grid Energy Resources including Storage” (EAGERS), to better understand the
implications of such changes. The EAGERS tool determines an optimal, system-wide dispatch of water and energy
resources to meet power demands, instream flows for flood control and the needs of fish species, and agricultural
irrigation demand.
To run the EAGERS optimization the user must provide information about the network they are studying, using four
pre-designed spreadsheets. These inputs include information about energy and water demands, the energy network,
stream flow, and the components of the energy network, which are outlined below.
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Energy and Water Demand
The demand data reflect what your network is being optimized for. For example, you may want to provide the total
electric load (or electric demand) to power a community that has grown in population, with cost being the main concern in optimizing. You can then use historical data, or create a scenario that you would like to explore, as inputs for
the energy demand. If your scenario contains a hydroelectric component and you wanted to analyze the impact of
additional water needs, you could add a water demand relevant to your desired scenario.

Figure 1. (a) Hydroelectric plants (small grey circles), electric power plants (small black circles), river sections (blue lines), and
electric power lines (black lines) in the Washington portion of the Columbia River Basin. Large blue circles are analogous to the
yellow ovals in panel (b). (b) Representation of the energy network in Washington as a set of nodes (brown circles) and connections (straight lines). Nodes where there is near-perfect transmission of energy are aggregated (yellow ovals), while those where
transmission of energy incurs losses are kept as their original nodes with no aggregation. (c) Final simplified representation of the
aggregated nodal network.

Energy Network
The network information includes the locations where energy is obtained from the river and where it is used, the connections that exist between those locations (river sections and electric power lines), and the losses associated with
transferring energy through those connections (estimated as transmission factors). This information is then used to
create the aggregated network, which is a simple set of nodes and links, where each node aggregates locations whose
connections have perfect or near-perfect transmission factors (Figure 1). For example, river systems that have some
form of water loss when traveling downstream between reservoirs, which translates into imperfect transmission factors, will be represented by nodes along the river system that are not aggregated.
Stream Flow
This includes values for all inflows and outflows associated with the reservoirs being optimized (Figure 2). In addition,
we also need information on the loss (diversion) or gain (source) of water flow in the river segments between the reservoirs (Figure 2). For example, a tributary flowing into the river segment would be a source, while water being drawn
out of the river segment for irrigation would be a diversion. These variables are used to prevent unrealistic optimization, ensuring that no water simply appears or vanishes. The flows are entered as a starting point to the optimization.
After that, the model will quantify “optimal” flows, which will replace these inputs.

Figure 2. Aerial view of generic concrete dam and associated reservoir showing the terminology used in EAGERS for flow in, spill
flow, power flow, flow out, reservoir storage, diversion flow (e.g. to irrigated agriculture) and source flow (e.g. from a tributary).

Network Components
Components may include fossil fuel plants, hydroelectric plants, solar and wind farms, utilities, or various other components that are important to find a realistic optimization. The user can include specific attributes, such as size or
power generation capabilities, for each of the components represented.
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A significant challenge with optimizing systems with hydroelectric reservoirs is that short-term (e.g., weekly)
optimizations could deplete or overfill a reservoir, making it impossible to effectively address the need for a large
drawdown in the dry summer months, or the need for excess space for flood control later in the year. EAGERS
addresses this challenge by creating a forecast for the water year (October 1 through September 30), with an upper
and lower bound to allow for some variability (Figure 3). These boundary conditions drive the optimization to hold
to the forecast whenever possible. Although it does not stop the optimization from choosing values outside of these
boundaries, it applies an increasing cost penalty when it does so.

Figure 3. (Left Panel) Example forecast for a water year from October 1st 2012 through September 30th 2013 at a weekly resolution,
where each color represents a single reservoir within the network of 52 reservoirs. (Right Panel) Upper (red) and lower (orange)
bound constraints for water year forecast at a weekly resolution.

Page 60

Using EAGERS, we will run studies under various climate change scenarios in the Columbia River Basin and explore the
effects of shifting energy demands, changing energy and water management infrastructure and raising the maximum
instream flood control limits from Canada. We will then compare those scenarios to current and optimal management
of the reservoir systems under current climate conditions. EAGERS outputs will also allow us to investigate the economic
benefits and greenhouse gas emissions under these different scenarios, both within and beyond the Columbia River
Basin boundaries. These results will give energy infrastructure managers a sense of the magnitude of changes they
can expect in the future, as well as understand how shifting management of their energy sources and demands could
impact the competing uses of water.

How Can Long-Term Water Storage Management Mitigate Problems in an Era of Resource
Deficits?
Mengqi Zhao and Jan Boll
Managed aquifer recharge (MAR) is an approach to storing water that increases water managers’ flexibility in
response to temporal variations in water supply and demand. We developed a system dynamics model, verified
in the Yakima River Basin, that allows users to explore recharge management strategies and evaluate how
irrigation reliability and other factors of interest change in response.
Droughts in semi-arid regions of the United States are particularly impactful for communities and sectors that are
already making efficient use of resources. Water use conditions in the Basin range from places where rivers, lakes and
reservoirs are sufficient to provide water, to others where aquifers are the most stable water resource across seasons.
While droughts may impact these places with different intensities, the risk of long-term water scarcity is greater
when aquifers provide water today at the expense of tomorrow’s supply. As the region faces population increases
and increasing competition for water resources due to intensified connections between the food, energy, and water
(FEW) sectors, the risk may increase further.
We have been asking questions about how to recharge aquifer systems to optimally achieve both short-term usage
and long-term water supply sustainability. Managed aquifer recharge (Figure 1) is an innovative method we will
evaluate that stores water during the snowmelt season into the aquifer, allowing users to pump it for irrigation during
periods of water scarcity. To answer these questions, we first need to understand the interactions and feedbacks
within the interconnected FEW system, to foresee the long-term consequences of current decisions. Then we can ask
specific questions, such as ‘Will implementing managed aquifer recharge improve the irrigation water reliability
without affecting hydropower flow or environmental flow usage?’ or ‘How effective is managed aquifer recharge for
maintaining sustainable water supply during future droughts?’

Our team developed a system dynamics model that aims to capture historical behaviors of where and how much
water is being allocated (based on historical data), and then to help answer ‘what if’ questions such as ‘What extra
amount of irrigation water would have been delivered if we implemented managed aquifer recharge five year ago?’
The model quantifies physical processes, including how water moves throughout the water cycle (on the surface,
in the soil and the aquifer). It also represents key socio-economic factors from markets, social norms, and policies
(supply and demand, innovation adoption and water rights). We applied the model to the Yakima River Basin and
compared calculated and observed streamflow data at the Parker gage station (below the City of Yakima) to verify
whether or not it can capture down stream flow behaviors after reservoir operations seen in that Basin. With our
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Figure 1. Managed Aquifer Recharge for Merti aquifer shared between Kenya and Somalia. The photo is from the
Intergovernmental Authority on Development (IGAD).

verified model, the user-friendly interface of the system dynamics model enables managers to evaluate, for instance,
how much water is needed and how much water is available for irrigation in August, if they decide to withdraw
200,000 acre-feet of water from the river to recharge the aquifer in February.
The model allows users to explore dynamic storages, flows and feedbacks on the fly by dragging sliders of different
variables (Figure 2). For example, the drought in 2015 caused severe impacts to the agricultural sector, where the
water diverted to irrigation was only 47% of normal without transfers in the Yakima River Basin. Our model gives the
user the ability to manage how much and when to recharge the aquifer and visualize how irrigation water reliability
(irrigation supply to demand ratio) generally would improve in years like 2015, if those levels of recharge were implemented.
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Figure 2. An example of management control panal for agricultural elements. Each slider controls a corresponding vairable. By
dragging the sliders, the results will be updated simutaneously in the output graphs, such as irrigation reliability.

How would different recharge decisions affect trade-offs within FEW sectors and between multiple years? We looked
at one example, modeling multi-year MAR operations during successive drought events, and exploring the conflicts
and trade-offs between pumping water for current use and saving water for future extreme droughts (Figure 3). The
impact of consecutive two-year MAR application (operation 2) lasted longer than a one-year application (operation 1)
or two separate one-year applications (operation 3). Multiple, consecutive-year applications of MAR (operation 4)
increased the irrigation reliability in most years, and made up most of the water deficit in irrigation water supply.
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As we gain greater understanding of the real-world particulars of MAR applications in basins like the Yakima River
Basin, we aim to improve the confidence in the model’s ability to represent aggregated, large-scale patterns that
influence how water is managed across the Columbia River Basin. We welcome insights into the main features that
characterize different regions across the Basin that may influence the effectiveness of MAR for reducing friction points
between water uses in the FEW system as the climate changes.
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Figure 3. Four MAR operations and the corresponding changes for the irrigation reliability. The bar at the top of each graph shows
the recharge operation that was modeled, with the black cells showing the timing of recharge. The graph shows the model output
under that particular operation, for the period, from December 2000 through October 2008.

Technology for Trade: A Related Project on Food and Water Innovations in the Columbia
River Basin
Georgine G. Yorgey, Jonathan Yoder, Kirti Rajagopalan, Sonia A. Hall, Jennifer C. Adam and Richael Young
Improved information technologies, such as seasonal forecasting, consumptive use monitoring, and computeraided “smart” water markets, have the potential to increase the flexibility of water allocation in the Columbia
River Basin. The Technology for Trade team is working to develop these technologies and explore how they interact
with water management laws, rules, administrative processes, contracts and other institutional features.
Technology for Trade is not part of the Columbia FEW project, yet is included in this report given the relevance
of this work to our understanding of the interconnected food-energy-water system in the Columbia River Basin.
In the Columbia River Basin, as in other basins across the western United States, water allocation decisions and
processes are important for making the most of naturally variable water resources for diverse instream and out-ofstream purposes. Trade-offs inherently exist with so many competing uses for water, especially during drought years
when available water is limited. Maximizing opportunities for water to be tasked to its highest valued potential use,
both within agricultural systems and across its many competing uses, is important for making the most out of scarce
water resources. New management approaches would be more effective with improved information, and emerging
information technologies provide opportunities for enhancing the region’s resilience to drought by making water use
more flexible. Such information-related innovations are already changing the legal and management landscape of
water resources in the western U.S.
The Technology for Trade project, which will run from 2018 to 2023, is contributing to enhanced efficiency of water
use by furthering the development of information technologies and complementary innovations in the rules that
govern water use. In particular, the Technology for Trade team aims to further the development and application of
three promising and complementary emerging technologies: improved seasonal forecasting, remote measurement
of crop water consumption, and computer-aided ‘smart’ water markets (Figure 1). In addition, legal, regulatory and
contractual innovations can be important to allow water users to use these technologies as effectively as possible
while protecting the water rights of others.
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Figure 1. The three focal technologies of the Technology for Trade project complement each other, and provide information that,
in combination with the rules that govern water use, creates new opportunities for water use.

Improved Seasonal Forecasting
The forecasting effort will utilize seasonal climate forecasts that are currently available with lead times of about eight
months (i.e. the North American Multi-Model Ensemble), and will explore regional translation to forecasts of water
availability and related metrics. The seasonal forecasting effort will identify when, where and what metrics can be

forecast with enough lead time, accuracy, and precision to be useful in decision-making. For example, improved
seasonal water forecasting could help farmers plan their planting and water use activities earlier and with less
uncertainty. Timely and informed decisions could then facilitate water transfers during times of shortage, including
dry-year contracts (also called options contracts) or public reverse auctions to augment instream flows.
Remote Consumptive Use Measurement
The Technology for Trade team will develop and field-test a method to estimate plant evapotranspiration via
METRIC—a method that calculates evapotranspiration from Landsat images of the surface using an energy balance
approach. The method in development will use a combination of existing satellite data along with data collected
by drones. Evapotranspiration is closely related to crop consumptive water use. The focus of this technology is thus
irrigated agriculture, which is an important economic engine and accounts for the majority of regional out-of-stream
consumptive water use. This technology can provide a spatially explicit (e.g. 30 m x 30 m), estimate of water stress
or crop water use, which might be used to better guide variable rate irrigation systems and improve yields. During
dry years, consumptive use measurements could support improved deficit irrigation strategies, and perhaps partial
leasing of water rights. At a basin scale, satellite-based imagery could help protect water rights against increases in
consumptive use elsewhere in a watershed, and complement existing water metering efforts.
Computer-Aided ‘Smart’ Water Markets
The ‘smart’ water markets effort will tailor existing water trading software technology (from Mammoth Trading) to
three watersheds within the Columbia River Basin (Figure 2), to reflect their unique legal and hydrological conditions,
as well as specific trading goals identified within the watersheds. Smart markets ease the process of matching multiple
sellers and buyers of water and help navigate the highly complex regulatory constraints for a successful trade. This
could facilitate temporary transfers during times of shortage to the most valuable uses, both instream and out-ofstream, in ways that do not impair other water users.

Figure 2. While these technologies and institutional innovations have the potential to be relevant across the Western U.S. and
beyond, our focus in the Technology for Trade project is on three diverse watersheds in the Columbia River Basin (CRB) where
water is in economic demand, and water security is of concern: the Yakima, the Walla Walla, and the Okanogan watersheds.

This 5-year research and extension project (2018-2023) is led by Washington State University’s State of Washington
Water Research Center (WRC) and is supported by USDA National Institute of Food and Agriculture, project #1016467.
The full Technology for Trade project team, and more information about the project, is available at https://wrc.wsu.
edu/project/technology-for-trade/.
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The usefulness of these technological innovations will be affected by the flexibility of water use law, regulation and other
factors that frame water allocation decisions. The Technology for Trade project will therefore explore how changes in
legislative and administrative rules, contracts and norms could change the context and incentives surrounding water
use and allocation. The goal is to identify and explore how complementary changes in these factors could enhance the
effectiveness of the technologies for helping water managers meet multiple, diverse demands for water.

The Columbia River Treaty between the United States and Canada
Barbara Cosens
Ongoing discussions around renegotiating the Columbia River Treaty could be an important driver of change
in certain aspects of the Columbia River Basin’s food-energy-water system. This article, adapted from an article
published in The Advocate (2017), provides an overview of those discussions, as context for other articles in this
Progress Report.
Some Background on the Columbia River Treaty
The United States and Canada have operated the mainstem of the Columbia River jointly since the Columbia River
Treaty entered into force in 1964. Under the Treaty, Canada agreed to build three new dams to provide 15.5 million
acre feet (MAF) of storage. The United States agreed to pay Canada $64.4 million for dedication of 8.45 MAF of that
storage to assure flood control for sixty years and to share the added benefits from hydropower generation in the
United States, resulting from the release of water from three reservoirs (referred to as the “Canadian Entitlement”).
The U.S. Congress authorized construction of the Pacific Northwest-Pacific Southwest Intertie, which led to an
interconnected North American electric grid. The provincial utility, BC Hydro, entered into thirty-year contracts for
sale of the Canadian Entitlement to utilities in the U.S. Southwest. BC Hydro continues to sell that power on the U.S.
market following expiration of the contracts. The Treaty also allowed, but did not require, the United States to build
a dam on the Kootenai River (spelled Kootenay in Canada) that would back water up into Canada. The United States
exercised this option when it built Libby Dam.
The U.S. and Canada could, at any time since the Treaty entered into force, mutually agree to modify or terminate the
Treaty. It is the expiration of the sixty-year period of assured flood control on September 16, 2024, combined with a
Treaty provision allowing either country to unilaterally walk away from the Treaty beginning on that same date, given
10 years notice, that has triggered a broad review of the Treaty.
The U.S. Army Corps of Engineers and the Bonneville Power Administration led the regional review in the United States,
and British Columbia led the review in Canada. The U.S. Regional Review included the establishment of a sovereign
review team, composed of one representative from each of the four main states in the Basin, five representatives
of the 15 Native American tribes, and representatives of the 11 federal agencies with interest in the Basin. The
sovereign review team also had comparable representation on a technical advisory body. Listening sessions were
held throughout the Basin to obtain input from other interest groups and the general public. In a remarkable act of
intertribal diplomacy, the 15 Native American tribes in the Basin came together to develop a set of “Common Views”
on the future of the Columbia River and continued to work in concert throughout the process. This sophisticated act
of diplomacy influenced the outcome of the review process and was not matched by the states. The British Columbia
review process included extensive public engagement and consultation with the First Nations claiming resources in
the Basin. On December 13, 2013, the U.S. Entity transmitted the Regional Recommendation to the U.S. Department
of State, and on March 13, 2014, British Columbia announced its position on the future of the Treaty.
The United States Entity Regional Recommendation outlined three primary goals for modernization of the Treaty:
1) To elevate ecosystem function to a third primary purpose of international cooperation, along with hydropower
and flood control;
2) To amend the formula for sharing of power benefits to more closely reflect actual operations; and
3) To continue to cooperate on the development of a flood risk management plan that reflects, among other
things, the implications of climate change.

Page 66

Although the Treaty currently does not address apportionment of water supply or navigation, the Recommendation
calls for acknowledgement of the importance of each. It also calls for the flexibility to seek mutual benefits in use
and development of storage for out-of-stream use. The Recommendation responds to the call for greater public and
sovereign participation by recommending the formation of an advisory body for negotiations and reconsideration of
the composition of the U.S. Entity for implementation of the modernized Treaty.

The provincial government of British Columbia seeks to “[c]ontinue the Columbia River Treaty and seek improvements
within the existing Treaty framework,” and sets forth 14 principles including:
1) Recognition that shared benefits go beyond hydropower production and that British Columbia should be
compensated accordingly;
2) Recognition that the impacts of the Treaty dams on Canada are ongoing and should be compensated; and
3) A greater use of U.S. storage for flood control and thus a reduced reliance on Canada.
While the Province supports continued efforts to cooperate on ecosystem function, it does not view this as a
component that requires change to the Treaty. Canada has yet to appoint a lead for the Treaty negotiations.
Negotiations between the United States and Canada began in May 2018. Public meetings are being held periodically
throughout the Basin. The negotiating team for the United States is composed as follows:
The U.S. negotiating team will be led by the U.S. Department of State and will include the Bonneville Power
Administration and the U.S. Army Corps of Engineers Northwestern Division (which together comprise the
“U.S. Entity” that implements the Treaty in the United States); the Department of the Interior; and the National
Oceanic and Atmospheric Administration (US Dept. of State, 2018).
Canada is represented by the Foreign Ministry and the Province of British Columbia, due to the special role in Treaty
implementation as a result of a 1964 agreement between the federal government and the province.
The Relation Between the Columbia River Treaty and the Columbia FEW
Modeling was used during the Treaty review process to explore possible outcomes with and without negotiation of a
modernized Treaty. This modeling was driven, appropriately, by the questions arising from the main purposes of the
Treaty. These purposes do not include out-of-stream water uses such as irrigation for food production, and impacts
on agriculture were therefore not the focus of the agencies’ modeling. Our Columbia FEW team’s interest in the
interconnected nature of food and water in the Columbia River Basin led us to assess the impacts of possible Treaty
changes (in the context of climate change) on agriculture (see Rushi et al.’s article).
Additional Resources
Please see the following resources for additional and updated information on the renegotiation of the Columbia
River Treaty:
United States: Information and a means to make inquiries can be found at https://www.state.gov/p/wha/ci/ca/
topics/c78892.htm. Information on the modeling that informed the Treaty review process can be found at the
Technical Studies section of the US review, https://www.crt2014-2024review.gov/TechStudies.aspx.
Canada: Information can be found at https://engage.gov.bc.ca/columbiarivertreaty/. Comments can be made
through a link on this website and interested persons may sign up for updates.
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Potential Impacts of Climate Change and the Columbia River Treaty Renegotiation on the
Food-Energy-Water System
Begum Rabeya Rushi, Jennifer C. Adam, Muhammad Barik, Se-Yeun Lee, Kirti Rajagopalan, Michael Barber,
Michael P. Brady, Jan Boll and Barbara Cosens
External factors, like climate change, and internal ones, like the renegotiation of the Columbia River Treaty, can
impact agricultural production in the Columbia River Basin. We assessed these potential impacts and found that,
although climate change is projected to change the amount and timing of unmet irrigation demand during
drought years, the impacts can be either exacerbated or alleviated by Treaty modifications.
How will external factors, like climate change, and internal ones, like the renegotiation of the Columbia River Treaty,
interact across the Columbia River Basin? Answering this question can help natural and agricultural resource managers
enhance the system’s ability to adapt to these changes. While the original Treaty was focused on hydropower
and flood control, regional stakeholders are recommending that modernization of the Treaty elevate ecosystem
function to a third primary purpose (see Cosens’ Treaty article). Out-of-stream water uses, such as irrigation, are not
being recommended as a primary purpose for the Treaty, so the agencies involved have not evaluated impacts of
renegotiation to food production. Our objective was therefore to assess the impacts of possible Treaty changes on
agriculture, in the context of climate change.
We used an integrated model (Figure 1) to quantify water supply, water demand, and water availability for agriculture
along the Columbia River mainstem, under two alternative Treaty scenarios that differed in the amount of storage
available and ten climate change scenarios. While the integrated model’s main components—VIC (Liang et al.
1996), CropSyst (Stockle et al. 2014), and ColSim (Hamlet and Lettenmaier 1999)—have been used for numerous
applications, this work included a new module to simulate water rights curtailment, which occurs when there is not
enough water in the stream to support all water rights and so the most junior of the rights is interrupted (“curtailed”).
By considering out-of-stream (irrigation plus municipal) and state-adopted instream flow rules, we estimated the
frequency and magnitude of curtailed irrigation water rights at various locations along the Columbia River mainstem.
We also quantified unmet irrigation demand, which is defined as the volume of water not provided for irrigation due
to curtailment.
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Figure 1. Diagram of the biophysical modeling framework (Stöckle et al. 2014) used for this study, involving VIC-CropSyst (Malek
et al. 2017), a reservoir operation modeling tool, ColSim (Hamlet and Lettenmaier 1999), and a water rights curtailment model
(Rajagopalan et al., in prep.).

The two alternative Treaty scenarios we considered, obtained from Bonneville Power Administration documentation
(BPA, personal communication), focus on planned storage for flood risk and flow augmentation for water supply and
ecological purposes:
Scenario I: Provides extra planned storage in Arrow Lakes (Keenleyside Dam) to keep the flood risk level the same as
current conditions.
Scenario II: Along with Arrow storage, additional storage is proposed for Mica.
Both scenarios were simulated to store more water during the winter for release in the spring and summer for
ecosystem uses and irrigation water supply at The Dalles.
Five climate change scenarios for each of two emissions scenarios (moderate and high, as defined by the IPCC’s
Representative Concentration Pathway 4.5 [RCP4.5] and 8.5 [RCP8.5]) were considered, for 30-year periods centered
on the 2030s and the 2060s. The scenarios that were selected were selected to span a range of high-to-low
precipitation and temperature changes, and allow us to examine how river flow might respond to a range of potential
climate futures.

Figure 2. Impacts of climate change. Water supply and instream flow requirement (top), and out-of-stream water demand
(bottom) at the Priest Rapids Dam for the historical and 2060s climates. Note that RCP 4.5 (8.5) represents the lower (higher)
greenhouse gas emissions scenarios. These results are for no change in the Columbia River Treaty.
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Crop yields are impacted by climate change due to a combination of changes to seasonal water supply, irrigation
water demand, and farmer behavior. In response to a reduction in the snowpack, we expect a shift in water supply
towards earlier in the season, with higher flows occurring from January through April and comparatively lower flows
during the summer months (Figure 2, top panel). Climate change causes irrigation demand to shift earlier in the
season, as warming allows earlier planting of annual crops, which also complete their growth cycle more quickly
(Figure 2, bottom panel). This reduces the length of the irrigation period and causes much of the irrigation to occur
earlier in the season (Figure 2, bottom panel). In some cases, this shift in irrigation demand outpaces the shift in water
supply, resulting in increased curtailment early in irrigation season. If irrigated crops are mainly annuals (which exhibit
this behavior) rather than grasses and other perennials (which do not; Rajagopalan et al. 2018), these shifts could lead
to reduced curtailment later in the irrigation season. Note, however, that some adaptive actions taken by farmers
(e.g., double cropping and the planting of slower maturing crop varieties) would extend the irrigation demand later
into the season (see Rajagopalan et al.’s adaptation article).

Simulations show that the Treaty has the potential to impact irrigated crop yields along the mainstem. Both Treaty
scenarios reduce the magnitude of unmet demand in a historical climate (Table 1). However, they can either exacerbate
or alleviate the impact of climate change on crop yields. Scenario II, which allows for the greatest increase of storage,
is shown to be most beneficial for irrigation water supply, as additional storage can redistribute water from the winter
season of surplus to the irrigation season of deficit. Scenario I, on the other hand, mostly leads to increased unmet
irrigation demand under future climate scenarios (red values in Table 1). Therefore, irrigated crop yield should be
considered along with flood risk, hydropower generation, and ecosystem function to provide a more comprehensive
analysis of Treaty modifications on the food-energy-water system.
Table 1. Impacts of Treaty modifications in the context of climate change. Percent change in annual mean unmet irrigation demand
at key dams along the Columbia mainstem in response to climate (using the median value among future climate scenarios) and
Columbia River Treaty scenarios. The percent changes are calculated using historical climate and current Treaty operations as the
baseline. Therefore, negative values mean that curtailment of interruptible irrigation water rights is reduced, while positive values
mean that curtailment is increased in comparison to the baseline scenario.

Treaty
Scenarios

Scenario I

Scenario II
References

Emissions
Period
Scenario
19812010

2030s
2060s
19812010

2030s
2060s

Percent change given alternative Treaty scenarios (%)
Priest
Rock
Rocky
McNary
Wanapum
Wells
Rapids
Island Reach

Historical

-2.49

Historical

-3.97

RCP 4.5
RCP 8.5
RCP 4.5
RCP 8.5
RCP 4.5
RCP 8.5
RCP 4.5
RCP 8.5

-1.84

-2.54

-2.53

-2.34

-2.21

-0.42

-3.21

-3.21

-3.00

-2.95

0.13
0.57
0.01
0.42

-0.58
0.1
-0.43
0.003

-1.31
-0.78
-1.66
-0.84

-0.97
-0.23
-1.1
-0.89

0.26
1.02
0.09
0.37

-1.14
-0.35
-1.61
-1.16

0.26
1.02
0.09
0.37

-1.14
-0.35
-1.61
-1.16

0.39
1.20
0.24
0.47

-1.27
-0.32
-1.59
-1.15

0.39
1.19
0.21
0.39

-1.39
-0.37
-1.39
-1.17
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5: Tying the Pieces Together

Conceptual Mapping: How We Visualize the Columbia River Basin, a Large-Scale,
Complex, Food-Energy-Water System
Julie C. Padowski, Jan Boll and Sasha Richey
The food-energy-water (FEW) sectors in the Columbia River Basin form an example of a complex system, with
a multitude of components and connections that dynamically interact. The Columbia FEW team is working to
understand how changes from outside and within the system inform the way we manage food, energy and
water resources and how we can create win-win outcomes for all working and living in the Basin. Conceptual
mapping is one way to organize the complexity of a system, allowing users to visually see the entirety of the
associated system components and interconnections. This is a useful first step for informing modeling efforts,
data collection, and scenario development in this project.
The Columbia River Basin is a large watershed with dynamic, interacting food-energy-water (FEW) sectors interlinking
agriculture, hydropower, ecosystems and its social fabric. Climate change and continued population growth are
expected to create significant perturbations to this FEW system, which tax the existing components and connections
within the system. The Columbia FEW project explores how potentially negative impacts of such perturbations can be
anticipated, absorbed or reversed, either through technological or institutional innovations, and how these innovations
can provide win-win-win outcomes across the FEW system. The project uses many different models to develop our
collective understanding of the connections between the environmental and human components of the Columbia
River Basin (see Adam et al.’s article). We also explore future scenarios (e.g., population growth and associated water
and energy demands, changes in rainfall and temperature, changes in crop variety or agricultural area) and the impact
of changes or innovations (e.g., strategic management of surface water and groundwater, integration of renewable
sources into energy supply portfolios) on the complex array of individuals, communities and managers, as well as
social and biophysical processes and constraints of the Columbia River Basin’s complex FEW system.
As a first step to understand and describe this complex system, we dedicated substantial effort towards creating a
conceptual map that represents it. This mapping exercise involved FEW team members with academic expertise in
food, water, energy and social systems, and integrated knowledge from across these and other disciplines (Figure 1).
The goal was to identify:
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1)
2)
3)
4)

Storage components and connections in each FEW sector,
How each FEW sectors interact with each other and are impacted by external forces such as climate change,
Potential friction points, or challenges in the system, and
Portions of the system that were well represented by measurements, data, or models, and which portions
needed model improvements.

Figure 1. Team members add their knowledge about food, energy and water sectors to draft conceptual maps of the Columbia
River Basin’s food-energy-water (FEW) system.

Each FEW sector and the social system were first mapped individually (see the water sector in Figure 2), and then
these maps were merged to create a comprehensive conceptual map of the FEW system (Figures 3 and 4).

Figure 2. A detailed map of the Columbia River Basin’s water sector, including major components, how they interact, and where
representative data for modeling pieces of this system exist.

Various teams within this FEW project have been using parts of the conceptual map in different ways. For example,
the core modeling group is using the map to identify places in existing models where new linkages need to be added,
or where data gaps need to be filled. The group focused on innovations is using the conceptual map to evaluate
broader patterns of change in the FEW system, identifying where critical friction points or challenges could benefit
from new innovations or solutions, and where adjustments to one sector may create unintended consequences for
other sectors, communities, or environmental systems within the larger FEW system (see Zhao and Boll’s article on
water storage management, and Maureira et al.’s article on greenhouses). A clearer understanding of the dynamics
and connectivity of the FEW system is providing researchers with better insights into what aspects of a FEW system
are important across many spatial or temporal scales, and which aspects are unique at only one scale. This in turn is
helping the team create performance indicators and meaningful resilience metrics to develop a STAR Calculator (see
Richey et al.’s article). The Calculator will be used to measure how well the FEW system is currently performing and
to evaluate the impact of different innovations in enhancing the sustainability and resilience of the Columbia River
Basin.
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The conceptual map so far has played a key role in multiple aspects of the Columbia FEW project. Upcoming uses for the
conceptual map in 2019 will revolve around building flexible system dynamics models. System dynamics models are
being developed to explore the biophysical and economic impact of new innovations, and build on the representation
of system complexity developed during the team’s mapping efforts. Other projects will use the relationships captured
by the conceptual map to lay a foundation for understanding what drives innovation uptake in different communities
and sectors. Further development and refinement of individual sectors’ and the comprehensive FEW system map
will continue as new data and insights from different team endeavors emerge, and we will continue to use this map to
identify effective target solutions that enhance the resilience of the FEW system in the Columbia River Basin.
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Figure 3. Draft conceptual map of the Columbia River Basin food-energy-water (FEW) system, showing the complexity of
components and interconnections. Key elements are clearer in Figure 4, showing (A) the water sector, (B) the food sector and (C)
the energy sector.

Figure 4A. The water subsystem, including natural hydrology and managed water infrastructure.

Figure 4C. The energy subsystem including, energy sources and human energy production and distribution infrastructure.
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Figure 4B. The food subsystem, including crop production, processing and distribution activities.

Understanding How to Assess Resilience in Human-Natural Systems
Julie C. Padowski and Stephanie Hampton
Achieving resilience in practice requires a common goal and understanding by managers, scientists and
community members about how their system changes over time, what causes these changes, and where and how
new innovations or practices can be implemented to alter the trajectory of the system for a better future. We
worked with a resilience expert to understand how to measure resilience in the food-energy-water system of
the Columbia River Basin.
Resilience is a system property that describes the tendency of a system to maintain structure and function following
perturbation, and is an important attribute for assessing and dealing with an uncertain or changing future. So how do
we build a resilient food-energy-water (FEW) system? In March 2018, we invited Paul Ryan, Director of the Australian
Resilience Centre (https://www.ausresilience.com.au), to discuss how to assess complex human-natural systems and
build knowledge and capacity to achieve a desired long-term vision for a resilient food-energy-water system. Ryan’s
approach stresses the importance of integrating local knowledge and values with quantitative data to identify the
underlying problems that make a system susceptible to shocks and to develop strategies for addressing these hurdles.

Figure 1. Framing resilience in the Columbia River Basin. Team members collectively identified FEW system aspirations and hurdles
to create a conceptual model of what a resilient Columbia Basin FEW may look like.

Over the course of two days, Ryan worked with us to show how he structures and runs resilience assessments, using
the intersection of issues and synergies between the food, energy, and water sectors in the Columbia River Basin as a
working example (Figure 1). These assessments consisted of three key stages:
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1) Defining goals and information. Ryan uses various strategies to develop consensus around desired end
points in diverse groups and complex systems. A clear purpose and scope identified early on, and adequate
information about the system to be managed, are key for engaging and retaining the right set of stakeholder
partners and initiating actionable change (Figure 2).

2) Characterizing the system. This step identifies not only the surficial problems that stakeholders are hoping to
address, but also creates understanding of the underlying patterns, system structure, and larger paradigms
that shape the potential future pathways for system change (Figure 3). For instance, a drought is a system
shock that can have a negative impact on agricultural production, reducing expected yields and lowering
profits. This shock is an easily identifiable challenge, but understanding what causes droughts (changes to
climatic patterns), why droughts are so impactful (our agricultural system operates with an expectation of
ample water each year), and how we can reframe how we manage for droughts (how could we alter our
agricultural system to suffer less in a drought-filled future) are all key for improving agricultural resilience
(Figure 3).
3) Identifying key processes, stakeholders, and friction points within the system. Ryan presented system
dynamics as a framework to help stakeholders identify areas where innovation is needed to overcome
challenges. We drafted the Columbia River Basin FEW system and what “optimal” resilience in the Basin may
look like, and explored the impact of different ‘futures” on system-wide resilience goals.

Figure 2. Successful resilience assessments require both good information and engaged stakeholders. Deficiencies in one or the
other can limit the effectiveness of assessment outcomes, or lead to decisions or actions that are misguided or inappropriate for
the desired end-goal (adapted from Enfors-Kautsky, E., Järnberg, L., Quinlan, A, and Ryan, P. 2018. Wayfinder: a resilience guide
for navigating towards sustainable futures. GRAID program, Stockholm Resilience Center. www.wayfinder.earth).

We have used these techniques to obtain input from our stakeholders to ensure that our modeling scenarios align
with outcomes they would like to see in the future. At our annual meeting in spring 2018, we asked our Stakeholder
Advisory Group (SAG) members to discuss:
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1) Their current FEW management priorities,
2) What each saw as desired management states for their organization, and
3) How innovations in their sector(s) are, or could be, shaping the way they manage resources.

Despite their different missions and sectoral foci, there were many common challenges. All SAG members agreed that
their organizations were interested in long-term (e.g., decadal) planning. The need to understand how resource
availability may change in the future, and how those changes will impact their end users, is a top priority. Yet the
information needed to plan and make long-term decisions is often accompanied by a high degree of scientific
uncertainty. Managing with precision to achieve reliability and predictability goals becomes difficult when faced with
greater scientific uncertainty. And, while many stakeholders indicate that their organization’s ultimate goal is to strive
for adaptability and flexibility, a lack of concrete information from which to make optimal decisions can be extremely
limiting.

Figure 3. Framework for characterizing a system in a resilience assessment. Participants need to identify not only the obvious
problems driving the need for the assessment, but the underlying structure and paradigms that shape how the system will respond
to change (adapted from Enfors-Kautsky, E., Järnberg, L., Quinlan, A, and Ryan, P. 2018. Wayfinder: a resilience guide for navigating
towards sustainable futures. GRAID program, Stockholm Resilience Center. www.wayfinder.earth).

When asked to define their “ideal future” for the Columbia River Basin, those in the food sector discussed the
importance of successful management of food safety and water quality, farming viability, and improved soil and water
conservation. Those in the energy sector emphasized investing in a smart grid and meters, reducing energy costs and
the dependence on fossil fuels, and creating better plans for integrated energy storage. Participants from the water
sector focused on creating a healthy environment for fish, maximizing irrigation efficiency and minimizing water quality
issues, ensuring groundwater availability, and developing more flexible water management policies. Collectively, they
emphasized the need for increased communication across sectors, and policies that were informed by science. They
also focused heavily on improving predictability and reducing uncertainty for decision-makers, and the importance of
adaptive management and regional communication in managing within and between sectors.
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The Columbia FEW team has used this input to build out the details of the conceptual model of the Columbia FEW
system (see Padowski et al.’s conceptual mapping article), help guide data collection efforts, and develop the STAR
Calculator (see Richey et al.’s article) and future scenarios to evaluate. We anticipate continuing to use the strategies
we learned in the resilience workshop to ensure our tools and products provide meaningful insights to those managing
food, energy and water in the Columbia River Basin.

An Integrated Tool to Assess the Sustainability and Resilience of a Food-Energy-Water
System
Sasha Richey, Julie C. Padowski, Dustin McLarty, Fabio V. Scarpare, Jennifer E. Givens, Kirti Rajagopalan, Sonia A.
Hall, Georgine G. Yorgey, Michael Briscoe and Jennifer C. Adam
The STAR Calculator is being developed to quantitatively compare the level of sustainability and resilience of a
food-energy-water system under different conditions, and will allow us to evaluate how different technological
and institutional innovations—advanced greenhouses, energy demand response, managed aquifer recharge,
water markets—would affect the sustainability and resilience of the Columbia River Basin.

One of the primary goals of the Columbia FEW project is to evaluate how different technological or institutional
innovations (e.g., advanced greenhouses, energy demand response, managed aquifer recharge, water markets) impact
the sustainability and resilience of the Columbia River Basin’s food-energy-water (FEW) system. We are developing
the SusTainability And Resilience (STAR) Calculator, a method to quantitatively evaluate the impact of novel or desired
innovations within the FEW system, as well as the direct and indirect impact of different climate change scenarios in
the Columbia River Basin.
The STAR Calculator produces a STAR value for each of the three sectors—food, energy, and water—based on
quantitative performance indicators (PI) for that sector, weighted by how important that performance indicator is to
the sustainability and resilience of the sector (Equation 1). The weighting factors (WF) that capture that importance
sum to one, and are derived from expert opinion via the House of Quality approach described below. In the Columbia
FEW project, the performance indicators will mostly be assessed using model output from the project’s modeling
efforts.

We have identified a set of approximately 10 performance indicators for each of the FEW sectors (Table 1). The
indicators are metrics that measure social, environmental, and economic aspects of each FEW sector. Collectively,
they measure the level of sustainability and resilience in the FEW system. But how to develop the weighting factors
that quantify the importance of each indicator for sustainability and resilience? The default approach is to consider
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There is no upper limit to what the STAR Value can be, so the Value is not meaningful on its own and out of context. Its
meaning arises when the Calculator is used to compare different scenarios. For example, how does the sustainability
and resilience of the food sector change under a future climate scenario, with and without greenhouses becoming
a common production practice in the future? A baseline scenario of historical conditions will serve as the reference
point to compare future scenarios to status quo.

each weight to be equal. However, this is not always appropriate, as some aspects of the FEW system may be more
important than others to overall resilience and sustainability. We therefore adopted the House of Quality concept
(https://www.whatissixsigma.net/house-of-quality-qfd), used in industry to convert customer preferences to
engineering specifications, to determine the weighting factors for the STAR Calculator.
Table 1. Performance indicator for each FEW sector.

FEW SECTOR

Performance Indicators
Food production per resource input (e.g. water, fertilizer)
% of cultivated land in food vs biofuels

FOOD

Crop quality

Import/export of food
Size of farm operation
Soil quality

Jobs in agricultural sector
Food storage

Magnitude/frequency of curtailment

Average transmission system capacity factor (kWh transmitted/max carrying
capacity)
Average generation system capacity factor (kWh generated/rated generation
capacity)
CO2 intensity of energy delivered (ton CO2 / MWh)

Hours of interrupted service (average customer hours per year)

ENERGY

Smart meter installations (% of commercial and % of residential)
Inter-regional transmission connection capacity

Energy storage and demand response capacity (MWh and MW)
Cost of delivered electricity ($/MWh)

Incentive or feed-in tariff for renewables ($/MWh)

Potential for wind/solar near population/industry centers (TBD)

Average transmission system capacity factor (kWh transmitted/max carrying
capacity)
Average generation system capacity factor (kWh generated/rated generation
capacity)
Jobs in energy sector

Ratio of green to blue water use

Reservoir storage capacity/annual river runoff
Percentage junior water rights holders
Exceedance of water quality targets
Water use vs. availability
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WATER

Standardized precipitation index

Streamflow exceedance probabilities

Compliance with metering regulations

Dollar amount of funds to support water systems
Jobs in water sector

Magnitude/frequency of curtailment

Volume of unaccounted for water (e.g. losses)
Diversity of water supply portfolio
Financial health

Within a product development or manufacturing context, the House of Quality concept starts with a sample of
customers who would be asked to weight the importance of different product features, for example, on a scale of
0-9. The relationship between these product features and the engineering specifications required to produce such
features is then evaluated on a similar numeric scale. The House of Quality is then used to combine the customer
preferences with the engineering needs in order to prioritize the development of certain product components over
others. In the Columbia FEW application, the performance indicators are analagous to the engineering specifications.
We identified and defined a set of “management targets” that are analagous to the product features (Table 2).
Table 2. Management targets to represent sustainability and resilience goals.

Management
Target
Efficiency
Utilization

Capture
Penetration

Vulnerability
Reliability

Adaptability
Viability

Definition
The amount of output for a unit of input
The extent to which the managed component of a system is being
used at any given time
Natural resource use versus sustainable availability
The percent to which best practices are implemented
Whether or not the impact of disruption be mitigated with diversity/
storage/flexibility
Measurable disruption of the output of a sector (e.g., can the system
deliver what it is intended to deliver)
Capacity and flexibility in responding to change
Ability to meet a certain goal or outcome without adaptation

Figure 1. Simplified House of Quality diagram used to produce weighting factors for the STAR Calculator.
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The management targets are considered to be the goals that support a sustainable and resilient system. We will
conduct a survey of diverse stakeholders from each FEW sector and our project team, asking them to rate the
importance of each management target in their respective sector (called “importance factors,” Figure 1). The
stakeholders and project team will also rate the level to which each performance indicator informs each management
target (“interaction factors,” Figure 1) and is connected to the other FEW sectors (“FEW connectivity factors,” Figure
1).

These rating scores will then be combined for each indicator into a final weighting factor (WF in Equation 1). The
values of performance indicators under a particular scenario and these weighting factors will allow us to calculate a
final STAR Value for each scenario of interest (Equation 1).
For example, a common indicator relevant to the “adaptability” management target across all three FEW sectors is
“workforce employed by the sector.” The “interaction factor” between this indicator and “adaptability” would be high.
This indicator incorporates economic and social aspects of sustainability by evaluating the extent to which each FEW
sector supports livelihoods. “Water use divided by water availability” is an indicator that represents an environmental
aspect of the water sector related to the “capture” management target. While the Columbia FEW team selected the
initial set of performance indicators, the Calculator framework is flexible, and additional or different indicators could
be incorporated to best fit the system under consideration.
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By comparing the STAR Values of each FEW sector under different future scenarios or when modeling particular
innovations we will be able to understand and quantify how different management actions affect both an individual
sector, and the FEW system as a whole. This tool will make it possible to evaluate the impact of the trade-offs and
other complex interactions that human and biophysical changes introduce within and between the food, energy,
and water sectors. The STAR Values will provide valuable information to inform managers who aspire to coordinate
decision-making among the FEW sectors to enhance the sustainability and resilience of the Columbia River Basin, or
any other FEW system that adopts the STAR Calculator.

Looking Forward: Incorporating Feedback into the Columbia Food-Energy-Water Project
Georgine G. Yorgey, Sonia A. Hall, Jennifer C. Adam, Julie C. Padowski, Jennifer E. Givens, Michael Briscoe, Sasha
Richey, and Fabio Scarpare
The Columbia FEW project’s annual team meeting in September 2019 offered an opportunity for team members and
our external advisory group to interact in person, helping catalyze and prioritize work that will continue through the
end of the Columbia FEW project, and will inform future interdisciplinary work. The Columbia FEW team and our
Advisory Group, which included representatives from municipal and energy public utilities, federal and state agencies,
and private entities (Box 1), discussed three major topics:
•
•
•

Key scenarios for focusing the integrated modeling work of the Columbia FEW project.
The STAR Calculator, our integrated tool to assess the sustainability and resilience of the Columbia River Basin
food-energy-water system.
Perspectives on resilience, and how the concept is applied in academic and non-academic contexts.

Box 1: Advisory Group Entities Represented in the Columbia FEW Annual Meeting, September 10, 2019
Seattle Public Utilities
Chelan Public Utility District
Avista Corp.
Palouse Conservation District
US Geological Survey
Washington Department of Ecology – Water Resources
Mazza Research Organization Communication
Washington Department of Agriculture
Washington State Conservation Commission
US Bureau of Reclamation
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Scenarios
The articles in Sections 2 and 3 of this Progress Report—How Are the Food, Energy, and Water Sectors Expected to
Change in the Future? and Key Innovations that Could Resolve Friction Points Between Food, Energy and Water Now
and in the Future—described the Columbia FEW team’s work on an array of future scenarios of change that might play
out in the region. We discussed these scenarios, as well as other scenarios of interest to researchers and stakeholders
that the team could potentially incorporate into the existing modeling efforts. Advisors and team members then voted
on priority scenarios they thought the team should tackle moving forward. The effort confirmed a high priority in a
number of areas where the team is already working, including managed aquifer recharge, land use and land cover
change, irrigation efficiency, and increasing wind and solar renewable energy (Table 1). The effort also identified some
priority areas where the team is not currently focused, including multi-year droughts and heat waves. Following this
insight, the team has been discussing whether this could catalyze future research in this area.

Table 1. Scenarios selected multiple times as priorities for the project. Scenarios in bold represent new scenarios that the Columbia
FEW team is not working on. Those with an asterisk (*) are part of an independent project, Technology for Trade (see Yorgey et al.’s
article for details).

Scenarios
Remote sensing of evapotranspiration*
Energy demand shaping
Aquifer recharge
Multi-year water storage
Water markets*
Increasing renewables (with robust integration with the grid)
Irrigation efficiency
Multi-year drought
Policy changes
Extreme weather events (e.g., heat waves)
Decadal-scale impacts
Land use/land cover change
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STAR Calculator
The group that has been working on the STAR Calculator presented new developments to this evolving framework
that will allow quantitative comparisons of the level of sustainability and resilience of the food-energy-water system
under different conditions (see Richey et al.’s article for an overview). The STAR Calculator relies on input from experts
and managers of FEW resources to evaluate the level of importance different management targets (e.g., efficiency,
reliability, vulnerability) hold, and how strongly they relate to various measurable metrics (i.e. performance indicators)
that represent the health and resilience of the FEW system (e.g. food production per resource unit, energy storage
and demand response, frequency of curtailment of irrigation). Our conversations at the annual meeting focused on
gathering individual feedback from both team members not part of the STAR Calculator group and our advisors about
the draft food, energy and water management targets and performance indicators that the team had developed
(Figure 1). We then had a group discussion highlighting some of this feedback.

Figure 1. The Columbia FEW research team and Advisory Group members complete a survey as they provide individual feedback
on the STAR Calculator management targets and performance indicators.

An initial review of the individual feedback suggests that ongoing development of the management targets should
focus on reducing redundancy and more closely aligning them with the full team’s definitions of sustainability and
resilience. Key points that the advisors highlighted during the discussion included the need to more explicitly represent
social, economic, and ecosystem indicators and to differentiate between indicators that represent an input to versus
output from the system. Based on this discussion, the feedback provided in the survey exercise, and with iterative team
discussion as necessary, we will continue to revise the management targets and performance indicators. Meanwhile,
we are also continuing conversations with the team about the potential to integrate the STAR Calculator with modeling
efforts. Once this work is complete, we anticipate that we will approach advisors again over the next year, asking them
to provide weightings of the relative importance of the various management targets and performance indicators. We
anticipate that the framework will be adaptable, for example, to other groups who may place different weights on the
management targets.
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Perspectives on sustainability and resilience
Both researchers and advisors participated in in-depth discussions of what sustainability and resilience means to
them in the sector or sectors they work in, and how they are applied. A preliminary review of what we heard during
these focus groups suggests that there are big differences but also overlaps in how researchers and practitioners
define and apply these concepts. For example, several people expressed frustration over differing definitions. One
person said, “When I was getting more acquainted with sustainability, to me, sustainability was like a buzz word. It was
just something that has no meaning now. Sustaining what?” Another added, “I feel like I use a lot of different other
[indices], instead of resilience and sustainability because ... everybody’s understanding of those two are really different
so we try to avoid using those”. However, between researchers and advisors, similar definitions were also shared. An
advisor explained the concepts, “sustainability is - can you function as it’s designed to function … can you really do year
in and year out what it’s designed to do? And then resilience is can you take the impact of unexpected blows …the high
and low blows and bounce back.” A researcher gave a similar definition, “I think about sustainability and resilience
as different things … I think of sustainability as the capacity for a society to function in perpetuity, grow and improve
without depleting fundamental resources, natural, social, economic. I think about resilience as being the capacity
of a system to respond, regenerate, recover from a shock or a long-term pressure.” Jennifer Givens and Michael
Briscoe will be working to more systematically analyze the results from these focus groups, to extract more specific
insights related to these differences, which could then shape better communication of academic results regarding
sustainability and resilience of the food-energy-water system in ways that are useful to decision-makers working in
these different sectors. Furthermore, this allows us to think about not only the meaning of the terms, but to more
deeply consider assumptions explicit in these meanings and to ask questions such as, “resilience and sustainability of
what and for whom”, and to consider social implications, trade-offs, and power dynamics of management decisions.
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Helping bridge from theory to practice
As we described earlier in this Progress Report, the Columbia FEW project is considered “use-inspired basic research”
(see Hall et al.’s article on bridging theory to practice). The discussions during meetings such as our recent annual
meeting are key to helping the Columbia FEW team understand the concerns and priorities of decision-makers
currently working in the food, energy, and water sectors in the Columbia River Basin. The insights the research team
obtains from such in-person interactions not only inform immediate next steps on the current research—such as what
scenarios to focus on, or how to share sustainability and resilience information so that it is relevant to practitioners
in different sectors—but also lead to discussions around future research projects, whether use-inspired or applied.
We therefore would like to extend our gratitude to our Advisory Group participants for their willingness to invest
their time in providing these insights. We hope that this Progress Report, our future Columbia FEW project results
and our future work provide useful and relevant information that directly support your thinking and efforts related
to understanding how you might improve the sustainability and resilience of the Columbia River Basin’s food-energywater system, while achieving your entity’s specific goals and objectives.

6: Columbia River FEW Team
and Authors
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