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Abstract
This study describes the development, implementation, and evaluation of an initial stakeholder engagement experience 
designed to facilitate knowledge co-production. The engagement experience is part of a collaborative research framework 
(CRF), which facilitates iterative interactions among diverse researchers and stakeholders around the topic of enhanced 
climate resilience. Here, we describe the: (1) need for and development of a CRF as it relates to stakeholder engagement 
and knowledge co-production; (2) implementation of the initial engagement experience, focused around individual semi-
structured interviews, in the context of a snow-dependent, arid river basin where historical water over allocation, climate 
change, and diversified water uses challenge the basin’s resilience; and (3) formative evaluation of the engagement experience 
using an online survey to inform the development of more effective engagement practices. Results of the evaluation indicate 
that, after participating, most stakeholders understand and recognize the importance of research goals, demonstrate positive 
attitudes toward collaborative research and researchers, view their contribution of knowledge and expertise as critical to 
research, and perceive researchers as eager to use their expertise. Moreover, stakeholders emphasized various context-specific 
goals for knowledge co-production, such as finding innovative ways to adapt to increased competition for diminishing water 
supplies. To achieve these goals, stakeholders suggested researchers learn about their basin, including its water allocation 
history and agricultural practices. These results highlight the importance of centering stakeholder engagement experiences 
within a broader CRF and formatively evaluating such experiences to adapt them to achieve research goals.
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1 Introduction

Despite increases in funding for scientific research on cli-
mate change impacts, mitigation, and adaptation, challenges 
remain for closing the gap between science research prod-
ucts and the public’s use of those products to achieve out-
comes (Raaphorst et al. 2020; Cooke et al. 2021; Fischer 
et al. 2021). While scientists often perceive that they gener-
ate information intended to improve resource management 
decisions, resource managers often wonder why science 
does not provide the information they need to make deci-
sions (Cooke 2019). Past reliance on top down, unidirec-
tional science research that segregates academic disciplines 
and the research process from public involvement (Steelman 
et al. 2021) has inadvertently led to what has been called the 
science–policy divide (Steelman et al. 2019; Newcomb et al. 
2021), knowledge–action gap (Knutti 2019), or theory–prac-
tice gap (Cooke et al. 2021). To help remedy this problem, 
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transdisciplinary collaborative science research approaches 
have emerged to intentionally engage decision-makers and 
other stakeholders in the research process (Dekker et al. 
2021; Steelman et al. 2021) with the goal of co-producing 
new knowledge that can inform and support actionable 
change on the ground (Caniglia et al. 2021). Ultimately, 
because neither scientists nor decision-makers alone can 
solve the kinds of complex resource management problems 
that climate change presents, collaboration between these 
groups is necessary (Vincent et al. 2018).

Evidence to date suggests that by engaging stakeholders 
in its production, scientific research becomes more trans-
parent and legitimate to stakeholders (Singletary and Sterle 
2020; Djenontin and Meadow 2018). In contributing to 
research, stakeholders acquire a sense of ownership of the 
research processes and outcomes (Norström et al. 2020). The 
resulting co-produced knowledge is perceived to be more 
useful at a relevant place-based scale, easier to integrate 
within an existing decision framework, and thus more likely 
to be used to make decisions (Dilling and Lemos 2011; 
Lemos et al. 2019; Tobias et al. 2019). Moreover, informa-
tion exchange between scientists and stakeholders facilitates 
social learning and can identify areas of common ground in 
multi-party natural resource disputes (Singletary and Sterle 
2018). Stakeholder engagement toward these ends can occur 
at one or multiple phases of research, including during the 
development of the research design, model specification, 
data collection, data analysis, and validation and distribu-
tion of research outcomes (Bremer and Meisch 2017).

While there are many documented benefits of engaging 
stakeholders in scientific research, such collaborations not 
only demand substantive time and resources to undertake, 
but little is known about how to maximize their effective-
ness. Consequently, examples of best practices and metrics 
for empirically assessing what constitutes effective stake-
holder engagement are evolving (Cronan et al. 2022; Har-
vey et al. 2019; Durose et al. 2018; Rigolot 2020). Robust 
systematic knowledge about engagement processes and 
outcomes is needed so that funding agencies, stakehold-
ers, and researchers avoid wasting resources and potentially 
damaging relationships crucial to managing complex socio-
environmental problems (Eaton et al. 2022, 2021). Recent 
analyses of stakeholder engagement in collaborative research 
suggest that key factors underlying success include research-
ers having a clear understanding of who, why, when, and 
how to engage (Muhar and Penker 2018, p. 6)-factors that 
should be determined by the research question(s), politi-
cal context of the research problem, and the available time, 
resources, and capacities of the science team (Kliskey et al. 
2021; Harvey et al. 2019; Klink et al. 2017). Additionally, 
while iterative engagement is thought to increase knowledge 
co-production and science utility (Lemos and Morehouse 
2005), the optimal number of iterations, or engagement 

modality, remains less well understood (Eaton et al. 2021; 
Church et al. 2021; Bremer et al. 2019), and evaluations of 
outcomes such as increased adaptive capacity remain mixed 
(Mach et al. 2020; Church et al. 2022). In fact, the added 
time, resources, and skills required for engagement have 
been cited as an obstacle to the broader use of collaborative 
research, along with warnings of engagement fatigue and 
burnout for scientists and stakeholders alike (Dilling and 
Berggren 2015; Roux et al. 2021).

To advance empirical research on best practices for 
stakeholder engagement in collaborative research toward 
knowledge co-production, this paper outlines a collabora-
tive research framework (CRF) grounded in Reed et al.’s 
(2018, pp. 13–18) theory of participation. We describe 
the initial implementation of the stakeholder engagement 
portion of our CRF in the Walker River Basin, Califor-
nia-Nevada, USA, as part of a project funded by the U.S. 
Department of Agriculture entitled Synthesizing kNowledge 
to Optimize Water Policy for Agriculture under Changing 
Snowpack (SNOWPACS),1 which centered on individual, 
semi-structured interviews with diverse stakeholders. We 
formatively evaluate the engagement experience through 
an online survey assessing how stakeholders perceived the 
engagement experience. Formatively evaluating and adapt-
ing engagement practices can improve the likelihood of 
knowledge co-production (Louder et al. 2021; Mach et al. 
2020; Patton 2017) and help to ensure that engagement is 
structured at optimal frequency, duration, and modality at 
pivotal research stages (Louder et al. 2021; Dekker et al. 
2021). The survey results reported here help us better under-
stand what constitutes an effective engagement process and 
how such processes affect collaborative research outcomes. 
Thus, they can be used to adapt and improve the collabora-
tive research process, especially when coupled with other 
formative evaluation mechanisms built into the CRF.

2  Designing a collaborative research 
framework (CRF) for SNOWPACS

The SNOWPACS project aims to co-produce new knowledge 
to enhance climate resilience by supporting the adaptation of 
irrigated agricultural communities in the arid western USA to 
shifts in the timing and quantities of snowmelt-derived water 
supplies. Many western river basins are over-allocated, mean-
ing more water has been granted to users through a water 
rights-based system than is available in most years, even 
when snowpack is 100% or more of its expected accumula-
tion (Libecap 2011; Lee et al. 2020). Climate change, which 
reduces snowpack accumulation and impacts the timing and 

1 SNOWPACS website: https://packpages.unr.edu/snowcap/.
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amount of annual runoff, is leading to more variable annual 
water supplies in this region (Dettinger et al. 2015; Harpold 
et al. 2017; Li et al. 2017; U.S. Global Climate Research 
Program 2018). This, in turn, worsens challenges for—and 
potentially increases competition among—a diversity of 
water users and other stakeholders. The SNOWPACS team 
includes researchers from multiple academic disciplines with 
expertise in hydrology, agricultural and resource econom-
ics, institutional analyses, environmental policy, collaborative 
research, informatics, and social psychology.

In this project, a subset of the SNOWPACS team (referred 
to as the CRF sub-team going forward) was tasked with 
designing and implementing a framework for collaboration 
among: (1) the multi-disciplinary members of the research 
team; and (2) stakeholders in selected “case study” river 
basins who represent diverse, competing water uses. The 
overarching goal of our CRF is to better understand the 
complex interrelationships (Prokopy et al. 2017; Wall et al. 
2017; Gober 2018; Lemos et al. 2018) between climate-
driven changes in mountain snowpack, downstream water 
availability, and water management decisions across water 
use sectors that characterize snow-dependent river basins. 
To achieve this, our CRF adopts a hybrid “top-down” and 
“bottom-up” approach to knowledge co-production (Reed 
et al. 2018, p. 5). The top-down portion involves research-
ers from multiple disciplines working together to identify 
a research problem and research questions prior to stake-
holder engagement. This portion of the CRF is evaluated 
through an annual researcher online survey and biennial 
researcher interviews. The bottom-up portion of the CRF 
involves stakeholder engagement in the research process 
that is designed to help answer the questions posed in the 
top-down portion. As will be illustrated below, our initial 
engagement experience for this portion of the CRF involved 
conducting semi-structured interviews with diverse stake-
holders to elicit input and feedback to inform the team’s 
scientific research and future stakeholder engagement. It was 
evaluated through an online survey in which stakeholders 
were asked about their engagement experience conducted 
by hired professional evaluators.

The design of the bottom-up portion of the CRF 
was guided by Reed et al. (2018), which asserts that the 
likelihood of achieving successful collaborative research 
outcomes can be increased by applying a theory of 
participation. Specifically, context, process design, power 
dynamics management, and scalar fit are each expected 
to contribute to explaining the outcomes of stakeholder 
engagement in collaborative research, especially in the 
context of natural resource management decisions. In terms 
of context, the existing participation culture, or the degree 
to which stakeholders have previously been engaged in 
research or desire to be engaged, influences the likelihood 
of successful engagement toward co-production. For 

example, collaborative efforts that involve stakeholders 
with prior collaborative experience have been shown to be 
more likely to lead to learning (Koebele 2019) and, ideally, 
knowledge co-production. As for process design, carefully, 
consistently structured stakeholder engagement processes 
with appropriate stakeholder representation may lead to 
more beneficial outcomes, as opposed to ad hoc engagement 
(Trachtenberg and Focht 2005).

The quality of stakeholder engagement is additionally 
influenced by power dynamics that make up stakeholders’ 
values and world views and influence how they construct 
and validate diverse types of knowledge (Whitton and 
Carmichael 2022). Failure to recognize and attend to such 
dynamics has been one of the leading factors underlying 
engagement failures (Turnhout et al. 2020). Power dynamics 
can be managed through process designs that recognize and 
value diverse stakeholder knowledges and epistemologies. 
That is, engagement experiences must be structured to 
ensure that representative stakeholders each have equal 
opportunities to contribute. Finally, engagement outcomes 
are highly scalar-dependent in terms of time and space. 
Institutional expectations, combined with time constraints 
imposed upon grant-funded initiatives (Newcomb et al. 
2021), may limit the development and/or sustainability 
of long-term relationships between researchers and 
stakeholders (Church et  al. 2022), further confounding 
collaborative research processes and outcomes (Worosz 
et al. 2022). Therefore, collaborative research designs should 
strive to match engagement modality and intensity to the 
goals of the research, recognizing that while stakeholders’ 
deeply held values change slowly, their preferences for 
policy solutions may be influenced over shorter timescales 
through social learning (Vincent et al. 2021, 2018; Slater and 
Robinson 2020; Gerlak et al. 2019; Djenontin and Meadow 
2018) and deliberative knowledge exchange (Koebele 
2020; Meadow et al. 2015). Similarly, engagement must be 
organized and implemented at a spatial scale relevant to the 
research problems and ecological system where decision-
making authority occurs (Wyborn and Bixler 2013).

We incorporated these theoretical recommendations 
into our initial engagement experience by following 
Reed et al.’s (2018, p. 8) recommended knowledge co-
production engagement practices, which include the fol-
lowing: (1) taking time to develop a full understanding of 
the study area to select and adapt as needed our engage-
ment approach; (2) involving all affected parties early on 
to develop shared goals targeting outcomes based on rel-
evant knowledge; (3) designing equal opportunities for 
stakeholders to participate and valuing all participants’ 
contributions; (4) coordinating engagement frequency 
and duration to match project progress toward its goals 
over time; and (5) ensuring stakeholders’ interests and 
decision-making authority are represented in terms of the 
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spatial scale of the research questions being pursued. The 
following section describes how the CRF sub-team imple-
mented the initial stakeholder engagement experience in 
one of the case study basins selected for the SNOWPACS 
project, followed by the results of the formative evaluation 
of the experience and lessons for knowledge co-production 
more broadly.

3  Implementing the CRF in SNOWPACS

3.1  Pre‑engagement research activities: the study 
profile and stakeholder analysis

The bottom-up portion of the CRF requires completing two 
steps prior to engaging stakeholders directly. First, the CRF 
sub-team developed a profile of the case study basin, the 
Walker River Basin (see Fig. 1), in which the initial engage-
ment would occur, summarizing its geographic, economic, 
demographic, and institutional characteristics. The sub-team 
analyzed gray literature, including hydrologic, climate, and 
economic research conducted at the basin scale (Singletary 
et al. 2002; Singletary and Narayanan 2003; Carroll et al. 
2010; Begay 2018), as well as archived documents (Hor-
ton 1996) that chronicle the basin’s water management over 
time. These documents helped the researchers understand 
the core water conflicts in the basin, which largely concern 
negative environmental impacts of historical agricultural 
water use on the basin’s terminus lake and wildlife (Wilds 
2014).

Second, the CRF sub-team identified key actors across 
all water management sectors in the Walker River Basin as 
potential stakeholders to engage in collaborative research. 
We initially identified all stakeholders who could represent 
and contribute institutional knowledge, in addition to diverse 
values and interests, concerning water use and management; 
possessed power and/or authority to influence water manage-
ment decisions; and could benefit from the process and out-
comes of knowledge co-production (Prell et al. 2009; Reed 
et al. 2009, 2014, 2018; Reed and Curzon 2015). Once we 
identified prospective stakeholders, we selected individuals 
to participate who: (1) consume, deliver, protect, or sup-
ply water for primarily agricultural and environmental uses; 
(2) regulate water management decisions and policy; and 
(3) possess technical expertise and institutional knowledge 
concerning local water resource management practices and 
operations (Singletary and Sterle 2018). Ultimately, the 
selected individuals represented the diversity of water users 
in the basin, including irrigation districts and mutual water 
companies, environmental non-governmental organizations, 
federal and state water use regulatory bodies, and individual 

agricultural producers including those on tribal lands (Koe-
bele et al. 2021).

3.2  The engagement experience: individual 
interviews for knowledge co‑production

The CRF sub-team initially engaged selected stakeholders 
through one-hour, semi-structured, individual interviews 
(Rubin and Rubin 2011). The purpose of the interviews was 
to work toward knowledge co-production by first gaining a 
better understanding of the study area and its water manage-
ment challenges as perceived by diverse stakeholders and to 
discuss both actual and hypothetical adaptations to practices 
and policy that could facilitate climate change resilience. 
The CRF sub-team collaborated with other SNOWPACS 
researchers to get their input in developing interview question 
items, with the goal that stakeholder responses would inform 
broader climate–hydrologic–economic modeling efforts (Sin-
gletary and Sterle 2018).

We chose to conduct individual interviews, rather than 
utilizing focus groups or another form of direct stakeholder-
to-stakeholder engagement, to address real or perceived 
power disparities among participants and encourage them 
to be frank in their responses. This is particularly important 
in our implementation of the CRF in the Walker Basin, given 
the high level of conflict among stakeholder groups. Further-
more, we promoted transparency and consistency by asking 
all interviewees the same set of questions, while also allow-
ing for researcher discretion in prompting and following up 
with the interviewee on points of interest and clarification.

Stakeholders were invited to participate in interviews via 
an email invitation that included a one-page description of 
the research, as well as a link to a website where participants 
could learn more about the project goals and researchers 
prior to taking part. Due to the SARS-COVID-19 pandemic 
and university public health safety restrictions prohibiting 
in-person research in field settings, we conducted 28 
interviews using Zoom video conferencing software, and 
three by telephone. Once university restrictions were 
reduced, we conducted two in-person interviews, following 
required social distancing procedures. The authors’ 
institutional review board reviewed and approved all primary 
data collection protocols and instrumentation associated 
with the interviews, which included an informed consent 
process. All interviews were recorded, transcribed, and 
qualitatively coded for future analyses.

During these interviews, the CRF sub-team: (1) introduced 
the SNOWPACS project based on the one-page description 
of the research that had been sent to stakeholders and (2) 
asked interview questions about stakeholders’ roles in the 
basin, types of water management challenges and decisions 
they make, what kinds of information water managers in the 
basin need, what coping actions they were taking in response 
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Fig. 1  Map of Walker River Basin in Nevada, USA. Source: U.S. Geological Survey, 2022, Main Hydrologic Features in the Walker River 
Basin, accessed May 9, 2022 at URL https://nevada.usgs.gov/walker/walker.pdf. Inset map created in ArcGIS Pro by authors
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to changing supply and demand, and similar topics. We also 
invited stakeholders to ask any questions they might have 
about SNOWPACS research goals and asked if they would 
be willing to continue engaging with researchers to inform 
the development of climate–hydrologic–economic models 
and verify model results. This question was intended to 
help stakeholders understand that the interviews were only 
a first step in a longer-term engagement with researchers and 
to communicate the importance of their knowledge to the 
SNOWPACS research.

This engagement experience served multiple purposes 
under the umbrella of the CRF. First, developing the 
interview questionnaire facilitated collaboration among the 
broader research team and helped connect scientists, beyond 
those working directly with stakeholders, to the engagement 
portion of the project (top-down portion). Second, the 
interview experience (bottom-up portion) provided 
foundational engagement between project researchers and 
basin stakeholders, informed stakeholders about the project 
goals and objectives, set the stage for on-going stakeholder 
participation, and allowed for baseline evaluation of 
stakeholder engagement experiences (Singletary and 
Sterle 2020), which will be discussed next. Third, project 
researchers are using the primary data collected during the 
interviews to analyze the potential for local institutional 
arrangements that might enhance and/or sustain water 
security in increasingly variable water supply conditions, 
as well as to help specify and test climate, hydrologic, and 
economic models being developed for the basin to simulate 
hypothetical adaptation strategies. These analyses represent 
co-produced knowledge that could not have been developed 
without diverse stakeholder input. Fourth, the CRF sub-
team has summarized the data collected through stakeholder 
interviews for the broader SNOWPACS team and is 
preparing a series of Cooperative Extension publications to 
share research progress and findings with stakeholders and 
the broader public (see Singletary et al. 2022, for example). 
These publications are available to the public free of charge 
via the internet and public library access, and they are 
formatted following guidelines in the American Disabilities 
Act (1990) to increase information access diversity and 
inclusivity (Gould et al. 2019).

4  Formatively evaluating the engagement 
experience

To better understand the effectiveness of our initial 
engagement experience, including how it might be adapted 
to better facilitate knowledge co-production goals and 
collaborative research broadly, we conducted a formative 
evaluation. To do this, after concluding each interview, the 
interviewer asked each stakeholder if they would be willing 

to take part in a short online survey designed to evaluate 
their engagement experience with the SNOWPACS project 
and CRF sub-team. Stakeholders who indicated willingness 
were sent a link to a Qualtrics survey within 24–48 h of the 
interview in an email thanking them for their participation. 
While all 33 interviewees agreed to complete an evaluation, 
only 73% (n = 24) completed the survey.

The survey questions were developed to assess the stake-
holder engagement experience based on recommended prac-
tices grounded in participation theory (Reed et al. 2018), 
described above. Specifically, we used closed ended ques-
tions to measure stakeholders’: (1) understanding of project 
goals; (2) attitudes toward collaborating in SNOWPACS 
research; (3) past collaborative research engagement experi-
ences; (4) attitudes toward SNOWPACS researchers; (5) per-
ceived importance of their contributions influencing project 
success; (6) perceived value of how their individual exper-
tise contributes to SNOWPACS research; (7) expectations 
for the project’s outcomes; (8) confidence that SNOWPACS 
researchers will use the knowledge stakeholders contribute; 
(9) perceived importance of the project goals; and (10) sat-
isfaction with existing water allocation and projection mod-
els for their area. These questions were all measured using 
a 7-point Likert-type scale, where 1 = strongly disagree, 
4 = neither agree nor disagree, and 7 = strongly agree, except 
for the last question which was measured on a reverse scale as 
an attention check for respondents, where 1 = extremely satis-
fied and 7 = extremely dissatisfied. Descriptive statistics for 
the closed-ended questions were calculated using Qualtrics.

Additionally, the online survey included three open-ended 
questions asking stakeholders to: (1) identify the largest 
water related concern in their area; (2) describe how they 
would define success for this project; and (3) explain what 
they believed researchers should know about their local 
area to inform this research. The qualitative responses were 
analyzed using thematic content analysis (Auerbach and 
Silverstein 2003; Glaser and Strauss 1999), in which the 
authors familiarized themselves with the overall data and 
inductively developed the key themes based on the questions 
and responses. To bring stakeholders’ voices to the fore, we 
include select stakeholder quotations below when presenting 
the results of this analysis.

4.1  Formative evaluation results: closed‑ended 
questions

Table 1 reports the mean scores and standard deviations 
for the 10 closed-ended questions. Results show that most 
respondents perceived the initial engagement experi-
ence positively. Indeed, 96% of participating stakeholders 
agreed that they understand the SNOWPACS project goals 
(M = 5.88; SD = 0.68) and looked forward to working with 
researchers on the project (M = 6.13; SD = 0.74).
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Additionally, most respondents reported having prior 
experience participating in research projects like SNOW-
PACS, with 65% indicating some level agreement on this 
question (M = 4.78; SD = 1.44), although the standard devi-
ation is large, suggesting highly varied responses for this 
question across our sample. Stakeholders perceived SNOW-
PACS researchers as eager to incorporate their knowledge 
into project research (M = 5.96; SD = 0.082), with 91% of 
respondents responding positively, while the remaining 9% 
of participants neither agreed nor disagreed. From these 
results, we glean that we selected a set of stakeholders 
with fairly high levels of engagement experience through 
our stakeholder analysis, and the respondents believe that 
researchers are interested in what they have to say. Addition-
ally, most stakeholders think their participation will be criti-
cal to the success of SNOWPACS (M = 6.39; SD = 0.89), 
and the average respondent also believed they have a lot 
of expertise to offer this research (M = 5.48; SD = 0.79), 
with 39% agreeing with this statement and 43% somewhat 
agreeing. These results suggest that stakeholders see value 
in engaging in collaborative research, making this project 
more likely to lead to knowledge co-production.

Respondents were most mixed on the question item, “I am 
not personally expecting to get anything out of this project,” 
(M = 4.57; SD = 1.83), as this relatively large standard devi-
ation reveals, with 26% of participants agreeing with this 
statement and 17% of participants disagreeing. That said, 
respondents generally agreed that their knowledge would 
be used by researchers (M = 5.96; SD = 0.56). Respondents 
also believed it was important that they know the goals of 
SNOWPACS (M = 5.83; SD = 0.83). These results suggest 
that while stakeholders may see their knowledge and input 
as valuable to scientific research projects that they under-
stand, they may not necessarily benefit personally from this 

research, though perhaps their broader stakeholder commu-
nity might.

Finally, 62% of the participants reported only moderate 
satisfaction with the basin’s existing water allocation models 
and water supply projections (M = 2.64; SD = 1.23), with 
8% of participants reporting moderate dissatisfaction, 
24% reporting being slightly satisfied, and 6% reporting 
being neither satisfied nor dissatisfied on this question. 
This tepid satisfaction with information available to guide 
water management decisions under changing snowpack and 
snowmelt timing suggests that stakeholders may be more 
open to investigating alternative management regimes and 
coping actions, which is a key goal of the SNOWPACS 
project.

4.2  Formative evaluation results: open‑ended 
questions

The first open-ended question asked stakeholders what the 
largest water-related challenges in their area were. Sixteen 
participants responded to this question. Most highlighted 
the increasing competition for available water supplies, 
which create imbalances and tensions within their local 
area. This includes the perception that existing water 
allocation institutions may be out of step with current water 
management challenges. As one stakeholder commented, 
“Laws governing water resources are outdated and are not 
based on science or the hydrology of the basin.” Stakeholders 
also reported that climate change and inconsistent weather 
patterns presented new challenges to their existing water 
management responsibilities. One stakeholder summarized 
these challenges as follows: “Changes in the amount and 
timing of precipitation are combining with increases in 
temperature and with continued population growth and 
residential development to exacerbate existing imbalances 
and tensions between the available supply of fresh water 

Table 1  Stakeholder survey 
mean scores and standard 
deviations

Survey Item Mean SD

I understand the goals of the SNOWPACS project 5.88 0.68
I am looking forward to working with researchers on the SNOWPACS project 6.13 0.74
Stakeholders will be critical to the success of the SNOWPACS project 6.39 0.89
I have worked on similar projects in the past 4.78 1.44
SNOWPACS researchers are eager to incorporate my knowledge 5.96 0.82
I feel like I have a lot to offer this project in terms of my expertise 5.48 0.79
I am not personally expecting to get anything out of this project 4.57 1.83
I believe my knowledge will be used by SNOWPACS researchers 5.96 0.56
It is important that I know the goals of the SNOWPACS project 5.83 0.83
How satisfied are you with the current water allocation models and water projections 

for the work you do?
2.64a 1.23a

a This question, which does not specifically inquire about the engagement experience, was evaluated on 
a different 7-point Likert-type scale that was reverse coded, where 1 = extremely satisfied, 4 = neither 
satisfied nor dissatisfied, and 7 = extremely dissatisfied.
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and the demands of urban, suburban, exurban and rural 
communities and the needs of the environment. Within the 
context of this increasingly sharp competition over limited 
available freshwater resources, poorer communities and 
the environment are in danger of losing out in ways that 
jeopardize their continued viability.” Similar responses to 
this question suggest broadly that stakeholders acknowledge 
the potential for growing competition over increasingly 
limited water resources to increase conflict, further 
validating the need for knowledge that can aid stakeholders 
in finding both common ground and new solutions.

Second, we asked stakeholders how they would define 
success for a collaborative research and water modeling 
project such as SNOWPACS. Seventeen participants 
responded, with most defining project success as improved 
management practices or new information that could inform 
such efforts. Comments included, for example, “Allowing for 
additional forecasting that may help with water acquisition 
strategies for instream use (price, type of water)” and 
“Water users, administrators, and law makers are able to 
rely on the final product to improve how water is managed.” 
Stakeholders also described project success in terms of 
help in dealing with repercussions from climate change 
already being felt. Such comments included, for example, 
“Realistic and implementable strategies by water users to 
adapt to changing water supply” and “The development of 
a tool or model that operators can use to make seasonable 
[sic] decisions for their operations.” Some participants 
encouraged researchers to aim for project outcomes that 
address larger social welfare concerns including, for 
example, “Models need to include the effect that government 
agency regulations have on a watershed and not just climate, 
streamflow, and water management,” and “A resource [is 
needed] that builds consensus and understanding.” As one 
stakeholder commented, “Success would be represented 
by water modeling of reliable accuracy that factors in the 
needs of water-dependent natural resources and land-based 
rural communities, and that explores the ramifications of 
various alternative water resource management scenarios 
for meeting those needs.” Together, these responses suggest 
that stakeholders need both procedural and substantive 
solutions to climate resilience challenges in their river basin.

Finally, we asked participants what researchers should 
know about their area to better inform project research. 
Responses to this item were quite diverse. Some participants 
suggested researchers might need to learn about local and 
state water laws and regulations that govern water use in 
the basin. As one stakeholder summarized, “First they 
need to understand and study Nevada water law, then 
finding a balance for all users of water.” Others suggested 
researchers learn about water cycles within their basin 
as well as other relevant basins. Comments included for 
example, [researchers need to learn] “History of our waters 

and how we got to a point in time and stopped improving,” 
and “I think understanding water rotations in a given 
ditch system is very important to how water losses are 
shared.” Stakeholders also encouraged researchers to learn 
about ways that local farmers were practicing sustainable 
agriculture, as well as the effect of agricultural diversions 
on other parts of the system: “I think researchers need to 
know about and consider how to meet the need for additional 
flows of waters to restore and maintain a reasonable state 
of ecological health and function in Walker Lake and the 
riparian and estuarine habitat areas of the lower reach of 
the Walker River.” Similarly, one stakeholder noted that 
[researchers need to] “understand the efficiency and extent 
of aquifer recharge from mountain snowpack infiltration and 
runoff on a basin-by-basin scale—essentially the perennial 
groundwater yield of a basin and how the perennial yield 
relates to the system yield as in a stream-dominated 
system like the Walker.” Ensuring researchers understand 
the constraints and opportunities for sustainable water 
management, whether physical or social, appears to be a 
common concern, regardless of water use sector.

5  Implications for knowledge co‑production 
processes

Research to date on climate science knowledge 
co-production suggests that success hinges in large part on 
the quality of collaborative interactions between researchers 
and stakeholders (Cundill et  al. 2019). The frequency 
and duration of these interactions have been linked to 
the production of products with greater utility (Jacobi 
et al. 2022; Prokopy et al. 2015; Lemos et al. 2019). Yet, 
researchers and stakeholders alike continue to grapple with 
various challenges specific to collaborative climate research 
(Kirchhoff et al. 2013, 2015; Briley et al. 2015), which is 
often described as ambiguous and lacking in empirical or 
evidence-based strategies for implementation and metrics 
for monitoring its progress and outcomes (Eaton et al. 2021; 
Singletary and Sterle 2020; Wall et al. 2017).

Our study approaches this empirical gap through a 
formative evaluation of an engagement experience aimed 
to support the adaptation of agricultural communities in 
the western USA to shifts in the timing and quantities of 
snowmelt-derived water supplies. To incorporate concerns 
of context, process design, power dynamics management, 
participation culture, and scalar fit (Reed et al. 2018), the 
CRF sub-team first developed a profile of the study area, 
the Walker River Basin, which helped us to learn about the 
historical water allocation institutions unique to the basin 
of interest, understand past and current water supply and 
demand management challenges, and identify potential 
stakeholders to engage. We then combined the results of 



this profile with results of a stakeholder analysis to identify 
water managers across the Walker River Basin who could 
contribute diverse knowledge and perspectives surrounding 
water management challenges and potential solutions under 
a changing climate. To initially engage these stakeholders in 
knowledge co-production, we conducted individual in-depth, 
semi-structured interviews. We designed these interviews to 
inform SNOWPACS empirical research while also building 
relationships between researchers and stakeholders to set 
the stage for a longer-term collaborative research process 
(Bojovic et al. 2021). Finally, to assess the engagement 
experience, we evaluated stakeholders’ perceptions of it 
through an online survey.

Our survey results indicate that our CRF has been 
successful in helping to identify and engage stakeholders 
who possessed prior engagement experience, which has 
been shown to improve the likelihood of learning and 
knowledge co-production in other contexts (Koebele 
2019; Norström et al. 2020). The results also show that 
our initial engagement experience communicated the 
project’s scope of work to stakeholders, who indicated that 
because of this initial engagement, they understand and 
recognize the importance of understanding the project’s 
goals. Further, stakeholders expressed positive attitudes 
toward collaborative research processes broadly and toward 
collaborating with SNOWPACS researchers specifically. 
Critically, they perceived that their individual expertise 
would be integrated into and contribute to successful 
outcomes from SNOWPACS. Together, these results suggest 
this type of structured engagement helps to create a safe, 
creative space for learning and knowledge exchange among 
researchers and stakeholders (Arnott et al. 2020).

Stakeholders reported only moderate satisfaction 
with existing water allocation models and water supply 
projections for the basin, with two participants reporting 
moderate dissatisfaction, which emphasizes stakeholders’ 
perceived need for new knowledge to inform and improve 
water management decisions in the basin. At the same time, 
stakeholders expressed an urgent need for the SNOWPACS 
project to co-produce new knowledge relevant to issues 
specific to the Walker River Basin, which speaks to concerns 
about the scalar fit of the research. For instance, stakeholders 
described increasing competition from the environmental 
water use sector to acquire agricultural water rights, 
compounded by inconsistent weather patterns, as substantive 
issues they face, which also reaffirms the need to manage 
power dynamics in co-production processes. Further, 
stakeholders recommended that SNOWPACS researchers 
should learn about their basin in terms of historical water 
cycles and to identify and provide information to help 
manage water at the farm level. This outcome of engagement 
reiterates and verifies the importance of both context 
and spatial consideration in the design of engagement 

processes (Reed et al. 2018). For these stakeholders, project 
success will mean potentially new water allocation or 
management policies at the basin level, in addition to more 
reliable predictions of annual water availability. In short, 
formative evaluation results revealed important, actionable 
knowledge gaps in this river basin, which SNOWPACS has 
an opportunity to fill through continued, structured, and 
responsive stakeholder engagement (Mach et al. 2020).

5.1 Next steps

The formative evaluation results from the stakeholder 
engagement experience reported here are only one part of 
the bottom-up portion of the CRF. At the time of writing 
this manuscript, stakeholders who offered to participate 
in SNOWPACS on an on-going basis were recruited as 
technical advisors who will collaborate with researchers 
to inform model specification, refine model performance, 
and verify model outputs. These activities will further 
inform best practices for stakeholder engagement toward 
knowledge co-production by providing additional insight 
into how to best structure interactions between researchers 
and stakeholders. They also help to integrate the top-down 
and bottom-up portions of the CRF, as researchers beyond 
the CRF sub-team will interact directly with stakeholders. 
The CRF sub-team is also replicating this initial engagement 
experience in a second river basin, which will allow for a 
comparative assessment of engagement experiences across 
settings with different water challenges, geographic scales, 
demographics, economics, and institutions.

The top-down portion of the CRF additionally includes 
assessing SNOWPACS researchers’ attitudes toward 
collaborative research generally, and specifically toward 
the CRF designed and implemented for this project. 
Understanding researchers’ perceived challenges for 
collaborating across disciplines and with stakeholders 
will help to inform future research design and engagement 
practices.

5.2  Study challenges and limitations

Project implementation coincided with the beginning of the 
SARS-COVID-19 pandemic, which introduced unexpected 
and unprecedented challenges for stakeholder engage-
ment modalities planned for the project that originally 
had included multiple iterative in-person interactions. The 
authors’ University Office of Research Integrity imposed 
public health safety precautions that included several months 
of prohibited in-person field research. These unexpected 
restrictions required that we adapt our engagement, replac-
ing planned in-person interviews with virtual video confer-
ence technology and telephone interactions.
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While the pandemic continues to influence engage-
ment modality, slowing the overall pace and texture of this 
research project, we have discovered that Walker River 
Basin stakeholders show participatory resilience. That is, 
despite the impact of the pandemic on their respective pro-
fessional and personal lives, most of the stakeholders we 
have engaged consistently show a willingness to take part 
in this project’s knowledge co-production processes. The 
formative evaluation results presented here suggest that this 
willingness may in part represent a real need for new co-pro-
duced knowledge for adapting to climate change impacts, as 
well as an effective process design with products that could 
inform future local water management decisions.

Finally, the potential for response bias exists in the 
evaluation data reported here. Nine of the 33 stakeholders 
who did not complete the online survey may have been 
dissatisfied with their initial engagement experience. 
Subsequently, it is possible that the responses reported here 
may be positively skewed.

6  Reflections on knowledge co‑production 
going forward

Recent years of federally funded co-produced knowledge 
initiatives in the USA specific to climate change have 
prompted scientists and stakeholders alike to advocate for 
its widespread use and funding (Cundill et al. 2019; Lemos 
et al. 2019; Arnott et al. 2020). While transdisciplinary 
collaborative research for knowledge co-production is 
an increasingly common approach to closing the gap 
between climate science and action (Kirchhoff et  al. 
2013, 2015; Flagg and Kirchhoff 2018), questions remain 
concerning what constitutes effective co-production 
processes and outcomes (Howarth et  al. 2022; Bremer 
and Meisch 2017). The formative evaluation results of 
the engagement experience reported here suggest that 
designing co-production processes and outcomes around 
core principles, as outlined in participation theory, can 
help to influence project success or failure. This necessarily 
includes creating opportunities that can help establish or 
enhance a culture of participation. Additionally, diverse 
modalities of engagement exist, wherein researchers and 
stakeholders co-engage one another across a range of 
complex resource problems and contexts. This suggests 
that effective knowledge co-production does not necessitate 
high frequency iterative stakeholder engagement, which 
may lead to engagement fatigue, but instead requires an 
organic approach to tailoring engagement experiences 
responsive to the nuances of the context and scope of 
work. Recognizing, seeking out, and embracing this level 
of engagement diversity can serve to advance collaborative 
research processes and impacts (Mach et al. 2020).

Defining what constitutes effective knowledge 
co-production and best stakeholder engagement practices 
continues to evolve, in part thanks to a growing international 
body of scholars pursuing these linkages (see Eaton et al. 
2022). Research is needed, for example, to clarify how 
features of engagement processes influence social learning, 
capacity building, and behavioral changes that lead to 
environmental changes (Eaton et al. 2021, p. 1117). Also, 
while advocates for knowledge co-production and actionable 
science argue for its positive effects on building adaptive 
capacity, empirical work to assess causality, as well as the 
potential for negative outcomes from engagement, is needed 
(Eaton et al. 2021, p. 1126). To solidify the promise of 
knowledge co-production, a clear appraisal is required of 
the set of conditions from which stakeholder engagement 
and learning processes bring about positive social and 
environmental change (Gerlak et  al. 2019). Without 
unpacking what Eaton et al. (2021) refer to as a ‘black box,’ 
“…we risk undertaking stakeholder engagement processes 
without clear knowledge of the type of change that may 
be obtainable, how change is catalyzed, and how we can 
causally link engagement processes and outcomes” (Eaton 
et al. 2021, p. 1112).

Federally sponsored, co-produced climate knowledge 
projects across the USA are reporting enhanced utility of 
that knowledge (e.g., Prokopy et al. 2017; Babin 2018; 
Singletary and Sterle 2020) and citing challenges–often 
referred to as ‘lessons learned’ (Hegger et al. 2012; Hegger 
and Dieperink 2014; Ferguson et al. 2017; Church et al. 
2019). We recommend ongoing evaluation of these processes 
to help evolve evidence-based engagement practices. 
Such evaluative research can illuminate the engagement 
modalities and intensity most likely to facilitate co-creation 
of actionable science that supports climate resilience 
(Eaton et al. 2022; Louder et al. 2021; Kliskey et al. 2021; 
Arnott et al. 2020; Allen et al. 2017; Ferguson et al. 2018; 
Lemos et al. 2018). Consistently evaluating collaborative 
research processes and outcomes can also help to explore 
how stakeholder heterogeneity can inform and improve 
knowledge co-production processes. That is, different 
stakeholders operating at different scales of resource 
management and decision-making are likely to have different 
information needs and therefore may require very different 
modes of engagement (Kliskey et al. 2021; Reed et al. 2009). 
Information needs likely vary, for example, for individual 
producers making decisions at the farm scale; local and 
regional managers making decisions at a conservation or 
irrigation district or at a county scale; and policymakers 
making decisions at the basin, state, inter-state, multi-state, 
or national scale (Durose et al. 2017, 2018).

Finally, transdisciplinary collaborative research and 
knowledge co-production may not persevere without pro-
tecting researchers and stakeholders from their respective 
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organizational culture, which may reward more conventional 
and narrowly focused endeavors. Protection may include 
combinations of moderating performance criteria that 
explicitly nurture or at least support a culture of knowledge 
co-production and participation (Boon et al. 2019), which 
in turn can help our communities become more resilient in 
the face of climate change.

6.1  International implications for knowledge 
co‑production

Knowledge co-production to enhance and support climate 
adaptation of agricultural communities across the western 
USA can inform similar undertakings in arid, snow-
dependent riverine environments around the globe—and 
vice versa. Many agricultural water users worldwide share 
similar circumstances in that they face more variable 
water supplies (Qin et al. 2020) coincident with increasing 
competition for water from municipal entities, to support 
rapidly growing urban centers, and from environmental 
entities to ensure adequate water for wildlife habitat and 
ecosystem health. Furthermore, the quality of interactions 
among diverse, competing water use interests will affect 
important future decisions surrounding water reallocation 
and related goals, such as global food security. Highly 
structured and thoughtful engagement can strive to build 
and support the co-creation of information and relationship-
building around common challenges, potentially enhancing 
adaptive capacity and resilience (Church et al. 2019, 2021).

Further, as collaborative research continues to bring 
together diverse perspectives and knowledges to address 
wicked problems of the twenty-first century (Chan 
and Xiang 2022; Wyborn et  al. 2019; Lukasiewicz and 
Baldwin 2017), it is important to recognize that knowledge 
co-production means different things to different people 
and in different contexts (Zurba et al. 2022, p. 451). Having 
a set of proven principles and best practices to guide 
engagement experiences toward knowledge co-production 
will become even more important. However, in many 
places and for many people worldwide, such principles 
and practices may be insufficient to account for systemic 
and highly contextualized issues such as the effects of 
colonization and data sovereignty on Indigenous peoples 
and communities (Zurba et al. 2022, p. 450). Therefore, 
high-quality knowledge co-production processes aimed at 
long-term change must carefully attend to power dynamics 
management, including who should be considered for 
engagement (Gagnon et al. 2022, p. 11), as well as local 
context, as was done in this study.
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