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Understanding and modeling the trajectories of change in broad level interactions in food-energy-water systems is incomplete when it is undertaken by researchers in isolation from those who live and work in the systems. For models and outcomes to have validity they need to be subjected to sustained development and iteration with stakeholders. This requires a paradigm shift in our thinking of stakeholder engagement from viewing such engagement as an isolated activity or part of the data collection methods to thinking of engagement as a process of knowledge generation. That process hinges on building relationships and building trust, and also sustaining these as long-term relationships through multiple elements of research design and execution. Using the case-study of a mid-size river basin we demonstrate a co-production of knowledge process for food-energy-water systems. The findings highlight the multiple and different ways in which knowledge co-production can be transacted in food-energy-water systems while also generating solutions to the use and re-use of water, energy, and nutrients at the landscape level.
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1 INTRODUCTION
The transformation of landscapes in the Anthropocene (Alessa and Chapin, 2008) involves the complex interactions of society’s major food, energy, and water systems (FEWS). Understanding and modeling the trajectories of change in FEWS is imperative for sustainable futures on Earth that balance food production, water availability, and energy needs. Advances in mapping, modeling, and visualization have all contributed to our knowledge and representation of these broad scale systems and how they potentially interact. However, researchers alone cannot produce the knowledge necessary to develop solutions to the vexing problems of sustaining food, energy, and water systems in concert, this requires consideration of the context in which these FEWS interplay with people and communities. As we illustrate in the case study below, community expertise is needed to allow researchers to reassess invalid assumptions and misconceptions about local system interactions and effective solutions (Polk, 2015; Howarth and Monasterolo, 2017; Djenontin and Meadow, 2018). In turn, stakeholder misconceptions can also be revised based on information provided by researchers (Polk, 2015; Howarth and Monasterolo, 2017; Djenontin and Meadow, 2018). The process necessary to navigate this complex interaction among community/stakeholders and researchers in FEWS is the domain of co-production of knowledge.
Co-production of knowledge refers to collaborative approaches that encapsulate socially relevant and scientifically reliable knowledge that is germane to real world solutions (Polk, 2015; Howarth and Monasterolo, 2017; Djenontin and Meadow, 2018). Co-production of knowledge can be viewed within a broader suite of stakeholder engagement efforts. Stakeholder engagement has been characterized as bottom-up, or stakeholder-initiated, versus top-down, or decision-maker initiated (Fraser et al., 2006). Stakeholder engagement can also be distinguished according to the purposes and outcomes that drive engagement and knowledge exchange ranging from communication (one-way), to consultation, to deliberation, to co-production (two-way) (Rowe and Frewer, 2004;Reed, 2008; Reed et al., 2013). Co-production of knowledge can therefore be either researcher-initiated or stakeholder-initiated but must be a two-way deliberative approach between stakeholders and researchers.
Common processes for engaging stakeholders that are similar to those in this case study include participatory stakeholder engagement (PSP) which sometimes involves modeling to simulate scenarios (e.g., Walz et al., 2007; Volkery et al., 2008; Nol et al., 2012; Plieninger et al., 2013; Reed et al., 2013; Hassenforder et al., 2015; Kok et al., 2015; McBride et al., 2017; Kebede et al., 2018; Reinhardt et al., 2018; DasGupta et al., 2019; Izydorczyk et al., 2019; Kabaya et al., 2019; Xexakis and Trutnevyte, 2019; Hagemann et al., 2020; Sanjuan-Delmás et al., 2021)] and sometimes does not (e.g., Kok, 2009; Palomo et al., 2011; Oteros-Rozas et al., 2015; Flynn et al., 2018; Planque et al., 2019). A similar approach is story and simulation (SAS) which also may or may not include modeling and mapping (De Stefano et al., 2017; Elsawah et al., 2020). If publications are representative of practice, SAS has been used much less frequently than PSP and it is rarely iterated with stakeholders over 4–5 years, or used within the FEWS framework.
Stakeholder engagement in FEWS has been categorized according to the type of participation based on the form and function that is pursued (White, 1996; Ghodsvali et al., 2019). The Ghodsvali et al. framework categorizes community and stakeholder engagement as nominal, instrumental, representative or transformative (Ghodsvali et al., 2019), with co-production of knowledge spanning instrumental, representational, and transformative participation for stakeholders.
The International Association for Public Participation (IAP2) has adopted a similar framework with levels of involvement spanning inform, consult, involve, collaborate and empower (Nabatchi, 2012; Brown and Chin, 2013; Bammer, 2019). Table 1 describes the definitions of each type of engagement as defined by Ghodsvali et al. (2019) and by the IAP2.
TABLE 1 | Range of stakeholder engagement based on the form and function of a project or study using the Ghodsvali et al. (2019) framework and the IAP2 framework. Types of engagement that fit co-production of knowledge are shown in grey.
[image: Table 1]Stakeholder engagement generally, and co-production of knowledge specifically, utilizes a wide range of methods of interaction with stakeholders, including: interviews (White et al., 2017), questionnaire surveys (Bielicki et al., 2019), focus group discussions (Hoolohan et al., 2018b), participatory mapping (Reilly et al., 2018), structured workshops (Yan and Roggema, 2019), gaming exercises (Mochizuki et al., 2018), and participatory scenario development (Johnson and Karlberg, 2017) and story and simulation (De Stefano et al., 2017; Elsawah et al., 2020). Each method can support different contributions to the understanding of the FEWS nexus (Ghodsvali et al., 2019) and collectively a multi-method approach can support transdisciplinary co-production of knowledge.
An organized, consistent, and (ideally) representative group of stakeholders that can co-design and co-generate knowledge in a sustained manner, that is a stakeholder advisory group (SAG), has the potential to provide multi-method engagement in FEWS research resulting in co-produced knowledge and validated models. Stakeholder advisory groups, research advisory councils, and citizen advisory committees have been used since the 1940s in the Cooperative Extension Service (Kelsey and Hearne, 1949; Franz et al., 2015; Garst and McCawley, 2015), and from the 1970s to support planning studies (Ertet, 1979; Lafon et al., 2004), environmental policy development (Lynn and Busenberg, 1995), forest management (McGurk et al., 2006; Hunt and McFarlane, 2007; Robson and Rosenthal, 2014), phosphorus management (Iwaniec et al., 2016), coastal risk management (Creed et al., 2018), and more recently in FEWS research (Bielicki et al., 2019). The scope of advisory groups has typically been nominal engagement (e.g., (Ertet, 1979; Lynn and Busenberg, 1995; McGurk et al., 2006; Bielicki et al., 2019), or instrumental engagement (e.g., (Lafon et al., 2004; McGurk et al., 2006; Hunt and McFarlane, 2007; Robson and Rosenthal, 2014), with few advisory groups that are set up to provide representative engagement (McGurk et al., 2006; Creed et al., 2018) or transformative engagement (Iwaniec et al., 2016). Most studies that involve advisory groups primarily use interviews or surveys to elicit engagement while few studies adopt multi-method engagement. In some circumstances, nominal or instrumental engagement with communities and stakeholders may be appropriate, depending upon the objectives of the research. If research objectives include empowering communities and stakeholders to envision futures of their communities so that they may institute change or implement solutions, using a multi-methods approach to enrich understanding and enable visualization of potential futures is a necessary level of engagement (Koua et al., 2006; Walker et al., 2008; Jones, 2011; Cronan et al., 2022).
In the context of FEW systems and the FEWS nexus the use of co-production processes have supported qualitative assessments of stakeholder perspectives on water-limited southwestern US urban FEWS systems via focus groups (White et al., 2017); climate shocks on the FEW nexus at the national scale in the United Kingdom, including hazard shocks for FEWS, FEWS infrastructure mitigation, FEWS insurance and finance issues, and governance and FEWS shocks (Howarth & Monasterolo, 2017); documentation of stakeholder knowledge of climate change and food security issues at the FEWS nexus (Hoolohan et al., 2018a); measurement of stakeholder attitudes, perceptions, and values of FEW management issues for corn belt agriculture, fossil fuel and renewable energy productions, and ecological impacts in the US Great Lakes region (Bielicki et al., 2019); to support envisioning, experimenting, and learning purposes toward understanding sustainable development with respect to FEW systems and issues (Ghodsvali et al., 2019), and; to facilitate knowledge exchange between research and non-research actors toward identifying solutions to FEW crises in African cities under rapid population growth (Sesan et al., 2022).
This paper explores the development and application of a SAG as a means for supporting a multi-method process for the co-production of knowledge in FEWS research and addresses the research question: What are the features of a SAG engagement process that can support the co-production of knowledge for developing models and solutions to FEWS issues? This question is addressed using the case-study of agricultural production in the Magic Valley, Idaho, United States (Figure 1).
[image: Figure 1]FIGURE 1 | Location map of Magic Valley in southern Idaho, United States.
2 METHODS FOR KNOWLEDGE CO-PRODUCTION
This study was part of a food-energy-water systems project that was focused on developing integrated solutions to reducing water use, increasing nutrient reuse, and reducing energy at the watershed scale across an agricultural landscape dominated by dairy production (Villamor et al., 2020). The study took place in the Magic Valley, Idaho, United States (Figure 1), which is situated in the Snake River Plain within the Columbia River Basin in Southern Idaho. It is a semi-arid environment receiving approximately 250 mm precipitation annually. The Magic Valley comprises six counties in the Upper Snake River Basin (USRB) between American Falls and Glenns Ferry, much of which is underlain by the East Snake River Plain aquifer, a sizable basalt aquifer. The Magic Valley supports a population of approximately 186,000 people in numerous farming communities, the City of Twin Falls (50,000 inhabitants) is the major urban center. The area is dominated by agricultural production, notably dairy and crop production, and is a significant contributor to Idaho’s agricultural economy, in 2013, Magic Valley farm gate receipts accounted for 47% of Idaho’s total farm gate receipts (Hines et al., 2013).
2.1 The stakeholder advisory group
A preliminary SAG was established during the development of the research proposal to co-develop research questions and guide the formation of the proposal. The 3 members of the preliminary group formed the initial SAG which was expanded to 12 members, using a snowball sampling technique (Hines et al., 2013), once the project was funded. SAG members were chosen for their experience living and working in the Magic Valley, their knowledge in a key sector relevant to FEWS, diversity, and ability to work in a group setting with multiple perspectives. A research team member with 30 years of experience working in Idaho’s agricultural sector, including in the Magic Valley, and a local researcher from the Extension Service with 12 years of service in the area were instrumental in identifying and recruiting advisory group members. The identification of which organizations were significant was determined both from the researchers’ understanding of the system and SAG members’ conceptualization of the FEWS (Villamor et al., 2020). To ensure representation from key organizations that were not included as part of snowball sampling, targeted recruitment was used for food processors, water governance organizations, canal companies, municipal water engineers, and dairy industry groups.
Dialog, collaboration, and co-development of knowledge with the SAG was facilitated using an ongoing, iterative Delphi approach (Alessa et al., 2018) modified to provide in-person discussions throughout the four-year project. This was organized as one-day workshops lasting approximately seven hours every six months from May 2017—May 2020 held in Twin Falls, Idaho. Each workshop started with a brief re-cap of progress to date, stakeholder suggestions for refining the process, revisitation and adjustment (if needed) of assumptions were solicited in each workshop. Upon presentation of new work, stakeholder critique was again sought. Following each workshop a draft set of notes, action items and graphics were sent to SAG members for verification, addition of any critical items missed in the notes, and approval of the material. Each workshop built upon the previous workshop and on some occasions an intermediate virtual meeting was held between workshops if the SAG and research team deemed it appropriate. In some situations, questionnaire surveys, interviews, or focus groups were used to generate specific information or discussions.
Early discussions with the SAG were purposefully wide-ranging with few boundaries or direction and covered topics such as the potential for goat farming vis-a-vis dairy cattle for sustaining the local dairy industry; how cooperatives among smaller family farms could support cost-effective technological solutions such as anaerobic digesters, and; the role of robotic dairy operations in providing greater production efficiencies. This process allowed stakeholders to direct discussions to topics they found most relevant as well as to build trust that researchers would listen and incorporate stakeholder input into products. Gradually, discussions became more focused and tied to an overarching process (Figure 2). The co-development process was multi-faceted and iterative (Figure 2) leading to: development of a conceptual model of the actors, resources, issues and dynamics; identification of critical uncertainties (Shearer et al., 2006; Trammell et al., 2021) and underlying future trajectories; establishment of a set of alternative futures (scenarios); validation and improvement of hydrological, demographic, and agent-based models; identification of solutions for reducing water use, reducing or reusing nutrients, or reducing energy consumption, and; evaluation of mapping and visualization of data and outcomes for FEWS in the Magic Valley. Each of these outcomes were interrelated with one outcome providing an input to another process leading to another outcome through an iterative process (Figure 2) where the SAG input, contributions, and validation was central to the process. This process reflects recent transdisciplinary research design processes (Hoolohan et al., 2018a) by deeply integrating stakeholder knowledge with insights from multiple disciplines. In addition to the schedule of core SAG workshops, stakeholder engagement was supplemented with other approaches including representative questionnaire surveys, focus group discussions with specific constituents, site visits, and individual interviews, to expand on the knowledge and outcomes from the SAG workshops.
[image: Figure 2]FIGURE 2 | Conceptual diagram of stakeholder advisory group role in the process of co-production of knowledge in food-energy-water research.
2.2 Co-production processes
A series of 12 sequential workshops were run with the SAG between May 2017 and April 2021 (Table 2). A broad range of engagement methods were used for co-producing knowledge with the SAG (Figure 2; Table 2). Some engagement methods were iterated over several workshops (e.g., Scenario Narrative development, geospatial scenario mapping, FEWS solutions), and prior workshop outcomes based on one engagement method were frequently discussed in a subsequent workshop to provide context and to establish a basis for a different engagement method. The research purpose of co-production with the SAG for the Magic Valley was to frame a conceptual model of the food-energy-water system as a social-ecological system (SES), identify the pertinent FEWS stakeholder network, generate a set of alternative futures or scenarios for FEWS, develop representation models of the alternative futures, generate descriptive narratives of each scenario, validate and vet impact model outcomes for each scenario, and identify and assess potential integrated solutions to reducing and reusing water, nutrients, and energy for each scenario at the landscape level. The purposes that SAG members had for participating varied depending on each member’s perspective and values. However, common goals for all SAG members included envisioning strategies to preserve agricultural land from development as much as possible, maintain agricultural production in the region, retain as much water in the region as possible, allow market forces to dictate standards and practices rather than government intervention, and avoid long-term violations of the Swan Falls Agreement. The majority of SAG members were keenly aware of the pressures facing the FEW system, the magnitude of those pressures, and that they would be unable to maintain the status quo–for example, with respect to waste management and water quality. Through the end of 2019 workshops were held in person in Twin Falls, Idaho, the urban hub of Magic Valley (Table 2). During 2020 and 2021 workshops were held virtually due to COVID travel restrictions and social distancing (Table 2). Virtual meetings benefited from the relationships that had been developed in person in the preceding workshops. The sequence and timing of workshops characterizes how the utilization of a co-production approach shaped the trajectory of the research–based on the number of workshops that a single activity or phase was interested at and for any single workshop that combination of activities and research phases that were integrated.
TABLE 2 | Stakeholder Advisory Group (SAG) workshop series showing each element of the engagement and co-production process. When workshop participants were not able to attend in person and a virtual workshop was scheduled at a later date to follow up with those who were unable to attend, we have designated the in-person workshop as “a" and the virtual workshop as “b”.
[image: Table 2]2.2.1 Actors-Resources-Dynamics-Interactions Process
The SAG participated in workshops #3 and #4 for the purpose of co-producing a conceptual model of the FEWS in the Magic Valley. This utilized the ARDI process (Etienne et al., 2011) to identify key direct and indirect actors, identify critical resources relevant to the actors, map the main processes that drive resource dynamics, and construct the interactions among the actors, resources, and dynamics (Villamor et al., 2020). Actors were described as entities who have demonstrated significant influence within the Magic Valley with respect to FEWS. Research team members facilitated open discussion sessions with the SAG to elicit and then work through collective responses on FEWS actors in the Magic Valley, water and nutrient resources, FEWS dynamics, and interactions among these actors and resources. This included ranking each of these elements individually, computing the group ranking, and then engaging in an open discussion to generate a consensus on the final ranking for each element of the ARDI sequence.
The ARDI process produced a ranked list of important actors (organizations, entities, and decision-making bodies) who played major roles in managing and deciding use of surface- and groundwater, and of nutrient and byproduct management. Through this process the SAG also ranked the importance of the main dynamics and processes affecting the state of, and creating change in, water availability and use and nutrient management in the Magic Valley. The outcome of ARDI was co-production of a conceptual model of the FEWS in Magic Valley (Villamor et al., 2020) that incorporated local stakeholder knowledge. Stakeholders focused on snowpack and water impoundment as primary drivers of water availability while researchers had focused on aquifer levels as key drivers - both surface water and aquifer levels are in fact closely linked in the Eastern Snake River Plain Aquifer and USRB (Villamor et al., 2020). The divergence in focus between the two groups, especially early in our interactions, illustrates the process of co-production of knowledge through communication between stakeholders and researchers. Stakeholders identified socio-political and economic dynamics as important drivers of decision-making and system changes whereas researchers focused on biophysical and mechanistic processes. Both of these knowledge bases were synthesized into a single conceptual model that formed the initial representation of the Magic Valley FEWS.
2.2.2 Critical Uncertainties
In workshop #4 stakeholders brainstormed the question: “What are the most critical things that we cannot control?” (Trammell et al., 2021). These were called critical uncertainties and were defined as any factor that would profoundly impact the Magic Valley in the future and was hard to predict. Stakeholders were then asked to rank the critical uncertainties in terms of importance. Twenty-nine points were allocated to each stakeholder to distribute among the uncertainties as they wished. They could allocate all 29 points to one uncertainty or one point to 29 uncertainties, or any combination of points to any number of uncertainties. Scientists often struggle with communicating likelihood of occurrence (confidence intervals) to stakeholders (Spiegelhalter, 2017). This technique elucidated stakeholders’ assessment of uncertainties in terms of importance to the region as well as likelihood of occurrence (Shearer et al., 2006; Trammell et al., 2018).
These discussions were initiated and directed entirely by the SAG with clarification and follow-up questions from the research team. The SAG ranked the top five critical uncertainties as: 1. Will there be sufficient water supply for demand? (31 points), 2. Will water quality regulations change? (21 points) 3. Will allocation of [water] resources affect growth? (20 points), 4. Will highest and best use of water be the driver? (16 points) and 5. Will agriculture continue to be used as a national security tool? (10 points). The uncertainties were then linked to actors in the Magic Valley by how much either an increase or decrease in the uncertainty would inhibit or facilitate each actor’s objectives (Trammell et al., 2021). In this meeting, SAG members identified additional key agents in the system that had not previously been identified, including canal companies, irrigation districts and Native American tribes as direct rather than indirect actors (e.g., Figure 2). The research team represented these linkages as an impact matrix. The draft impact matrix was revisited at the beginning of workshop #5 to check and refine the critical uncertainties.
2.2.3 Scenario Development
The actors, uncertainties, and impacts identified by the SAG in the earlier workshops yielded six draft plausible scenario narratives or storylines for the Magic Valley for 2020–2050 that were documented by the research team, presented to the SAG at workshop #5 and refined at workshops #6a and #6b in the series. The scenarios were developed using the geodesign framework (Steinitz, 2012) which iterates possible futures with stakeholders and asks the question “How do we get from the present state of this geographical study area to the best possible future?” coupled with projecting impacts across the Magic Valley. Each scenario varied two or three of the uncertainties, issues and decisions identified by the SAG to allow them to explore implications of changes in those factors without varying so many factors that imagining the scenario would be overwhelming. The scenarios have been described in detail (Cronan et al., 2022) and are summarized in Table 3. See Figure 3 below illustrating one example, the megadrought scenario co-produced with the SAG.
TABLE 3 | Summary of scope, assumptions, and uncertainties for Magic Valley stakeholder-derived scenarios and storylines (Cronan et al., 2022).
[image: Table 3][image: Figure 3]FIGURE 3 | Example of stakeholder co-produced scenario narrative for food-energy-water systems in Magic Valley, ID; Megadrought scenario.
The scenario narratives were evaluated, critiqued, refined and co-produced by the SAG with the research team. The co-production process requires listening to input from the SAG and incorporating comments into models and scenario planning. Examples of SAG input into our assumptions, data and projections described below illustrate the respectful interactions, flexibility in approach and humility needed for co-production of knowledge. For instance, our SAG commented that our projections of growth in dairy cows was too high. They pointed out that many counties in the Magic Valley had begun restricting Concentrated Animal Feeding Operations (CAFOs) because residents had complained about smells and due to concerns over water quality. The research team and SAG settled that growth would be limited to an additional 75,000 to 100,000 cows likely located in the eastern part of the region. Without SAG insight and input, the research team would have likely over-estimated the number of dairy cows that could be supported in the future.
The research team also speculated that in a scenario in which food production became more valuable and water was available, water quality standards could be loosened. Our SAG strongly disagreed and pointed out that although standards imposed by federal or state environmental agencies might not be as stringently enforced, health departments would assure that nitrogen (as nitrates) standards would not be exceeded in drinking water. SAG members stated that they could not envision water quality standards being loosened and it was likely that they would become stricter. The SAG commented that previous assumptions about phosphorus being stationary and not a threat are being questioned. They predicted there would be increased use of a phosphorus index to manage nutrient (both nitrogen and phosphorus) levels. Without SAG input, one scenario would have unrealistically relaxed water quality standards.
The research team also anticipated an increase in agricultural acreage should water availability increase. The SAG strenuously disagreed with that situation as well. Pointing out that water in this system has been over-allocated, and current practices had resulted in a decrease in ground-water levels, they stated that additional water, if any, would go to recharge the aquifer first and to storage in reservoirs. Since water rights are tied to land, and there are no additional water rights, there would be no agricultural land added, although land with junior water rights would be planted more often and there would be less land kept fallow if water availability increased. There was also a rich discussion of the relative roles of the water laws of “first in time, first in right” and of “beneficial use.” The SAG further elucidated that current movement toward conjunctive management of ground and surface water was impacting water allocation among junior and senior water rights holders. The research teams’ allocation of water to various users was more accurate and reflected potential future changes more effectively with input from the SAG.
3 SCENARIO SIMULATION, FEEDBACK, AND REFINEMENT
Multiple computational impact models were developed or adapted to the Magic Valley region by the research team by incorporating both research conducted by the researchers and critiques of the validity and applicability to the region by the SAG. The models represented hydrological processes and water availability (a water balance model or WBM); a land use/landcover change model incorporating crop cover; crop decisions influencing land use and land use change and water use (WBM and land use model); climate projections, and; human population growth and density projections. Combining quantitative modeling, which incorporates a probabilistic approach to predict a likely outcome, with future scenario development, that allow stakeholders to explore novel changes that cannot be fully predicted or anticipated, enriches navigation of uncertainties by stakeholders (Yung et al., 2019).
3.1 Hydrologic modeling
The WBM is a distributed hydrological model incorporating surface runoff, groundwater pools, soil layer, river network, evapotranspiration, and representations of human interventions on the hydrologic cycle (e.g., dams, irrigation, and domestic water use) that was used to characterize the water balance, water availability, and water use (Zuidema et al., 2020). The WBM was modified and applied by the hydrologic modeling team and then preliminary model outputs were presented to, and discussed with, the SAG during model validation and verification. SAG input on model outcomes under each scenario were used to iteratively modify and improve the WBM runs. One of the key lessons relating to the hydrologic model from the SAG was the importance of the Swan Falls Agreement that requires 5,900 cfs water flow at the Swan Falls gauge during months that irrigation is taking place. The SAG informed the team that the agreement was violated regularly during the summer, but usually not for long periods of time. If violations occur over longer periods of time or more frequently, the SAG predicted that agriculture in the Magic Valley would be significantly negatively impacted. The WBM was modified to anticipate future violations of the agreement. The SAG learned from the research team that a significant increase in population (six million people, a ×30 increase) would only increase water use by one percent over current consumption for both urban and agriculture; most had assumed that population increase would consume a much larger portion of available water.
3.2 Climate modeling
Existing climate models were used to build climate futures for the Magic Valley. Stakeholders identified climate futures as critical to understanding each of the Magic Valley scenarios. Climate futures, that is the climate model outcome for a scenario, were selected by the research team to reflect each scenario narrative from a suite of general circulation models (GCMs) and greenhouse gas concentration trajectories (RCPs) that were downscaled (Abatzoglou and Brown, 2012; Rupp et al., 2013; Jiang et al., 2018; Alder and Hostetler, 2019). Climate futures were selected by examining hydrological change over the USRB between 2021 and 2050 and late 20th century (1971–2000) (Gergel et al., 2017). Climate futures were presented to, and discussed with, the SAG. The veracity of annual precipitation and runoff in each climate future was assessed by the SAG. All scenarios except Megadrought (scenario five) used RCP 4.5 utilizing different models that related best to the social and physical conditions described in the scenarios, scenario five utilized a synthetic climate model that simulated Dust Bowl conditions. Each climate future was then represented as an input to the WBM to determine the resulting hydrologic change under each scenario. The SAG discussed how water retention in reservoirs and groundwater recharge might be impacted by changes in precipitation, both in terms of less snow and more rain and in terms of changes in timing of precipitation. These were discussed, at length, as they relate to regulations restricting irrigation to summer months, and what it might mean for delivery systems.
3.3 Agent-based modeling
An ABM was developed to examine the implications of dairy feed-crop rotation on the total energy budget at the landscape level in Magic Valley. The ABM represented manure application, land use cover, total nitrogen and phosphorus, and crop yields. Agent decisions were incorporated in the ABM for changing the composition of the dairy cow feed ration requirement, application of manure to cropland, and the relative nutrient sensitivity. ABM model outputs were used to determine the relative energy efficiency at the landscape level of different crop rotation combinations, and whether a combination of manure reinvestment (as fertilizer) and crop rotation provides greater energy efficiency than conventional agriculture. The ABM was parameterized from the ARDI workshop with the SAG and a questionnaire survey on nutrient management in dairy farming administered to dairy farmers in the Upper Snake River Basin. The preliminary ABM was presented to the SAG.
3.4 Population growth and density
Population growth and density were primarily modeled using past population trends and Dasymetric Mapping (Sleeter and Gould, 2007). A basic linear regression trend was presented to the stakeholders for initial feedback and the assessment of plausibility. Then, two variants of the linear trend were presented: geometric and parabolic growth models. In all cases, the population was projected to increase. On several of the scenarios, SAG members commented that we had not projected population accurately and suggested that we not use linear trends, and recommended percentages of increase or decrease appropriate to the scenario. For the Business As Usual scenario, they commented that our population increase based on a linear projection was not high enough. For our megadrought scenario they commented that there would be a population decline after about 5 years (departure from linear), and for our scenario in which technology companies moved into the Magic Valley, there was a rich discussion about whether technology industries or agriculture would employ more people, and the resulting increase or decrease in population. Once population projections were agreed upon, Dasymetric mapping (Jiang et al., 2018) was used to portray population density and distribution specific to each scenario, using the National Land Cover Database and census tract data as the source of current population densities.
3.5 Indicators
A set of indicators were developed for comparing the outcomes for each scenario over the 2020–2050 time horizon across the Magic Valley landscape (Boyko et al., 2012). Indicators were derived in part from the outputs and outcomes of each of the impact models and in part by ensuring metrics were included for each of the food, energy, and water systems. An initial set of indicators were proposed by the research team and discussed with the SAG from which a modified set of indicators were produced that incorporated suggestions and ideas of the SAG members (Table 4). The indicators were revisited and revised following the sixth and seventh stakeholder workshop (Tables 2 and 4). The final set of indicators presented for each scenario included: 1) total human population, 2) total dairy cow count, 3) total urban area, 4) total agriculture in production, 5) total agriculture supporting dairies, 6) total agriculture converted to urban, and 7) water availability. Landuse and landcover maps and interactive dashboards were used to allow stakeholders to map locations of change in the indicators and in impact model revisions (Center for Resilient Communities, 2020).
TABLE 4 | Comparison of select indicators for Magic Valley scenarios showing indicator values following initial land use landcover and water balance model runs through 2050 and refined indicator values following completion of stakeholder input and iterations.
[image: Table 4]3.6 Solutions
Because each scenario incorporated different issues the decisions, uncertainties, and solutions were tailored to each scenario and included strategies to reduce water use, reduce and/or reuse nutrients, and reduce energy use over the 2020–2050 scenario time-horizon at the landscape scale. The initial suite of integrated solutions was proposed by the research team based on discussions with stakeholders during the second through fourth SAG workshops as well as brainstorming with a SAG member who is an Extension Service employee. A draft suite of solutions was formally presented to the SAG during the fifth SAG workshop and feedback was sought and documented. Input was provided by the SAG on the practicality, timing, likely adoption, and drawbacks for each proposed solution as well as which solutions best fit each scenario narrative. A revised solution suite was presented to the SAG during the sixth workshop. A further round of revisions was made to solutions related to each scenario and those were presented to stakeholders at the seventh SAG workshop. At that workshop, the timing of each solution in each scenario was fine-tuned (Figure 4). In general, the SAG agreed that stricter water quality regulations would be imposed, that best management practices (structural interventions and policies) would be implemented in crop and dairy farming as well as industrial, municipal and residential land use (Williams et al., 2023). The SAG felt that increased composting of animal wastes would occur quickly. They struggled with when and whether biodigesters would be used because dairy farmers had negative prior experiences with them, and were reluctant to adopt this technology, which they commented had only been successfully implemented by the largest dairies. Spatial land use and land cover changes were also modeled as solutions (e.g. replacement of high water demand crops for less water-intensive crop types in multiple scenarios).
[image: Figure 4]FIGURE 4 | Example of integrated set of co-produced visualizations portraying drivers of change, impact models, and indicators for a FEWS scenario in Magic Valley, ID; Megadrought scenario.
3.7 Visualization and mapping
An integrated set of visualizations were developed by the research team portraying drivers of change, impact models, and indicators for each scenario (Cronan et al., 2022). Initially, spatial results and implications were drawn on paper maps by SAG members. Hand drawn-graphics and maps assisted in the SAG with coalescing the scenarios in the early phases of iterating scenarios. While hand-drawn graphics were not essential they did help to align some of the thinking among SAG members and researchers with disparate backgrounds and also aided the communication process. More advanced geospatial representations were then developed for each scenario to highlight changes on crop cover and other attributes. Visualizations of the scenarios were shown to the SAG at workshops #6a and #6b and SAG members preferred the integrated solutions schematic shown below (Figure 4). ESRI GeoPlanner, ESRI Storymaps, and ESRI ArcHub (Ward and Chapman, 2008; Center for Resilient Communities, 2020; Kliskey et al., 2021) were all used as part of the toolkit for delivering geospatial representations of, and outcomes for, scenarios. The visualizations were modified based on SAG input and incorporated into material presented to the SAG at workshops #6 and #7. The most popular visualization incorporated a timeline showing water levels and violations of the Swan Falls Agreement, with solutions overlay as they occurred across the timeline (Figure 4 below; Cronan et al., 2022). All visualizations were delivered through an editable platform which made revisions possible during the workshops.
4 STAKEHOLDER ENGAGEMENT AS RELATIONSHIP, DESIGN, AND PROCESS
In our project, the research team learned much about the FEWS system in the Magic Valley region from stakeholders. The in-depth understanding of the SAG regarding interactions among food, energy and water systems and social system constraints (laws, policies, attitudes and values for example) as well as the solutions most likely to be adopted and the timing of adoption (Williams et al., 2023) enabled the research team to better align the impact models with stakeholder knowledge of the system and develop a set of scenarios to guide decision-making for the future of the Magic Valley.
4.1 Engagement as relationship
The application of a SAG in this instance represents the co-production of knowledge as a set of relationships among stakeholders, rights holders, communities, and researchers. Consistent with best practices for stakeholder engagement (Kliskey et al., 2021) this instance of a SAG process emphasizes a set of relationships and their contribution to a culture of respect and trust, co-ownership of the process, and co-production of knowledge and outcomes. Most importantly, relationship was built in our project through listening, respecting local knowledge of the SAG and incorporating their data into our products and outcomes.
The multi-method and iterative engagement approach (Figure 2; Table 2) speaks to the collaborative nature of all involved, it underlies the importance of having stakeholders who are willing to challenge the scientists, and these examples can be viewed as a “qualitative scientific method” where the researchers state a hypothesis (what they believe about the system), the “data” (assessments) from the SAG rejected the hypothesis, and the researchers changed their conceptual model in response, and then re-presented the updated model to the SAG for updated “data” as further input. This was particularly evident in the iterative co-production of scenarios (Cronan et al., 2022) and of solutions (Williams et al., 2023) to FEWS challenges with the SAG.
The process, and the relationships, were not always perfect. Although the research team sought to build a representational SAG, members could be more accurately characterized as being indicative of the region. We were not successful in recruiting members of some groups, aquaculture representatives as one example, whose insights we felt would be important. Recruiting allies of particular groups to a SAG may motivate participation by those groups (Ward and Chapman, 2008; Conallin et al., 2017). Another effective strategy might be to approach one or more influential key representatives and ask for referrals. Initially our outreach to the Idaho Dairymen’s Association was unsuccessful, but we initiated a conversation with that group and discovered that language in our research literature had offended them. After a face-to-face meeting in which we listened to their concerns and agreed to modify our language going forward, we were successful in obtaining their representation on our SAG. We were also unaware until over a year into the project that migrant workers and beef cattle producers were key stakeholders in the region, and should have been involved with the SAG. Ongoing participation of SAG members was also a challenge. A few key members consistently attended workshops and responded to emails, others attended when able, and a few, including our Indigenous members and an organic dairy farmer, stopped attending meetings early in the process (although the Indigenous members continued to provide critiques of our process by email). There are tradeoffs to consider if SAG membership is initially expanded to a number beyond optimal size in anticipation of attrition, as well as to recruiting new members mid-project who will need to be brought up to speed. For longer term projects recruiting new members mid-project could be an intentional strategy to provide new expertise as a project evolves.
In developing models and iterating scenarios with stakeholders, there were sometimes differences of perspective between stakeholder suggestions and researcher assumptions and knowledge. Several examples of those were discussed above and included challenges by stakeholders to researcher modeling of increases in the number of dairy cows and their geographic placement, as well as an initial lack of appreciation by the research team of the importance of the Swan Falls Agreement on minimum permissible river flows. A particular point of tension was discussion of changing water quality standards. The research team proposed in a scenario assuming that the Magic Valley became an area essential to national agricultural production, that water quality standards might be relaxed. Stakeholders did not want to consider any reductions of water quality laws, and seemed to be most uncomfortable with any discussion around it. Also, there was a clear difference in what SAG members understood versus the modeled/projected numbers the research team provided for increasing agricultural area if water became more available. There was, perhaps, reluctance by the research team to immediately address that, and it took several iterations and presentations of outcomes before the research team got it right and SAG members felt comfortable with the outcomes. In the case of significant water reduction, researchers assumed that agricultural land would be decommissioned, but stakeholders disagreed and indicated that land would be fallowed, not decommissioned.
When we asked meeting attendees to evaluate the engagement process, several participants observed that two members who consistently attended meetings were openly disdainful of some opinions expressed by others. They felt that the tension created by those members, in addition to the required time commitment, were probably the key factors in members’ ability and willingness to continue to attend. In future engagements, we will institute a rule about respectful disagreement at the beginning of the process with consistent reminders throughout. Some researchers have also addressed this problem by allocating stakeholders to separate groups when it is felt that interaction among them would not be successful (Conallin et al., 2017; Trammell et al., 2021). Our group has also discussed, in response to the critique about time commitments, whether we could have enhanced participation by breaking our meetings into smaller units of time (our SAG meetings were scheduled to last 6 h) held every 3 or 4 months rather than every 6 months as we did during the project. Our process provided a number of valuable lessons on how to improve the co-production process in the future.
The longitudinal engagement with community members by both university cooperative extension researchers and non-extension researchers was a particularly beneficial aspect of stakeholder engagement viewed as relationship building. Noteworthy from this experience in the Magic Valley case-study was leveraging the longitudinal engagement with community members that the University of Idaho Cooperative Extension provided. The development of the SAG in the early part of the project benefited from the research team members with decades of experience in the locale and who possessed strong social network connectivity. The long-standing relationships with both the land owners, dairy and farm workers, and non-extension scientists not only ensured the appropriate stakeholders were involved, but provided another level of relationship between the research team and the SAG. Stakeholders also contributed to relationship building through pre-existing relationships and networks with other SAG members.
Another set of relationships worth noting were those among the research team, primarily university faculty, staff, and graduate students, and the tensions in balancing the demands of the engagement and co-production goals of the project with the traditional career demands of academic institutions. Senior faculty on the team were able to mentor and advocate for early-career faculty to ameliorate possible impacts from the additional time that stakeholder engagement and co-production efforts demand. By actively including early-career faculty and graduate students in the engagement process it was possible for these team members to gain the necessary intellectual ownership/leadership of their contributions, including research papers. Nevertheless, the significant time that needs to be invested in co-produced science and lengthy start-up, execution, and sustaining of stakeholder engagement continues to be a critical issue.
4.2 Engagement as design
The importance of carefully designed stakeholder engagement efforts for producing effective outcomes in environmental management has been well stated (Reed et al., 2013; Eaton et al., 2021). This is correctly termed as engagement by design. Notably, transdisciplinary research design for supporting stakeholder engagement in FEWS has been more widely adopted (Carpenter et al., 2015; Johnson and Karlberg, 2017; Hoolohan et al., 2018a) and encourages well-thought out and designed approaches to stakeholder engagement. A different way to look at the role of design in stakeholder engagement based on the experience with SAG engagement in the Magic Valley case-study is that co-production of knowledge with stakeholders can elicit design thinking and design outcomes, leading to effective solutions to FEWS challenges. Design thinking is the iterative process of understanding the user, questioning the assumptions, and redefining problems in an attempt to generate alternative strategies and solutions (Brown, 2009; Cross, 2011; Brown and Martin, 2015). The lack of “involved” and stakeholder-driven research tasks and projects continues to create barriers between research and implementation (Lenzholzer et al., 2013), however engagement as design (otherwise known as projective design), has the capacity to demonstrate processes of what might occur requiring an abductive approach rather than inductive (LaGro, 1999; Deming and Swaffield, 2011). The entire co-production process (Figure 2) is in essence engagement as design where scientific methods (e.g., impact models, geospatial analyses) are leveraged by creative thinking between researchers and local stakeholders, and in this project specifically as geodesign thinking, to co-produce solutions to FEWS challenges. Design thinking is explicit in the development of scenario narratives (Table 2: SAG Workshops 5, 6a, and 6b), in the identification of integrated solutions (Table 2: SAG Workshops 6a, 6b, 8a, 8b, and 9), and in development of geospatial land use models representing each scenario as alternative futures. So rather than engagement by design (which is important) we highlight the value of engagement as design.
4.3 Engagement as process
The SAG development and engagement in Magic Valley FEWS highlights co-production of knowledge that entails ongoing, sustained, iterative, and sequential engagement (Figure 2; Table 2) that is as much about the co-production and engagement process as it is about the end products. In this case co-production of knowledge consisted of a series of interconnected engagement processes (Figure 2) that spanned a spectrum of engagement types (Table 5). The ARDI, critical uncertainties, and impact model representations were representational or collaborative engagement; the scenario generation and representations, and the design of solutions were transformative or empowered engagement; while visualization is nominal or consultative engagement. Rather than a single method of engagement this approach to using a SAG demonstrates a complex set of engagement processes that serve different purposes and collectively contribute to the co-production of knowledge.
TABLE 5 | Type or level of engagement (White, 1996; Bammer, 2019; Ghodsvali et al., 2019) for each process involving the stakeholder advisory group for the Magic Valley FEWS project.
[image: Table 5]A focus on stakeholder engagement as a process also highlights the importance of flexibility in the design and implementation of the SAG as an approach for engagement in FEWS. The highly iterative nature of the stakeholder engagement processes developed in the Magic Valley case-study (Figure 2; Table 3) and its complex set of engagement approaches (Table 2) provide opportunities for flexibility, adaptation, and learning. In transdisciplinary frameworks these notions of flexibility and learning have been expressed in the form of learning loops (Kliskey et al., 2017; Bammer, 2019; Steger et al., 2021) and in natural resource management as adaptive management (Allen and Gunderson, 2011). For the Magic Valley SAG engagement process the solutions to FEWS challenges and the iterative development of scenarios were the most transformative processes with potential for empowering stakeholders (Table 5). For example, the derivation of scenarios by the SAG members over 15 months via 6 workshops (Table 2) develops a sense of ownership in the scenarios. The sense of ownership by the SAG is demonstrated by the stakeholder-driven solutions that were generated by the group (Williams et al., 2023) although it is premature to determine the extent of implementation of the integrated solutions set. Anecdotally, two of the SAG members commented to the authors that following the summer of 2021 in Magic Valley, during which residents witnessed historic low winter snowpack, low seasonal rainfall, and record low river levels insufficient to fully support irrigation, that the conditions of the Megadrought scenario seemed apparent and that several of the co-generated solutions (e.g., fallowing some agricultural land, converting some feed crop pastures to more drought resistant crops) were being considered. Some SAG members have also agreed to continue as SAG members on new and related research proposals suggesting buy-in to the process.
By situating SAG engagement as an ongoing and iterative process it becomes possible to instill considerable flexibility in stakeholder engagement and in the methodological approaches leading to more acceptable outcomes. This includes flexibility regarding who shows up for which meetings and how that shapes the interpersonal dynamics, and what tools/resources will be most effective. For example, when the trained hydrologist from a canal company was in attendance at meetings we needed to be very quantitative in our discussions and presentation of results. In addition, flexibility in where the conversation will go, being willing to be wrong, and allowing stakeholders to be wrong in support of the evolving narrative of understanding in the process taken as a whole. It is important to respond to the stakeholder interests and provide due diligence in bringing their ideas into the scientific work. The role of co-production processes is increasingly recognized as essential to sustainability initiatives (Schneider et al., 2021) and in this case-study the co-production processes mirror recent iterative and collaborative principles for knowledge co-production (Norström et al., 2020; Kliskey et al., 2021).
In the context of FEWS research and practice co-production processes are both beneficial and challenging at the same time due to the need to work across multiple systems, scales, jurisdictions, and issues. This complexity necessitates multi-faceted, diverse, and flexible stakeholders and engagement approaches.
5 CONCLUSION
The understanding, representation, and modeling of FEWS trajectories can be enhanced by adopting a process of knowledge co-production with stakeholders, rights holders, and community members. A SAG provides a valuable mechanism for supporting multi-faceted and iterative processes for knowledge co-production. In the Magic Valley FEWS case-study the SAG provided an indicative set of stakeholders of the FEW system, and from the locale, rather than a representative sample of residents. The SAG by engaging as relationship, as design, and as process highlights the co-production and co-ownership of the engagement process, co-production of knowledge, and co-production of outcomes that reflect best practices for stakeholder engagement in FEWS (Bammer, 2019; Norström et al., 2020; Kliskey et al., 2021). This paper expands on best practices in each of the three modes of co-production. For co-production as relationship this translates to spending time to build trust with stakeholders, and the importance of fostering a culture of respect. For co-production as design best practices include the purposeful iteration for understanding the stakeholder, questioning the fundamental assumptions, and redefining problems. And for co-production as process best practices include: iterative engagement, sequential engagement, use of a set of processes for engagement that serve multiple purposes for knowledge co-production, and accommodating flexibility, adaptation, and learning throughout the process. SAG co-production as a process rather than an activity places a premium on building trust and longer-term relationships than social survey approaches and one-off meetings typically involve. This is especially key for new and innovative work (i.e., coupling WBM with climate and land use for the Magic Valley). Without that longer term engagement, stakeholders would likely have been skeptical about those models, and would not have been confident enough to co-produce solutions. Because of the iterative and participatory nature of the project, stakeholders exhibited ownership and stewardship with the project. The researchers utilized various methods of engagement and visualization to evoke a sense of affinity with the scenarios and the process utilized. Similar future studies have the capacity to elicit stakeholder buy-in as well as trust leading to transformative engagement (Ghodsvali et al., 2019) that empowers the local community (Bammer, 2019) rather than simply informing or consulting with stakeholders.
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