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[bookmark: _Toc95209492]Abstract
Global declines in freshwater biodiversity and the ecosystem services freshwater ecosystems provide have prompted a call for accelerated and expanded implementation of conservation interventions to bend the curve on these losses. Environmental flows are recognized as a powerful freshwater conservation tool to boost biodiversity and ecosystem services through targeted water releases from dams, however widespread implementation is lacking. Because implementing environmental flows requires careful planning and consideration of both humans and nature, there are many challenges conservation planners face as they attempt to boost implementation. The research presented in this dissertation aims to provide strategies to overcome the challenges facing environmental flows implementation by conceptualizing and modeling environmental flows as a coupled human and natural system. The first project presented a conceptual framework to identify locations with both high biodiversity value and conservation feasibility to target for e-flows implementation across future climate uncertainty. Despite climate uncertainty, some locations were identified as high conservation priority. This research suggests that despite significant conservation planning challenges, environmental flows can still be implemented, and offers a conservation planning framework that can be used in other settings. The second project tested different simulated scenarios in an incentive-based Payment for Ecosystem Services (PES) water conservation initiative to identify tradeoffs between equity and conservation outcomes. This research found that aiming for an equitable distribution of payments to reduce water consumption and reallocate that water to environmental flows does not result in large tradeoffs to conservation outcomes. This research suggests that prioritizing equity does not sacrifice conservation outcomes and provides a framework for testing equity tradeoffs in PES schemes. The third project surveyed water decision-makers to identify their perspectives on the barriers and data needs to implementing environmental flows. This research found that despite decision makers’ different perspectives on future water conditions, they identified the same barriers and data needs. This research suggests that cooperation on complex human-environmental problems could happen despite strongly held values and beliefs that might otherwise inhibit implementation. The fourth project tested whether targeting influential individuals in conservation networks as early adopters of an environmental flows initiative would boost overall adoption. This research found robust results that targeting influential individuals boosted overall adoption across spatial scales and information diffusion models. This research suggests that to help accelerate and expand environmental flows initiative adoption, influential individuals should be targeted as early adopters. The results presented in this dissertation contribute to current high-priority research efforts in conservation science that aim to help bend the curve on freshwater biodiversity loss by accelerating and expanding the implementation of environmental flows. Overall, considering the needs of both people and nature is key to successful environmental flows implementation. 
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Worldwide, declines in freshwater ecosystem function and biodiversity have prompted the development of an Emergency Recovery Plan (ERP) to bend the curve on the current trajectory of these losses (Tickner et al., 2020). The key priority action in the ERP is “accelerate the implementation of environmental flows (e-flows)”. E-flows are defined as “the quantity, timing, and quality of freshwater flows and levels necessary to sustain aquatic ecosystems which, in turn, support human cultures, economies, sustainable livelihoods, and wellbeing” (Arthington et al., 2018). Indeed, implementing e-flows inherently involves both people and nature, and is conceptualized as a coupled human and natural system (CHANS), where human components like wellbeing, social equity, and economic efficiency are dynamically interconnected to environmental components like water availability and ecosystem services (Arthington, 2021; Ferraro et al., 2019; Liu et al., 2021). 
However, e-flows are often conceptualized separately as “water for nature” rather than “water for nature’s contributions to people” (i.e., the ecosystem services that e-flows provide to both people and nature). Thus, e-flows are often viewed as in conflict with “water for people” (i.e., municipal and irrigation uses that satisfy human needs; Anderson et al., 2019; Arthington, 2021). Thus, “win-lose” or tradeoff outcomes often occur, where full satisfaction of human water needs leaves little or no water left to implement e-flows and vice-versa (Bejarano et al., 2019; Tallis et al., 2008; Zamani Sabzi et al., 2019; Zheng et al., 2020). A key challenge for conservation practitioners aiming to rapidly expand e-flows implementation then is to minimize these tradeoffs and ensure equitable outcomes for both people and nature (Halpern et al., 2013).
Yet, these tradeoffs can intensify in water-scarce regions of the world, where available surface water is often fully allocated for human uses (Lane et al., 2015; Richter, 2010). E-flows implementation in these regions often lacks legal authority, and approaches that aim to reallocate water to nature often leads to socially constructing nature as a rival water user to human water uses (O’Donnell & Talbot-Jones, 2018). In these regions, climate change also compounds the complexity of implementing e-flows by introducing uncertainty and intensifying water scarcity (Schewe et al., 2014). Climate change outcomes in some water-scarce river basins project overall dryer outcomes, but there can be significant variation across models and scenarios (Bertrand & McPherson, 2018, Elias et al., 2015). In the context of e-flows implementation, these challenges can complicate water management that must meet both human and nature delivery targets at discrete timesteps. 
Thus, while e-flows are a key priority to help bend the curve on biodiversity loss and work towards water sustainability for both people and nature, implementation faces grand challenges (Pahl-Wostl et al. 2013, Le Quesne et al. 2010, Moore 2004, Wineland et al. 2021). These challenges can be broadly summarized to include (1) restoring biodiversity and ecosystem function, (2), integrating human dimensions in planning, and (3) adapting to the impacts of climate change. However, these challenges are not unique to implementing e-flows, international biodiversity and ecosystem conservation agreements like the Convention on Biological Diversity (CBD) and the United Nations’ Sustainable Development Goals (SDG’s) are structured around these challenges and are currently being revised to better tackle them (e.g., Post-2020 Global Biodiversity Framework). To meet the visionary call for accelerating the implementation of e-flows in the ERP though, conservation practitioners must address these three key challenges from the bottom-up (Harper et al., 2021; Twardek et al., 2021). 
[bookmark: _Toc95209495]1.2. Challenges of implementing environmental flows
[bookmark: _Toc95209496]1.2.1. Restoring biodiversity and ecosystem function
The need to implement e-flows to restore biodiversity and ecosystem function stems from extensive hydrologic modifications like damming, which homogenizes and changes the seasonality of flow regimes (Poff, 2018; Poff et al., 2007). Approaches to establish an e-flows regime often seek to either restore flow regimes to a pre-dam condition, establish dynamic, characterization-based flows based on flow-ecology relationships, or design flows to maximize ecological outcomes (Acreman et al., 2014; Bednarek & Hart, 2005; Poff et al., 2010; Sabo et al., 2017). A major challenge to successful implementation of e-flows is avoiding assumptions of stationarity (i.e., flows based on a historical reference condition) in flow regimes (Poff, 2018). This is problematic because flow regimes are both naturally dynamic and anthropogenically altered by climate change and human interventions like land use change and infrastructure, so approaches that aim to restore flow regimes to pre-dam flow regimes are no longer feasible (Ren et al., 2018). While these approaches differ in flow regime design, they all seek to restore biodiversity and ecosystem function by providing habitat for aquatic species’ life cycles (Carlisle et al., 2009; Merritt et al., 2010; Mims & Olden, 2012; Olden et al., 2014), structuring aquatic communities (Bogan & Lytle, 2011; Tonkin et al., 2017), improving water quality (Nilsson & Renöfält, 2008), and structuring sediment regimes (Topping et al., 2010). Hence, e-flows are a powerful conservation tool to sustain or improve both biodiversity and ecosystem function.
Because e-flows implementation often faces water quantity constraints, the most significant challenge to restoring biodiversity and ecosystem function is identifying where and when to allocate limited resources to maximize ecological outcomes (Craig et al., 2017). E-flows implementation can thus be realized as a spatial conservation prioritization problem (Fovargue et al., 2021; Kukkala & Moilanen, 2013). While e-flows initiatives differ in their design and target ecological outcomes, prioritization concerns identifying the sites (i.e., dams or river reaches) that are high priority for conserving species of a certain conservation status or value, or for conserving some desirable ecosystem function (Knight et al., 2008; Sinclair et al., 2018). However, it has been widely recognized that conservation plans derived from prioritizations can be derailed by a failure to integrate crucial human factors and climate uncertainty (Kujala et al., 2013; Reside et al., 2018; Toomey et al., 2017). Ultimately, for e-flows implementation to accelerate successfully in accordance with the ERP, these two factors must be incorporated into the design of e-flows initiatives.
[bookmark: _Toc95209497]1.2.2. Integrating human dimensions 
While the biophysical dimensions of e-flows science have been extensively studied for the past 20 years (see Poff, 2018), human dimensions have received little attention (Anderson et al., 2019). Only recently have scholars and international frameworks acknowledged the crucial interdependency between human and environmental dimensions of e-flows. For example, the revised Brisbane Declaration and Global Action Agenda emphasizes that e-flows implementation “…requires a complementary suite of policy, legislative, regulatory, financial, scientific, and cultural measures to ensure effective delivery and beneficial outcomes.”, and that “local knowledge and customary water management practices can strengthen environmental flow planning, implementation, and sustainable outcomes.” (Arthington et al., 2018). The SDG’s also recognize this interdependency in SDG6 with a focus on achieving equitable and sustainable improvements in water quality and use efficiency while also protecting and restoring freshwater ecosystems (Sadoff et al., 2020).
In practice, these human-environmental interdependencies manifest in numerous ways to create context-specific barriers to implementing e-flows. Indeed, previous work has identified barriers that can range from a lack of public and political support to complicated institutional and regulatory mandates (Hirji & Davis, 2009; Moore 2004; Le Quesne et al. 2010; Opperman et al., 2018; Pahl-Wostl et al., 2013). In water-scarce systems, these barriers can grow, driven by a pervasive notion of conflict between human and environmental water needs and a social construction of the environment as another water user (Batchelor et al., 2014; Davies et al., 2013; Koch et al., 2019; Tickner et al., 2017; Wineland et al., 2021). Key research gaps involve identifying equitable water allocation and the context-specific barriers to integrating human dimensions in the design and planning of e-flows initiatives, and whether the involvement of organizational and community leaders can help enable the successful adoption of e-flows initiatives (Arthington et al., 2018; Harwood et al., 2018). Thus, integrating human dimensions in e-flows research and implementation is critical to achieving the ERP goal of accelerating e-flows implementation (Arthington, 2021).
[bookmark: _Toc95209498]1.2.3. Adapting to climate change impacts
The impacts of climate change pose a significant challenge for implementing e-flows because of future uncertainties in water scarcity that complicate water resources planning (John et al., 2020). Climate change is anticipated to increase water scarcity in many regions globally, but the magnitude, timing, and synergies with other stressors faces some uncertainty (Easterling et al. 2017; Grantham et al., 2019; Schewe et al., 2014). This challenge is highlighted in the revised Brisbane Declaration and Global Action Agenda: “Climate change increases the risk of aquatic ecosystem degradation and intensifies the urgency for action to implement environmental flows.” (Arthington et al., 2018). However, e-flows planning suffers from assumptions of stationarity, and few studies address practical e-flows planning problems such as how to meet both human and environmental water needs while also accounting for climate uncertainties (Fovargue et al., 2021; Kopf et al., 2015; Milly et al., 2008; Rissman & Wardropper, 2021). Further, because water resources management operates at discrete timesteps with often inflexible operating rules, adaptive approaches can be challenging to implement (Webb et al., 2018). 
Approaches to modelling adaptive e-flows strategies and ecological outcomes under climate uncertainty often involve using an ensemble of climate projections from outputs of general circulation models (GCMs) that describe Earth’s functional atmospheric components differently and representative concentration pathways (RCPs) that define future scenarios of greenhouse gas (GHG) concentrations and other radiative forcings (Foden et al., 2019; John et al., 2020). Because of the large spatial scale at which these models operate and their difficulties with representing regional-scale phenomena, model outputs are often put through various statistical downscaling techniques to better represent climatological patterns at relevant spatial scales (Wootten et al., 2020). Through scenario analysis, a range of possible future hydrologic and ecological outcomes can be assessed (Li et al., 2019). One adaptive approach from a spatial planning perspective involves identifying the magnitude of climate uncertainty at sites across different future climate scenarios, and assessing whether consistent outcomes can be identified (Lawler & Michalak, 2017). Traditional adaptive management approaches involve a cyclical plan-do-monitor-learn process that also allows practitioners to work with uncertainty rather than against it (Webb et al., 2018). Therefore, implementing adaptive approaches will help accelerate the implementation of e-flows in accordance with the ERP, else inaction due to the complexities of planning under uncertainty might occur (Arthington, 2021; Crespo et al., 2019; Harwood et al., 2018).
[bookmark: _Toc95209499]1.3. Dissertation Overview
The research in the following chapters aims to improve understanding of the challenges facing e-flows implementation in freshwater ecosystems and provide novel approaches to overcome those challenges. This research combines key social, biological, hydrological, and climatological information and uses an interdisciplinary approach to achieve these goals. For example, the research presented here leverages approaches that range from mathematical optimization and spatial conservation prioritization models to social network analysis and information diffusion models. Because e-flows implementation is inherently a coupled human and natural system (CHAN), this research is structured in four chapters to answer the following research questions through a CHAN lens (Figure 1.1):
Chapter 2. Where can e-flows be implemented to maximize biodiversity conservation and conservation feasibility under future climate uncertainty?
Chapter 3. What are the tradeoffs between social equity and economic efficiency in e-flows programs?
Chapter 4. What are the main barriers and challenges to implementing e-flows from the perspective of water decision makers?
Chapter 5. Can the early recruitment of influential individuals into an e-flows initiative boost overall adoption?
[image: ]
[bookmark: _Toc90025828]Figure 1-1. Conceptual diagram of coupled human and natural systems. Arrows show interactions and feedbacks between dimensions and subsystems. Examples of different processes and outcomes are listed for each dimension. Orange “Ch. 2-5” box placement indicates where each dissertation fits within this coupled human and natural system space.
Each chapter in this dissertation is written and formatted as stand-alone, peer-reviewed journal publications, each with its own introduction, methods, results, discussion, conclusion, and references sections. These are followed by a sixth chapter than synthesizes findings across the four research chapters. Chapter 2 is published in a peer-reviewed journal and presents a conceptual framework to identify locations with both high biodiversity value and conservation feasibility to target for e-flows implementation across future climate uncertainty. This conceptual framework is tested in the context of implementing e-flows in the Red River basin in the south-central USA. This chapter focuses on maximizing biodiversity outcomes by using climatic processes as inputs, but also attempts to do this within the constraints of water availability for human uses, so it is placed mainly within the nature dimension but crosses into the overlapping space to highlight this integrative approach (Fig. 1-1). Chapter 3 is in the process of submission for a peer-reviewed journal, and tests different simulated scenarios in an incentive-based Payment for Ecosystem Services (PES) water conservation initiative in the Red River basin to determine if aiming for an equitable allocation of incentives worsens environmental and societal water tradeoffs. This chapter focuses on social equity outcomes in the context of hydrological and climatic processes and outcomes like changing water availability, so it is placed in the center of the overlapping space to highlight this integrative approach (Fig. 1-1). Chapter 4 is published in a peer-reviewed journal and surveys water decision makers in Oklahoma and Texas, USA to understand their perceptions of the challenges to implementing e-flows in the region. This chapter focuses on identifying how human processes like perceptions could shape outcomes like adoption, so it is placed between processes and outcomes in the center of the human sphere (Fig. 1-1). Chapter 5 has been submitted for peer-review at a journal and investigates whether targeting influential individuals in water decision maker networks as early adopters of an e-flows initiative results in greater adoption of the initiative. This chapter focuses on identifying how to maximize human outcomes like adoption, so it is placed accordingly near societal outcomes in the human sphere (Fig. 1-1) Chapter 6 provides a discussion of findings across research chapters 2,3,4, and 5. 
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1. Conservation actors face the challenge of allocating limited resources despite uncertainty about future climate conditions. In many cases, the potential value and feasibility of proposed projects vary across climate scenarios. A key goal is to identify areas where conservation outcomes can balance both environmental and human needs.
2. We developed a conservation prioritization framework that jointly considers the value and feasibility of candidate projects across future climate scenarios. We then applied this framework to the challenge of meeting environmental flow targets across the Red River basin of the south-central USA. 
3. To estimate the conservation feasibility of meeting environmental flow goals in a river reach in each climate scenario, we used a basin-wide hydrologic planning tool to quantify the reduction in societal water usage needed to meet environmental flow targets. To estimate the biodiversity value of each river reach in each climate scenario, we used climate-driven species distribution models and species’ conservation status.
4. We found that river reaches in the east-central portion of the basin may be good candidates for conservation investments, because they had high biodiversity value and high socio-political feasibility in all future climate scenarios. In contrast, sites in the arid western reaches of the basin had high biodiversity value, but low feasibility of achieving environmental flow goals. 
5. Our framework should have broad applicability given that the value and feasibility of conservation projects vary across climate scenarios in ecosystems around the world. It may serve as a coarse filter to identify sites for more detailed analyses and could be integrated with complementarity-based approaches to conservation planning to balance species’ representation across projects.
[bookmark: _Toc95209503]2.2. Introduction
Climate change and human activities are impacting ecosystems globally, directly contributing to biodiversity loss and threatening human well-being (Scheffers & Pecl 2019, Reside et al. 2018, Diaz et al. 2019, Green et al. 2019, Tickner et al. 2020). The conservation community has responded to this crisis by developing spatial conservation prioritization (hereafter “prioritization”) frameworks to guide conservation investments (Sinclair et al. 2018, Kukkala & Moilanen 2013). Broadly defined, these frameworks aim to identify strategies for allocating resources among sites to maximize return-on-investment in the protection of biodiversity or ecosystem services. It is increasingly recognized that prioritizations must account for uncertain future climatic conditions (Heller et al. 2009, Carvalho et al. 2011, Jones et al. 2016) and consider societal uses and values of biodiversity and natural resources (Knight et al. 2010, Karimi et al. 2017, Guerrero et al. 2018, Whitehead et al. 2014). However, conservation planning frameworks often fail to consider factors like competing societal values for shared resources, and organizational and resource governance processes, which may result in a failure to step from research to implementation phases of planning (Toomey et al. 2017, Moon et al. 2014, McIntosh et al. 2018). Conservation planning thus faces a pressing challenge to effectively inform decision-making under climatic uncertainty while being conscious of the societal context in which conservation actions are being recommended. 
When developing a conservation prioritization, accounting for the feasibility of a conservation project is necessary to overcome the “implementation crisis,” wherein sophisticated conservation plans are developed but not implemented (Knight et al. 2008, Toomey et al. 2017). Accounting for conservation feasibility in the assessment phase of planning could help complement the where to act (i.e., the identification of priority sites) with the how to act (i.e., the procurement of adequate funding, support, permissions, and resources to facilitate implementation; Adams et al. 2019). Conservation feasibility may be broadly defined as the likelihood of successful implementation of a conservation action at a target area or site (Guerrero & Wilson 2017, Karimi et al. 2017, Popejoy et al. 2018). Thus, locations with high conservation feasibility are likely to be those locations where the sociopolitical costs of conservation actions are low. Many socio-political factors (i.e., social attitudes and public values that influence resource management, economics, policymaking, and governance structures) contribute to conservation feasibility, including government organizations, resource users, policies, funding, and institutional mandates (Guerrero & Wilson 2017). Recent studies focus on assessing conservation feasibility by examining stakeholders’ or landowners’ willingness to participate in a conservation program (Ma et al. 2012, Kwayu et al. 2014, Wunder et al. 2018) or sell land or water rights (Guerrero et al. 2010, Adams et al. 2014, Tulloch et al. 2014, Wang et al. 2017), whether social and ecological values align (Bryan et al. 2011, Whitehead et al. 2014, Bagstad et al. 2016), social-political and resource governance structures and contexts (Jupiter et al. 2017), conservation conflicts and socio-political resistance to conservation actions (Rastogi et al. 2014, Von Essen & Hansen 2015), and tradeoffs between shared resources (Zamani Sabzi et al. 2019a). 
Effective conservation prioritization under climate change requires strategies that operate under climatic uncertainty (Meir et al. 2004, Kukkala & Moilanen 2013, Jones et al. 2016, Bates et al. 2019, He et al. 2019). In this context, uncertainty about future climate conditions stems from variability of projected model or scenario outcomes (Reside et al. 2018). While some researchers argue that climate projections ought to be ignored in conservation planning because they are hampered by uncertainties (i.e., forecast-free approaches, Groves et al. 2012), others have attempted to identify strategies that are robust to climate uncertainty by assessing how conservation priorities vary across a wide range of future climate scenarios (Araújo & New 2007, Araújo & Luoto 2007, Conroy et al. 2011, Lawler & Michalak 2018). In practice, researchers might use predictive species distribution models to identify locations that have consistently high biodiversity value across a wide range of future climate scenarios (Carvalho et al. 2011, Kujala et al. 2013). These sites are likely to be good choices for conservation investments given that biodiversity values are high in all future scenarios. 
Simultaneously accounting for climate uncertainty, biodiversity value and feasibility is challenging because biodiversity value is often decoupled from the socio-political costs of conservation actions (Bonebrake et al. 2018, Scheffers & Pecl 2019) and both factors vary independently across future scenarios. Some examples of socio-political factors that vary independently of biodiversity value include polarized views of the importance of conservation (Coffey & Joseph 2013), the exclusion of some stakeholders from planning and negotiations (Foote et al. 2007), funding and economic costs (Balmford et al. 2003), and socio-political borders that exacerbate shared resource conflicts (Dallimer & Strange 2015). Because biodiversity value and conservation feasibility vary independently across locations and across future climate scenarios, researchers must account for these factors separately to identify areas at the intersection of high biodiversity value and low socio-political cost.
Despite many practical and theoretical advances in conservation planning, studies have disproportionately focused on terrestrial and marine ecosystems (Linke et al. 2019). Conservation initiatives are difficult to implement in freshwater ecosystems because of complex factors that influence planning, such as uncertainty in water resources under future climate change scenarios (Moilanen et al. 2008, Wilby et al. 2010, McPherson et al. 2016), species range shifts under climate change (Araújo et al. 2004, Carvalho et al. 2011), shared resource conflicts (Pahl-Wostl et al. 2013, Zamani Sabzi et al. 2019a), and complex water-resource governance systems (Portney et al. 2017, Daher et al. 2019). One approach to improving biodiversity outcomes in freshwater ecosystems is through accelerating the implementation of environmental flows (Tickner et al. 2020). Environmental flows are a system to maintain or restore ecologically relevant aspects of hydrologic regimes that have been altered by human infrastructure or practices; this may include changes in the quantity, timing, and variability of river flows (Arthington et al. 2018). Maintaining environmental flows can significantly improve biodiversity outcomes by restoring functional ecological processes that freshwater species rely on for their life histories (Nilsson & Renöfält 2008, Mims & Olden 2012, Olden et al. 2014, Mims & Olden 2012, Acreman et al. 2014, Vaughn et al. 2015, Vaughn 2018). Water-limited river basins are good model systems for studying the challenges of conservation planning because of the projected decrease in water availability under future climate change (Christensen et al. 2004, Ma et al. 2008, Grafton et al. 2011), projected increase in future societal water demand (Florke et al. 2018), and varying levels of socio-political resistance to environmental flows regulations and policies (Pittock & Finlayson 2011, Mekonnen & Hoekstra 2016). As a result of the inherently coupled relationship between humans and freshwater ecosystems, there are significant tradeoffs between human needs and conservation outcomes (Ziv et al. 2012, Sivapalan et al. 2014, Crespo et al. 2019, Guo et al. 2019, Zamani Sabzi et al. 2019a).
The Red River basin in the south-central United States exemplifies the difficulties of accounting for complex factors and uncertainty in freshwater conservation planning. Here, climate change is expected to decrease overall precipitation and river flows, but there is considerable uncertainty about where and when water shortages may occur (Xue et al. 2015, Bertrand & McPherson 2019). As a result, societal (i.e., municipal, industrial, and agricultural) and ecosystem (i.e., environmental flows) water needs cannot be fully met unless reductions in societal uses are implemented (Zamani Sabzi et al. 2019a). Additionally, fish and freshwater mussel species are projected to decline and undergo range shifts because of climate and human-induced changes in water availability that inhibit habitat connectivity and produce extreme thermal regimes (Perkin et al. 2015, Perkin et al. 2017, Gill et al. 2020). Thus, conservation actors in this region must account for future climatic uncertainty and consider conservation feasibility in planning for freshwater ecosystems but lack the appropriate guidance on where to invest conservation resources.
In this study, we developed a prioritization framework for identifying target sites for implementing conservation actions that remain valuable and feasible across a range of future climate scenarios. Our prioritization framework represents a simple, flexible, and low-data method that can be used in the assessment phase of conservation planning to rapidly winnow the number of sites under consideration. We then applied this framework to the challenge of prioritizing water conservation actions across a drought-prone river basin, the Red River, in the south-central USA. In this application, we sought to identify river reaches that consistently had high biodiversity value and conservation feasibility across a range of possible future climate scenarios. We used data from recent high-resolution hydrologic and climatic modeling in the Red River to parameterize a mathematical optimization model for allocating water conservation incentives across the basin. From these models, we estimated the biodiversity value of river reaches by examining fish species distributions and their endangerment criteria below 38 major reservoirs, as well as the conservation feasibility of river reaches by estimating the socio-political cost of fully meeting environmental flow targets. This case study demonstrates the utility of our framework for identifying conservation projects that remain valuable and feasible across a range of climate scenarios.
[bookmark: _Toc95209504]2.3. Methods 
[bookmark: _Toc95209505]2.3.1. Prioritization framework
We developed a prioritization framework that integrates measures of biodiversity value and conservation feasibility, and how they vary across future climate scenarios. (Figure 2-1). Our framework extends other two-dimensional planning models that consider biodiversity value and feasibility (Guerrero & Wilson 2017, Popejoy et al. 2018) by exploring how both factors vary across future climate scenarios. Thus, our framework identifies sites that consistently have high biodiversity value and high conservation feasibility across a range of future climate conditions.
In our framework, the biodiversity value (vertical axis) of a site can be quantified using any common ecological measure (e.g., species richness, abundance, occupancy, habitat use and suitability, species’ risk of endangerment, and ecosystem services) or an index of biodiversity derived from these measures (Capmourteres & Anand 2016). Thus, the axis is broadly defined to accommodate the many different ways that humans value, use, and prioritize biodiversity (Manfredo et al. 2016). The conservation feasibility (horizontal axis) of a site can be estimated by considering the socio-political factors that contribute to the likelihood of successful implementation of a conservation action (Popejoy et al. 2018). 
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[bookmark: _Toc90025829][bookmark: _Hlk48634149]Figure 2-1. General prioritization model for identifying conservation projects with varying levels of biodiversity value and conservation feasibility. The vertical and horizontal lines that delimit the quadrants may be shifted to create larger or smaller quadrants as needed for an application. 
Partitioning the biodiversity-feasibility space into user-defined quadrants reveals four tiers of conservation priority (Fig. 2-1). Sites with high biodiversity value and high conservation feasibility (quadrant I) are likely to be the highest priority for investment because conservation actions at these sites would have low sociopolitical costs but high benefits to biodiversity. Sites with high biodiversity value and low conservation feasibility (quadrant II) are of lower priority and represent areas with significant social-ecological tradeoffs. Conservation actions at these sites would provide high benefits to biodiversity but may also have high sociopolitical costs. Sites in quadrant III are low cost, low reward: conservation actions may have low sociopolitical costs but also low benefits to biodiversity. Finally, sites with low biodiversity value and low conservation feasibility (quadrant IV) are high cost, low reward locations that are unlikely to be good choices for conservation investments.
By applying this prioritization framework across multiple future climate scenarios, decision makers can explore how site-level conservation priority varies spatially and temporally. For example, if a site’s positional variation is small across future climate scenarios (i.e., it remains within one quadrant), then there is low uncertainty in measures of biodiversity value and conservation feasibility across future climate scenarios. We also emphasize that the horizontal and vertical lines that delimit the quadrants are arbitrarily placed at the midpoint of each axis. They may be shifted to create large or smaller quadrants to fit the needs of a particular application.
Our prioritization framework represents a simple, flexible method for weighing the tradeoffs between human and environmental aspects of a target conservation objective across future climate scenarios. After conservation objectives have been developed and potential target sites identified, decision makers could use this prioritization framework as a coarse-scale filter to eliminate low priority sites from consideration. Because conservation planners typically weigh a complex set of incommensurable factors in addition to the two considered here in this framework, and many of those factors are difficult to quantify and measure at large spatial scales, our approach can reduce the cost and data needs of typical planning studies by reducing the number of sites that warrant more careful study. Adopting this prioritization framework during the assessment phase of conservation planning could benefit conservation outcomes and improve implementation success through (1) integrating social and ecological data to assess the conservation problem from a systems perspective, (2) identifying key socio-political factors that contribute to conservation feasibility (i.e., the likelihood of conservation implementation and success), (3) identifying site-level variation in conservation priority with a focus on identifying high priority sites, and (4) identifying consistent outcomes under future climate scenarios (Ban et al. 2013, Guerrero & Wilson 2017, Kujala et al. 2013, Moon et al. 2014).
[bookmark: _Toc95209506]2.3.2. Study system
Our study focuses on the Red River in the south-central United States. The Red River is a semi-arid, drought prone river where water availability is geographically skewed: western reaches are arid and can receive as little as 400mm of rain per year, while eastern reaches can receive up to 1600mm (PRISM Climate Group 2019). Additionally, the combination of consumptive societal water use and extreme thermal and flow regimes in this region can create harsh conditions for aquatic biota (Matthews et al. 2005, Matthews & Marsh-Matthews 2017, DuBose et al. 2019). The Red River has a high density of reservoirs which were constructed for flood control and to provide water storage to meet societal water demands. In this study, we focus on river reaches downstream of 38 major reservoirs in the basin to identify reaches of high conservation priority under climatic and hydrologic uncertainty (Zamani Sabzi et al. 2019a).
[bookmark: _Toc95209507]2.3.3. Downscaled climate projections
To explore how biodiversity value and conservation feasibility might vary across future climate scenarios, we used recent species distribution (Gill et al. 2020) and hydrologic models (Zamani Sabzi et al. 2019a, Zamani Sabzi et al. 2019b) parameterized with basin-scale high resolution climate projections (Xue et al. 2016, Bertrand & McPherson 2018, Bertrand & McPherson 2019). Briefly, McPherson et al. (2016) used statistical downscaling of global climate model outputs from the Coupled Model Inter-comparison Project Phase 5 (CMIP5) for both historical (1961-2010) and future (2010-2099) time series to estimate daily air temperature and precipitation across the basin at a 1/8⁰ raster resolution for nine future climate scenarios. These nine climate scenarios resulted from taking all combinations of three general circulation models (GCMs; CCSM4, MIROC5, MPI-ESM-LR) and three representative concentration pathways (RCPs; 2.6, 4.5, 8.5 W/m2). These nine scenarios represent a range of plausible air temperature and precipitation biases and climate sensitivities over the south-central United States (Sheffield et al. 2013). Other scenarios (e.g., those that include RCP 6.0) were deemed of lower value to decision makers in the region and not investigated due to computational and personnel cost constraints (Bertrand & McPherson 2019). 
Air temperature and precipitation estimates for each of these nine climate scenarios were then used to fit a Variable Infiltration Capacity (VIC) hydrologic model to simulate daily surface runoff, streamflow, and reservoir storage for both historical and future time periods (Xue et al. 2016). VIC is a rainfall-runoff model that uses climate variable inputs (precipitation and temperature), estimates of infiltration and soil moisture, and reservoir storages to estimate evapotranspiration and surface runoff at a daily time step across the basin (Liang et al. 1996). Details of the VIC model calibration process for the Red River basin are given by Xue et al. (2016). VIC model outputs were then used to estimate future fish species distributions (section 2.3.4; Gill et al. 2020) and reservoir storage and environmental flows (section 2.3.6; Zamani Sabzi et al. 2019b) for the 2040-2060 time series.
[bookmark: _Toc95209508]2.3.4. Fish species distribution models
To determine the biodiversity value of river reaches downstream of the 38 major reservoirs in the basin, we used the predicted probability of occurrence outputs from a suite of species distribution models (SDMs) for 31 fish species native to the Red River (Gill et al. 2020). While there are over 170 fish species native to this catchment, we focus on a suite of 31 species that represent a range of spawning modes, conservation concern, and recreational/societal value based on input from regional fisheries managers (K. Kuklisnki and T. Spark, OK Department of Wildlife Conservation; and B. Matthews and E. Marsh-Matthews, U. Oklahoma). To build SDMs, Gill et al. (2020) used historical fish occurrence records and downscaled climatic and hydrologic data for the Red River basin (Bertrand & McPherson 2019, Xue et al. 2016) to project fish distributions across a range of future climate scenarios using Maxent. 
The outputs of the SDM’s are gridded raster datasets in which the value associated with each raster grid cell is the predicted probability of occurrence of a species. To determine which species might benefit from environmental flows releases below each reservoir, we averaged the probability of occurrence values for the 5 grid cells (a total area of 144 km2) downstream of each reservoir for each species under each climate scenario (Fig. 2-2). These five grid cells are a fraction of each fish species’ full distributional range. Given the 1/8⁰ resolution of the raster grid, the five grid cells downstream of each reservoir are approximately equal to 50km of river channel length. This channel length is both the minimum distance between the two closest reservoirs in the basin, and an approximate maximum distance downstream that reservoir water releases can affect flow regulation, thermal stratification, and fish habitat (Kinsolving & Bain 1993, Sinokrot et al. 1995). Though our prioritization focuses on fishes, improvements to instream flows would also benefit other drought-sensitive regional biota (e.g., mussels; Vaughn et al. 2015).
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[bookmark: _Toc90025830]Figure 2-2. Map of the Red River basin depicting how predicted probabilities of occurrence from a species distribution model (A) were masked to 50km river reaches below each reservoir (B). Color represents predicted probability of occurrence values for one species. Values closer to 1 (Yellow) indicate a high predicted probability of occurrence, while values closer to 0 (Purple) indicate a low probability of occurrence.

[bookmark: _Toc95209509]2.3.5. Biodiversity value index (BVI)
We developed an index to assign biodiversity value to each location based on species probability of occurrence in the downstream river reach and the conservation status of each species. In this index, each species’ probability of occurrence at each river reach across each climate scenario is weighted by multiple conventions and directives that define criteria and conditions for species risk of endangerment (i.e., IUCN vs. NatureServe), and the spatial scale at which conservation status is being evaluated (i.e. state, national, or global scale; Table 1). The BVI is calculated as: 


Where s is the number of species considered, n is the number of conventions or directives used to derive endangerment weights , and  is the probability of occurrence values for each species. The BVI varies between 0 (when the downstream river reach has low predicted probability of occurrences for all species with low conservation value) and 1 (when the downstream river reach has high predicted probability of occurrences for all species with high conservation value).
We used multiple conventions and directives to derive the conservation status weight to capture the multiple spatial scales at which conservation priorities operate (Bergerot et al. 2008). For each convention or directive, we derive conservation status weights based on risk of endangerment categories (Table 1). For example, we used risk of endangerment categories according to the International Union for the Conservation of Nature (IUCN) Red List of Threatened Species™ (IUCN 2019), NatureServe® Global Conservation Status (NatureServe® 2019), and state rankings for the state in which the downstream river reach occurs (Table 2, accessed from the NatureServe® Explorer) to account for varying conservation status criteria at the global, national, and state scale (Akçakaya et al. 2006, Miller et al. 2007, Halmy & Salem 2015). The fourth category we use represents the population status of the species according to the IUCN Red List of Threatened Species™. 





[bookmark: _Toc90025858]Table 2-1. Data sources, criteria of endangerment, conservation status, and weights used in creating the Biodiversity Value Index (BVI).
	IUCN Red List (R*)
	 
	NatureServe Global Status (G)
	IUCN Population Trend (T)
	NatureServe State Status (S)

	Category
	wij
	 
	Status
	Category
	wij
	Trend
	wij
	Status
	Category
	wij

	Extinct
	0
	 
	GX
	Presumed Extinct
	0
	Unknown
	0
	SX
	Presumed Extinct
	0

	Extinct in Wild
	0
	 
	GH
	Possibly Extinct
	0
	Stable
	0.5
	SH
	Possibly Extinct
	0

	Critically Endangered
	1
	 
	G1
	Critically Imperiled
	1
	Decreasing
	1
	S1
	Critically Imperiled
	1

	Endangered
	0.8
	 
	G2
	Imperiled
	0.8
	Increasing
	0
	S2
	Imperiled
	0.8

	Vulnerable
	0.6
	 
	G3
	Vulnerable
	0.6
	 
	 
	S3
	Vulnerable
	0.6

	Near Threatened
	0.4
	 
	G4
	Apparently Secure
	0.4
	 
	 
	S4
	Apparently Secure
	0.4

	Least Concern
	0.2
	 
	G5
	Secure
	0.2
	 
	 
	S5
	Secure
	0.2

	Data deficient
	0
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Not evaluated
	0
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	*R, G, T, S abbreviate the conventions used in the BVI















[bookmark: _Toc90025859]Table 2-2. Weights for each index term by species considered in the Biodiversity Value Index (BVI). 
	Species
	Common Name
	Ria
	Gi
	Ti
	Sib (OK)
	Si (TX)
	Si (AR)
	Si (LA)

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Ameiurus melas
	Black bullhead 
	0.2
	0.2
	0.5
	0.2
	0.2
	0.4
	0.2

	Cyprinella lutrensis
	Red shiner 
	0.2
	0.2
	0.5
	0.2
	0.2
	0.6
	0.2

	Cyprinodon rubrofluviatilis
	Red River pupfish 
	0.2
	0.2
	0.5
	0.2
	0.4
	0.0
	0.0

	Etheostoma collettei
	Creole darter 
	0.2
	0.4
	0.5
	0.6
	0.0
	0.4
	0.4

	Etheostoma radiosum
	Orangebelly darter 
	0.2
	0.2
	0.5
	0.2
	0.6
	0.4
	0.0

	Fundulus zebrinus
	Plains killifish 
	0.2
	0.2
	0.0
	0.4
	0.2
	0.0
	0.0

	Gambusia affinis
	Western mosquitofish 
	0.2
	0.2
	0.5
	0.2
	0.2
	0.4
	0.2

	Hybognathus placitus
	Plains minnow 
	0.2
	0.4
	1.0
	0.2
	0.4
	0.0
	0.0

	Ictalurus furcatus
	Blue catfish 
	0.2
	0.2
	0.5
	0.2
	0.2
	0.4
	0.2

	Lepomis cyanellus
	Green sunfish 
	0.2
	0.2
	0.5
	0.2
	0.4
	0.2
	0.2

	Lythrurus snelsoni
	Ouachita shiner 
	0.2
	0.6
	0.5
	0.8
	0.0
	0.0
	0.0

	Macrhybopsis australis
	Prairie chub 
	0.6
	0.6
	0.0
	0.4
	0.0
	0.0
	0.0

	Macrhybopsis hyostoma
	Shoal chub 
	0.2
	0.2
	0.5
	0.2
	0.0
	0.8
	0.6

	Macrhybopsis storeriana
	Silver chub 
	0.2
	0.2
	0.5
	0.4
	0.6
	0.6
	0.4

	Micropterus dolomieu
	Smallmouth bass 
	0.2
	0.2
	0.5
	0.2
	0.0
	0.4
	0.0

	Micropterus punctulatus
	Spotted bass 
	0.2
	0.2
	0.5
	0.2
	0.2
	0.4
	0.2

	Micropterus salmoides
	Largemouth bass 
	0.2
	0.2
	0.5
	0.2
	0.2
	0.4
	0.2

	Morone saxatilis
	Striped bass 
	0.2
	0.2
	0.0
	0.0
	0.0
	0.0
	0.4

	Notropis atherinoides
	Emerald shiner 
	0.2
	0.2
	0.5
	0.2
	0.4
	0.4
	0.2

	Notropis atrocaudalis
	Blackspot shiner 
	0.2
	0.4
	0.5
	1.0
	0.6
	0.6
	0.6

	Notropis bairdi
	Red River shiner 
	0.4
	0.4
	0.0
	0.6
	0.6
	0.0
	0.0

	Notropis boops
	Bigeye shiner 
	0.2
	0.2
	0.5
	0.2
	0.0
	0.4
	0.6

	Notropis ortenburgeri
	Kiamichi shiner 
	0.0
	0.2
	0.0
	0.6
	0.0
	0.8
	0.0

	Notropis perpallidus
	Peppered shiner 
	0.6
	0.6
	1.0
	0.8
	0.0
	0.8
	0.0

	Notropis potteri
	Chub shiner 
	0.2
	0.4
	1.0
	0.4
	0.4
	1.0
	0.0

	Notropis stramineus
	Sand shiner 
	0.2
	0.2
	0.5
	0.2
	0.6
	0.0
	0.0

	Notropis suttkusi
	Rocky shiner 
	0.0
	0.6
	0.0
	0.4
	0.0
	0.0
	0.0

	Percina copelandi
	Channel darter 
	0.2
	0.4
	0.5
	0.4
	0.0
	0.4
	0.8

	Percina pantherina
	Leopard darter 
	0.8
	0.8
	0.5
	1.0
	0.0
	1.0
	0.0

	Phenacobius mirabilis
	Suckermouth minnow 
	0.2
	0.2
	0.5
	0.4
	0.4
	1.0
	1.0

	Pteronotropis hubbsi
	Bluehead shiner 
	0.4
	0.6
	1.0
	1.0
	1.0
	0.6
	0.8

	 
	 
	 
	 
	 
	 
	 
	 
	 

	aR,G,T,S abbreviate the conventions used in the BVI (see Table 1)

	bNatureServe State-level weights for each state in the Red River Basin (OK-Oklahoma, TX - Texas, AR-Arkansas, LA - Louisiana



[bookmark: _Toc95209510]2.3.6. Conservation feasibility
To estimate the feasibility of meeting environmental flow targets in river reaches downstream of each reservoir, we used estimates of potential societal water satisfaction derived from a water-balance hydrologic model (Zamani Sabzi et al. 2019a, b). Briefly, the hydrologic model uses an optimization framework for allocating scarce water resources across the entire river basin in a way that balances societal (agricultural, industrial, and municipal) and ecosystem (environmental flows) water needs. Using this model, Zamani Sabzi et al. (2019a) delineated Pareto trade-off curves that represent the mathematically optimal trade-offs between meeting societal and environmental flow targets across the basin. Estimates of societal water demands that underlie this analysis are based on analysis of existing water rights and consumption across the basin (McPherson et al. 2016). Estimates of environmental flow demands are based on retrospective analysis of historical flow regimes in each river reach (Zamani Sabzi et al. 2019a). In the model, societal and environmental water satisfaction values range from 0 (completely unsatisfied) to 1 (fully satisfied). For a given weight that determines the relative importance of meeting societal vs. environmental flow targets, the model identifies a mathematically optimal distribution of water across the basin that jointly maximizes societal and ecosystem water satisfaction. Exploring a range of relative weights for societal vs. environmental flow targets results in a Pareto trade-off curve between meeting societal vs. environmental flow targets (Fig. 2-3).
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[bookmark: _Toc90025831]Figure 2-3. Examples of Pareto trade-off curves used to estimate conservation feasibility. Pareto tradeoff curves were generated from a basin-wide hydrologic planning model that considered the satisfaction of societal (y-axis) and environmental (x-axis) water needs at each reservoir in the basin. Societal satisfaction levels are based on meeting water allocations for municipal and agricultural users, and environmental satisfaction levels are based on meeting environmental flow targets below each reservoir. Red points indicate the highest possible societal water satisfaction value that could be achieved when environmental flow goals are fully met.
We estimated the conservation feasibility of meeting environmental flow targets below each reservoir by analyzing individual Pareto tradeoff curves at each reservoir. On each curve, we identified the highest possible societal water satisfaction value that could be achieved while fully meeting environmental flow goals. Conceptually, this point represents the socio-political challenges of meeting environmental flow goals below each reservoir. If it is possible to fully meet environmental flow targets while also maintaining high societal water satisfaction, then water conservation likely has high feasibility because it would entail little socio-political conflict. Conversely, in locations where it is not possible to maintain high societal water satisfaction while meeting environmental flow targets, water conservation likely has low feasibility because it would entail significant socio-political costs. In Lake Texoma, for example, the hydrologic model suggests that 100% satisfaction of both environmental and societal water targets is possible (Fig. 2-3A). Thus, meeting environmental flow goals below this reservoir should have high socio-political feasibility because it would not require any reduction in societal water use. In Atoka Reservoir, however, fully meeting environmental flow targets would result in societal water satisfaction of 25% at most (Fig. 2-3B). As a result, we estimate that meeting environmental flow goals below Atoka Reservoir has low socio-political feasibility because it would require a dramatic reduction in societal water use. Kemp Reservoir (Fig. 2-3C) represents an extreme case in which environmental flow goals cannot be met even by complete elimination of societal water consumption.
[bookmark: _Toc95209511]2.3.7. Identification of high priority river reaches
We identified high conservation priority river reaches by applying our prioritization framework (Fig. 2-1) across the nine climate scenarios detailed in section 2.3.3. For each climate scenario, we plotted the biodiversity value (i.e., BVI scores) of each river reach against conservation feasibility (i.e., the highest possible societal water satisfaction when environmental flows are fully met). For each river reach, we quantified the proportion of future climate scenarios in which that reach fell into each of the four priority quadrants of Fig. 2-1. 
 	In applying this framework (Fig. 2-1) to the Red River, we used a societal water satisfaction value of 0.50 as the breakpoint between high and low sociopolitical costs. Given that our goal was to use the prioritization framework as a coarse filter to identify sites for more detailed analysis, we chose to use a low breakpoint to retain a larger number of sites for further consideration. We acknowledge that sites with a societal water satisfaction of 0.50 likely have substantial socio-political costs associated with water conservation actions (e.g., payment for ecosystem services; Sone et al. 2019). Similarly, we used the median of the BVI values in each scenario as the breakpoint between high and low biodiversity values.
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The biodiversity value of river reaches (as measured by BVI) varied geographically and across future climate scenarios (Fig. 2-4). For example, river reaches in the eastern portion of the basin (below Bistineau, Bayou D’Arbonne, Catahoula, and Caddo reservoirs) had consistently low BVI values, river reaches in the central portion of the basin (below Arbuckle, Atoka, Broken Bow, and McGee Creek reservoirs) had consistently high BVI values, and river reaches in the western portion of the basin (below Buffalo, Greenbelt, Foss, and Tom Steed reservoirs) had consistently low or medium BVI values. Overall, BVI scores ranged from 0.004 – 0.109 and indicate model (GCM)- and scenario (RCP)-specific variation. For example, for 22/38 river reaches, CCSM4 under RCP 4.5 produced the highest BVI values. Alternatively, for 28/38 river reaches, MPI-ESM-LR under RCP 8.5 produced the lowest BVI values.
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[bookmark: _Toc90025832]Figure 2-4. Biodiversity Value Index (BVI) values (A) and Conservation Feasibility values (B) across all river reaches below 38 major reservoirs in the Red River (USA). Each metric was calculated across nine future climate scenarios using three General Circulation Models (GCM’s) and Representative Concentration Pathways (RCP’s). Reservoir names are ordered from West (Buffalo) to East (Felsenthal).
The conservation feasibility of river reaches varied geographically and across future climate scenarios (Fig. 2-4) For example, river reaches in the eastern portion of the basin had consistently high feasibility values, river reaches in the central portion of the basin had consistently medium to high feasibility values, and river reaches in the western portion of the basin had generally low feasibility. However, there was some variability across climate scenarios. The CCSM4 model under RCP 8.5 produced the lowest feasibility values, while the MIROC5 and MPI-ESM-LR models under RCP 2.6 produced the highest feasibility values for most of the western reaches. Generally, there is considerably more uncertainty associated with the feasibility values relative to the BVI.
Because the biodiversity value and conservation feasibility of each site varied independently among future climate scenarios, site-level conservation priority varied among future climate scenarios (Fig. 2-5). For example, the CCSM4 model column showed an increasing separation of river reaches across a west-east gradient under higher RCP’s (i.e., most western sites were arranged towards low conservation feasibility, most eastern sites were arranged towards high conservation feasibility). The MIROC5 model column indicated a slight divergence in western reaches towards lower or higher conservation feasibility under higher emissions scenarios. The MPI-ESM-LR model column indicated little variation across sites with increasing RCP’s. Generally, across all GCM’s and RCP’s, reaches in arid western portions of the basin shifted the most between quadrants, while a subset of eastern reaches were consistently of high conservation priority as indicated by the line of blue sites on the right side of all plots. 
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[bookmark: _Toc90025833]Figure 2-5. Quadrant plots to identify high conservation priority river reaches among river reaches below 38 major reservoirs in the Red River Basin (USA). Biodiversity Value Index (BVI) values (y-axis) were calculated from species distribution models and various conservation status weights. Conservation Feasibility (x-axis) values were calculated from a basin-scale hydrologic model - extracting the highest possible value of societal water satisfaction when environmental flow targets can be fully achieved. Quadrant lines relate to those delineated in Figure 2-1. River reaches (points) were colored by longitude. 

Despite considerable uncertainty about future climate conditions, we found a subset of sites that had both high biodiversity value and high conservation feasibility across all future climate scenarios (Fig. 2-6). Reaches in the east-central portion of the basin (below DeQueen, Broken Bow, Hugo, and Sardis reservoirs) were consistently within quadrant I (i.e., they were high conservation priority, due to having high biodiversity value and conservation feasibility). However, some reaches in the west-central region sometimes shifted to quadrant II (i.e., high biodiversity value but low conservation feasibility) because the difficulty of meeting environmental flow targets increased under some future climate scenarios. Reaches in the eastern portion of the basin were consistently within quadrant III (i.e., high feasibility but low biodiversity value), and sometimes shifted to quadrant IV (i.e., they were low conservation priority because they had both low conservation value and low feasibility). The priority levels of reaches in the western portion of the basin had the highest variability across climate scenarios, to the extent that some individual reaches were placed into each of the four quadrants across the nine climate scenarios.
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[bookmark: _Toc90025834]Figure 2-6. Map with stacked bar charts showing the proportion of times each river reach fell within each priority quadrant across all nine future climate scenarios. Colors correspond to the colored quadrants delineated in the prioritization model in Fig. 2-1 and the inset figure (i.e., HBV/HCF corresponds to the high biodiversity value/ high conservation feasibility quadrant in Fig. 2-1).
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Planning for biodiversity conservation under climatic uncertainty and socio-political constraints is challenging yet essential (Carvalho et al. 2011, Lawler and Michalak 2017, Guerrero & Wilson 2017). Given that decision makers must choose among candidate conservation projects under climatic uncertainty and socio-political constraints, our approach provides an example of how to integrate biodiversity, climate, and socio-political considerations in a prioritization framework. Our work extends other two-dimensional prioritization frameworks (Guerrero and Wilson 2017, Popejoy et al. 2018) by accounting for uncertainty in future climate conditions. By doing so, our prioritization framework allows decision makers to identify a subset of candidate sites where biodiversity value and sociopolitical feasibility will be consistently high across future climate scenarios. Thus, our prioritization framework could accelerate implementation by focusing research and assessment resources on those sites where conservation actions are most likely to be valuable and feasible in all future scenarios. 
Our case study on environmental flows in the Red River illustrates how our prioritization framework may be used to identify freshwater conservation priorities at the regional scale. We found significant geographic variation in conservation priorities across future climate scenarios basin-wide (Fig. 2-6). We found that a subset (5/38) of sites in the east-central portion of the basin could be identified as high priority, low climate risk sites. Using our case study approach, conservation practitioners and resource managers in the region could collaboratively focus attention and resources on these priority sites because they have a high biodiversity value and high likelihood of conservation success while being insensitive to climatic change. Many of these sites are in the Ouachita Mountains, part of the central interior highlands, an ecoregion with a high number of endemic species (Matthews and Robison 1998, Abell et al. 2000). The Kiamichi river, for example, contains a high number of endemic and threatened fish, crayfish, and freshwater mussel species (Cross et al. 1986, Vaughn & Pyron 1995). Endemic species typically have higher risk of endangerment, and thus higher conservation priority, due to their limited geographic ranges. Ultimately, fish species’ future distributions were driven by a combination of static landscape covariates (e.g., lithology and elevation) and dynamic climate-driven covariates that varied among future scenarios (e.g., mean flow and temperature during summer; Gill et al. 2020). The relative importance of covariates in driving species’ distributions mirrors current knowledge on important factors driving stream fish distributions (Dodds et al. 2004, Perkin et al. 2015). In some cases, the biodiversity value of a site varied considerably among scenarios because species’ occurrences at that site were sensitive to climatic factors (Gill et al. 2020). In other cases, probabilities of occurrence were consistently low across climate scenarios because species’ occurrences were constrained by static landscape covariates (e.g., high salinity some western portions of the Red River basin; Winston et al. 1991). 
While our prioritization framework identifies some sites as “low conservation priority”, these sites may warrant reconsideration if they align with local conservation priorities despite their low feasibility or broader value (Guerrero & Wilson 2017). For example, sites in the western portion of the basin (in central Oklahoma and North Texas) sometimes fall within quadrant II (high biodiversity value, low conservation feasibility). Some of these sites could be considered more carefully for prioritization if they are of value to local stakeholders. Additionally, our framework assumes that the potential costs and benefits of conserving a site are independent of actions taken at other sites. In reality, water conservation actions at upstream sites may increase downstream water availability, potentially altering the conservation feasibility and biodiversity value of downstream sites. Indeed, for many types of conservation actions, the costs and benefits of conservation projects may be contingent on where and when other projects are done (Moilanen et al. 2008, Sundermann et al. 2011, Runge et al. 2014, Neeson et al. 2015). While our framework does not account for project dependency, high priority sites could be more closely examined to determine how modifying dam operations would impact water availability across the reservoir network (Zamani-Sabzi et al 2019a). 
Implementing environmental flows programs is a complex issue, especially in drought-prone river basins with increasing water-related conflicts (Arthington et al. 2006, Pittock et al. 2008, Poff & Matthews 2013, Poff et al. 2018, Wheeler et al. 2018, Zamani Sabzi et al. 2019). For example, in Oklahoma there is currently no mandate for water resource managers to incorporate environmental flows into their water management plans, and environmental flows are not considered a “beneficial use” of water (OWRB, pers. comm.). Texas has an “Instream Flows Program” for specific river basins, but there is no formal plan to establish flow requirements for the Red River basin. Because of high tensions across political boundaries (see Tarrant vs. Herrmann 2013), increasing water demand and decreasing water availability, positive-sum solutions may seem improbable. While there are many factors to consider in the design and implementation of environmental flows policies and programs, we believe our findings may aid in identifying solutions to balance environmental flows and societal water needs. For example, the Oklahoma Water Resources Board’s Instream Flows Advisory Group recently concluded a pilot study that found that implementing environmental flows in an ecologically and recreationally important sub-basin could be feasible under certain conditions (OWRB 2019). Other potential environmental flows programs or policies could include non-profit conservation organization programs (i.e., the Nature Conservancy’s Sustainable Rivers Program), or the purchasing of water rights to allocate specifically to environmental flows (Connor et al. 2013, Wheeler et al. 2013). Additionally, since water conservation incentives are being established in this region (OWRB 2015), water governors, water resource managers, and fisheries managers could explore where incentivizing water conservation may be most beneficial to both societal and ecosystem needs (Zamani Sabzi et al. 2019a). While there is a complex set of incommensurable factors that comprise the socio-political feasibility of increasing environmental flows, our coarse-scale approach is meant to help managers and planners filter among many sites to identify feasible conservation targets.
Our prioritization framework identifies sites that remain valuable and feasible across climate scenarios. Previous work by Popejoy et al. (2018) and Guerrero & Wilson (2017) prioritized sites for conservation by mapping the tradeoffs between conservation feasibility and some relevant ecological measure, but without considering future climate uncertainty. Popejoy et al. (2018) prioritized sites for freshwater mussel conservation in Texas by examining the tradeoffs between mussel communities’ similarity to the past and conservation feasibility. Guerrero & Wilson (2017) prioritized sites for improving connectivity of native vegetation clusters in Australia by examining the tradeoffs between the ecological importance of the vegetation clusters and conservation feasibility in terms of stakeholder presence. Other applications of our framework could include conservation prioritizations of expanding terrestrial protected areas or establishing harvest restrictions in marine protected areas. In these applications, the biodiversity dimension of our framework could be calculated in terms of the species, processes, or ecosystem services protected by a conservation action. Similarly, conservation feasibility may be estimated by examining landowners’ willingness to sell land or participate in a land conservation program, or stakeholders’ willingness to participate in harvest restrictions (Knight et al. 2011, McDonald et al. 2018, Cohen & Foale 2013, Deacon & Parker 2009). 
Our framework highlights the importance of considering climate uncertainty in spatial conservation prioritizations. There are numerous studies that assess the impacts of climate change on range shifts, range overlap, or species loss (Midgley et al. 2003, Beaumont et al. 2011, Jones et al. 2013, Cheaib et al. 2012, Biber et al. 2019). A consistent finding among these studies is that projections vary among models and scenarios, and across species, leaving decision-makers uncertain of the utility of planning approaches (Groves et al. 2012, Kujala et al. 2013, Schmitz et al. 2015). However, prioritization approaches that are inclusive of uncertainty may focus attention on sites that are consistently of high value across future scenarios (Lawler & Michalak 2018) or penalize locations with high uncertainty (Moilanen et al. 2014). Because resources for conservation planning are often limited, it is necessary then to explore approaches that are inclusive of uncertainty and examine the trade-offs among the biodiversity value and conservation feasibility of locations to identify areas that can achieve the largest conservation outcome at minimal risk (Reside et al. 2018).
[bookmark: _Toc95209514]2.6. Conclusion
Our study presents a new conservation prioritization framework that enables conservation planners to identify high conservation priority, low climate risk sites. Overall, the novelty of our prioritization approach lies in allowing decision makers to weigh the tradeoffs among sites with varying levels of biodiversity value and conservation feasibility across future climate scenarios. We show that even under considerable climatic uncertainty, it is possible to identify sites that remain high priority across a range of future climate conditions. Our case study in the Red River basin highlights the complex challenges of conservation planning for freshwater biodiversity and water resource management under climatic uncertainty. Our framework could be expanded to a variety of different taxa and systems to identify similar targeted conservation projects.
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Conservation programs around the world aim to balance social equity, economic efficiency, and conservation outcomes. Tradeoffs among these three objectives necessarily exist but have been quantified in only a handful of systems. Here, we use a multi-objective mathematical optimization model in a large, water-limited river basin to quantify the distributional equity of a freshwater payment for ecosystem services (PES) program aimed at establishing environmental flows (e-flows). Across a range of budgetary and future climate scenarios, we find that tradeoffs between social equity and conservation outcomes are small. We also show that payment schemes in which incentives are allocated to a single water use sector are much less cost-effective than schemes in which incentives are allocated among multiple sectors. Thus, payment schemes in which incentives are split equally among agricultural, municipal, and industrial users can be both more equitable and more cost-effective. Despite these small tradeoffs, greater equity was achievable at higher budgets and in climate scenarios with stringent emissions reductions. Our results overall illustrate how some carefully designed conservation programs may be able to achieve a triple bottom line of social equity, economic efficiency and conservation effectiveness.
[bookmark: _Toc95209518]3.2. Introduction
Prolonged declines in global biodiversity and ecosystem health have prompted interest in innovative conservation initiatives that balance tradeoffs between human and environmental needs (Mace et al., 2018; Williams et al., 2021). One group of initiatives that have rapidly gained attention are Payment for Ecosystem Services (PES). PES schemes aim to restore or protect ecosystem services through voluntary monetary incentives paid to resource users to adopt conservation practices or forgo the use of a resource (Aguilar-Gómez et al., 2020; Venkatachalam & Balooni, 2018; Wunder, 2013). PES initiatives have rapidly expanded in recent years but have exhibited mixed success outcomes (Friedman et al., 2018a; Salzman et al., 2018). Indeed, current research suggests incorporating social equity considerations in PES schemes can be key determinants of their success (Brimont et al., 2015; Daw et al., 2015; Haas et al., 2019; Halpern et al., 2013a; Klein et al., 2015; Law et al., 2018; Loft et al., 2019; Pascual et al., 2014; Rakotonarivo et al., 2021). Thus, a key challenge for conservation practitioners is to minimize the tradeoffs among equity, economic efficiency, and conservation outcomes in PES initiatives.
Social equity, through the lens of conservation, has four dimensions and is defined as “A multi-dimensional concept of ethical concerns and social justice based on the (1) distribution of costs and benefits, (2) process and participation, and (3) recognition, underpinned by the (4) context under consideration” (Friedman et al., 2018a). In the context of PES schemes, achieving triple-bottom-line solutions where economic efficiency (cost), equity, and conservation objectives are balanced is highly desirable (Halpern et al., 2013b). However, incorporating social equity considerations can produce “win-lose” or tradeoff outcomes, where conservation goals can be achieved at the detriment of social equity and/or economic efficiency goals or vice-versa (Halpern et al., 2013b; Law et al., 2018; Tallis et al., 2008). Additionally, PES schemes can result in elite capture, where the dominant resource user receives most of the monetary incentive to the detriment of other users (Hayes et al., 2019; Hayes & Murtinho, 2018; Lund & Saito-Jensen, 2013). Because conservation initiatives like PES require large investments of money and time, minimizing tradeoffs and avoiding elite capture is important to ensuring their success (Klein et al., 2015; Waldron et al., 2013). 
Despite PES programs in freshwater ecosystems being the most widespread by geographical distribution and transaction value (Salzman et al., 2018), terrestrial and marine ecosystems have received the most attention, particularly in the context of protected areas implementation (Dawson et al., 2018; Schreckenberg et al., 2016; Zafra-Calvo et al., 2017), REDD+ evaluation (Börner et al., 2020; Brimont et al., 2015; Pascual et al., 2014; Saeed et al., 2018; Schroeder & McDermott, 2014), and marine protected areas (MPAs) or fishing regulations (Bennett et al., 2020; Daw et al., 2015; Eriksson et al., 2019; Halpern et al., 2013; Gill et al. 2019). In fact, the implementation of PES initiatives that aim to establish environmental flows (e-flows) for freshwater ecosystems have received little attention (A. Auerbach et al., 2014; Bellver-Domingo et al., 2016; Hu et al., 2016; Lopes Simedo et al., 2020). E-flows initiatives aim to keep water in rivers at specific quantities and times to help sustain the structure and function of flowing freshwater systems and are key to bending the curve on freshwater biodiversity declines (Tickner et al., 2020). The lack of e-flows PES programs could be due to the limited legal authority to reallocate water rights using monetary payments and inherent tradeoffs between societal and environmental water uses in freshwater ecosystems, especially in water-limited systems (Aguilar-Gómez et al., 2020; Salzman et al., 2018; Ward & Pulido-Velázquez, 2008; Zamani Sabzi, Rezapour, et al., 2019). Thus, as conservation practitioners seek to accelerate and expand implementation of PES programs in freshwater ecosystems, successful programs require a better understanding of whether equity across different water use sectors plays a role in exacerbating tradeoffs between human and environmental water uses (Tickner et al., 2020). 
Because water availability is projected to change dramatically under climate change, minimizing tradeoffs among equity, economic efficiency, and conservation outcomes in freshwater PES schemes will become increasingly challenging (Engel & Muller, 2016; Schewe et al., 2014; van de Sand et al., 2014). Indeed, many water-limited and urban areas will experience increased water scarcity – where demand exceeds availability – under future climate change (Fovargue et al., 2021; He et al., 2021; Townsend & Gutzler, 2020; Zamani Sabzi, Moreno, et al., 2019). While water scarcity can potentially derail other conservation initiatives through the paradox of efficiency – where efforts to reduce water consumption through higher efficiency infrastructure fail - PES schemes could reduce water consumption through monetary conservation incentives (Grafton et al., 2018; Kahil et al., 2016; Lopes Simedo et al., 2020; Rai & Nepal, 2022). Additionally, despite the uncertainty present in future climate projections that can often complicate water resources planning and subsequently the implementation of PES initiative goals, incorporating this uncertainty into planning and focusing on low-risk outcomes could help minimize project derailments (Fovargue et al., 2021; Herman et al., 2020; Quinn et al., 2020; Wineland et al., 2021). Thus, planning for climate uncertainty while jointly maximizing equity in PES schemes could greatly improve outcomes and help facilitate rapid expansion of PES initiatives.
Here, we investigate the tradeoffs between social equity and conservation outcomes in a freshwater PES scheme that aims to establish e-flows. Our approach tests whether tradeoffs vary across early century (2011-2030) climate scenarios, water conservation budget scenarios, and incentive allocation scenarios. We focus on a case study of the Texas and Oklahoma portions of the Red River basin (RRB) where high resolution climate, hydrological data and water resources planning models exist (Bertrand & McPherson, 2019). We leverage an existing mathematical optimization model that uses changes to storage and release decisions across the reservoir network to maximize delivery of societal water needs and environmental flows targets (Fovargue et al., 2021; Zamani Sabzi, Rezapour, et al., 2019). We first assess the tradeoffs between social equity and conservation outcomes (defined as meeting both e-flows and societal water delivery targets) across different climate, budget, and incentive allocation scenarios. Second, we quantify the distributional equity of conservation incentives between the optimal and equitable allocation scenarios and across budget and climate scenarios by using the Gini coefficient. Overall, because social equity is a key determinant of success in PES schemes, we highlight how social equity and climate uncertainty considerations could improve the design and implementation of PES schemes. 
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[bookmark: _Toc95209520]3.3.1. Study region
We focus on the Texas (TX) and Oklahoma (OK) portions of the Red River basin (RRB) in the south-central USA (Figure 1). The RRB spans a sharp precipitation gradient from west to east, with less than 600 mm/yr in the High Plains of the TX panhandle to 1300 mm/yr in the Piney Woods of east TX (Bertrand & McPherson, 2019). While the 4.3 million people that live within the basin rely on its surface water for municipal, industrial, irrigation, and mining uses, there is increasing demand for RRB water from major metropolitan areas outside the basin’s boundary such as Oklahoma City, OK and Dallas-Fort Worth, TX to meet growing water demands from recent population and economic growth (Sargent et al. 2020). Indeed, two major water conflicts over inter-basin transfers from the RRB have occurred recently, between Oklahoma and Texas (Tarrant v. Herrmann, 2013), and between the state of OK and the Chickasaw and Choctaw Nations (Oklahoma Water Unity Settlement, 2016). Water scarcity is expected to intensify under future climate and hydrologic conditions unless water conservation measures are implemented (Fovargue et al., 2021; Zamani Sabzi, Rezapour, et al., 2019). While both states have developed strategic plans to meet the challenges of increased water demand under declining water availability, only OK’s emphasizes the use of incentive-based water conservation strategies (OK Water for 2060 Act, 2012). Existing work on spatio-temporal water resources planning spans 38 major reservoirs across the basin including Arkansas (AR) and Louisiana(LA) (Fovargue et al., 2021; Zamani Sabzi, Moreno, et al., 2019; Zamani Sabzi, Rezapour, et al., 2019). However, because of differences in water rights law (prior appropriation in OK and TX, riparian in AR and LA) and the availability of sector-specific water rights data, we focus on a subset (26) of the major reservoirs in TX and OK (Klebba, 2002.; Perkins, 1993).
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[bookmark: _Toc90025835]Figure 3-1. Distribution of water rights by water use sector for each of the 26 reservoirs (small pies) in the Red River basin (RRB). Large pie indicates the total distribution of water rights by water use sector across the RRB. Reservoir locations approximate.
[bookmark: _Toc95209521]3.3.2. Payment for ecosystem services (PES) scheme design
Our model assumes a PES initiative has been implemented in the RRB where conservation organizations provide monetary incentives to water users at each of the 26 reservoirs across the four water sectors: municipal, industrial, irrigation, and mining to reallocate their water rights for environmental flow releases (Fig. 3-1). By using projections of early century (2011-2030) climate conditions (section 3.3.3), we define water availability across a range of possible drying and wetting scenarios. We assume that there are five different budget scenarios that define a quantity of total conservation incentives (a target total quantity of water to reduce derived from a percentage reduction in total water usage across the four sectors basin wide, Fig. 3-2). We test six scenarios that differ in the way they allocate the conservation incentives to each water use sector: (1) conservation incentives allocated optimally in a way that maximizes both the satisfaction levels of the four societal water use sectors, and the water to be released downstream for environmental flows (2) conservation incentives allocated equitably in a way that distributes incentives equally to each water use sector, and (3-6) conservation incentives allocated inequitably by allocating all incentives to each sector individually. These 270 unique scenarios (nine climate scenarios, five budget scenarios, and six allocation scenarios) are fed into a network optimization model described in section 3.3.4, which attempts to maximize the satisfaction levels of the four water use sectors, and the water to be released downstream for environmental flows, subject to constraints unique to each allocation scenario. The optimal allocation scenario represents a model focused on achieving the best conservation outcomes (economic efficiency and e-flows satisfaction are maximized, Zamani Sabzi, Rezapour, et al., 2019). The equitable scenario represents a model focused on achieving a triple-bottom-line outcome –conservation outcomes are maximized, but they are subject to equity constraints that limit the total quantity of conservation incentives that can be allocated to each sector (Halpern et al., 2013b). The single sector allocation scenarios represent inequitable but plausible models. For example, water conservation programs tend to focus on single sectors because either the funding source is specialized for that sector, or that sector uses the most water and thus funding for water conservation goes to reducing water consumption for that sector because it is viewed as the most efficient option (Echols et al., 2019; Ward & Pulido-Velázquez, 2008; Werner & Hauber-Davidson, 2008). This can result in elite capture, where the majority of conservation incentives are received by the largest resource user, which can derail the success of PES schemes (Hayes et al., 2019; Hayes & Murtinho, 2018; Lund & Saito-Jensen, 2013). 
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[bookmark: _Toc90025836]Figure 3-2. Description of model design and scenarios.
[bookmark: _Toc95209522]3.3.3. Climate and hydrological models
To quantify water availability for each of the 26 reservoirs across an early century (2011-2030) planning horizon, we use downscaled climate projections from an ensemble of three general circulation models (GCMs) from the Coupled Model Intercomparison Project Phase 5 (CMIP5, Bertrand & McPherson, 2019; Taylor et al., 2012). Three GCMs (CCSM4, MIROC5, MPI-ESM-LR) that simulate Earth’s major climate system components differently and three representative concentration pathways (RCP’s, 2.6, 4.5, 8.5) that describe different climate futures based on greenhouse gas (GHG) concentrations were chosen because they represent a range of possible future outcomes and perform well in this particular region (Bertrand & McPherson, 2019). The Cumulative Density Function was used to downscale each GCM and RCP combination from a 3.75° to 1/8° spatial scale, and data were calibrated using daily historical (1961-2005) precipitation and temperature observations (see Bertrand & McPherson, 2019 for details). Across GCMs, general patterns suggest that CCSM4 predicts drier outcomes, MPI-ESM-LR predicts wetter outcomes, and MIROC5 predicts moderate outcomes between the previous two (Bertrand & McPherson, 2019; Fovargue et al., 2021).
	To parameterize reservoir inflow and evaporation for the network optimization model (Section 3.3.4), we used outputs from a variable infiltration capacity (VIC) model. Briefly, VIC was calibrated using historical (1981-2012) observations of streamflow from 35 US Geological Survey (USGS) gaging stations and parameterized with historical (1961-2011) and future (2011-2030) daily meteorological data from the GCMs described in the previous paragraph, a 1/8° digital elevation model (DEM), flow direction data, and various land cover variables (see Xue et al., 2016 for details). Monthly reservoir inflow was derived from daily streamflow inputs from each reservoir’s upstream sub-basin, and monthly evaporation volumes were derived from daily evaporation volumes and each reservoir’s surface area. These two parameters were used for input in the network optimization model (Section 3.3.4). 
[bookmark: _Toc95209523]3.3.4. Network optimization model
We used a mathematical reservoir network model that optimizes water allocation using spatio-temporally variable storage and release decisions. These changes to storage and release decisions aim to maximize the satisfaction of societal water delivery and environmental flow targets (see Zamani Sabzi, Rezapour, et al., 2019 for details). The model estimates inflows and outflows at each reservoir  in the network  across monthly timesteps in a 20 year (2011-2030) planning period  Each reservoir in the network has inputs comprised of: ground and surface water, derived from VIC model, precipitation , derived from GCMs (both described in section 3.3.3), downstream releases from upstream reservoirs , all added to any water stored from the previous timestep . Each reservoir has outputs comprised of: evapotranspiration , diversions for societal water use sectors: municipal , industrial , irrigation , and mining , and downstream water releases for environmental flows . Thus, the water balance equation for each reservoir in the network is as follows:


( 1 )
Previous versions of this model parameterized a single variable  for societal water deliveries that summed water diversions across water use sectors (Fovargue et al., 2021; Zamani Sabzi, Moreno, et al., 2019; Zamani Sabzi, Rezapour, et al., 2019). Here, we define four variables for each water use sector - municipal , industrial , irrigation , and mining  - to assess the distributional equity of conservation incentives allocated across sectors. However, we use  here as well in cases where variables are summed across water use sectors (e.g.,  ). The model attempts to allocate, across the reservoir network, a total water quantity as close to target values for societal , and environmental  water needs. Societal target water quantities ) are derived from surface water rights data from both Texas and Oklahoma (TCEQ 2018, OWRB 2017, Fig. 3-1). Environmental target water quantities  are derived from Tennant (1976) as 60% of average annual flow. In the case that satisfying both targets is infeasible, we quantify water deficiencies for meeting societal  and environmental flow  targets. We test five scenarios that assume there is a given budget to incentivize water conservation through a PES program which will reduce the total water needed to satisfy societal water uses across the four sectors  up to  percentage (1%-20% in 5% increments, Fig. 3-2). Thus, the total target water quantity for societal water uses after accounting for water conservation incentives is equal to  where  represents the total quantity of water that must be reduced by incentivizing water conservation at  percentage, or the total quantity of conservation incentives available to distribute across the four water use sectors. Thus, , where , , ,  are the total conservation incentives distributed to the municipal, industrial, irrigation, and mining water use sectors, respectively.
The six incentive allocation scenarios we previously defined (Section 3.3.2, Fig.2) govern how these conservation incentives should be distributed to the four water sectors. In the optimal allocation scenario, the following constraint stipulates that the total conservation incentives should be less than or equal to this budget: 

( 2 )
This constraint allows societal water conservation incentives  to be distributed freely to each sector wherever they maximize societal and environmental flow outcomes. In the equitable allocation scenario, however, we define the following constraints that specify how conservation incentives must be allocated equally (into fourths) among each water use sector:

( 3 )

( 4 )

( 5 )

( 6 )
In each single sector scenario, all available conservation incentives are only allocated to a single sector, subject to these individual constraints for each sector scenario (i.e., municipal, industrial, irrigation, mining):

( 7 )

( 8 )

( 9 )

( 10 )
In addition, the following constraints apply to the model: 

( 11 )

( 12 )

( 13 )
For constraints (11-12), we use the variable  and its variants for brevity, but a version of each of these constraints exists for each water use sector: municipal , industrial , irrigation , and mining . Constraint (11) calculates water deficiencies for societal uses and ensures that allocated water conservation incentives do not exceed the delivery target. Constraint (12) calculates the satisfaction level of meeting societal water delivery targets after water conservation actions and ensures that this value cannot exceed full satisfaction (e.g., municipal water users at a reservoir will never receive more water than their targeted delivery). Constraint (13) calculates the satisfaction level of meeting environmental flow targets. Target water quantities for environmental flow releases  were calculated as 60% of average annual flow in each river reach downstream of each reservoir (Tennant, 1976). By averaging these satisfaction levels across all reservoirs and timesteps, we can define the model objective functions for each societal water use sector and environmental flows:

( 14 )

( 15 )

( 16 )

( 17 )

( 18 )
	Where objective functions (14-17) attempt to maximize satisfaction levels for each societal water use sector: municipal , industrial , irrigation , and mining , and objective function (18) attempts to maximize satisfaction levels for environmental flow targets. Satisfaction levels can range from 0-1, where 0 indicates no water has been allocated towards a target, and 1 indicates that all water has been delivered to the target and there are no deficiencies. Each objective function (14-18) is implemented in each of the six incentive allocation scenarios, subject to the constraints unique to each allocation scenario that govern how conservation incentives are allocated. In the optimal scenario, objective functions are subject to constraint (2). In the equitable scenario, objective functions are subject to constraints (3-6). In each single sector allocation scenario, objective functions are subject to constraints (7-10) when they apply (e.g., in the municipal allocation scenario when all incentives are allocated to the municipal sector, only constraint (7) is applied because no other sector receives any conservation incentives). In addition, constraints (11-13) and other model constraints that are not unique to each allocation scenario apply to each objective function. The optimization model is a linear programming model coded and solved using LINGO software (see Zamani Sabzi, Rezapour, et al., 2019 for full list of model constraints and details)
[bookmark: _Toc95209524]3.3.5 Analysis
We performed two analyses using the results from the reservoir network optimization model. First, we assess the tradeoffs between social equity and conservation outcomes (i.e., meeting both societal water and e-flows delivery targets) across climate and budget scenarios. Because the optimal allocation scenario should provide the best outcomes, we use the difference in satisfaction values from the optimal scenario to quantify tradeoffs (Fig.3). For example, Fig. 3-3A shows the difference in satisfaction values from the optimal scenario (vertical axis) for the equitable allocation scenario, and all four single sector allocation scenarios combined. To aggregate satisfaction levels across the 270 unique scenarios we considered here, we average societal and environmental satisfaction levels, GCMs RCPs, water use sectors, and single sector allocation scenarios (Fig. 3-3A), GCMs, RCPs, and single sector allocation scenarios (Fig. 3-3B), and GCMs (Fig. 3-3C). A figure of satisfaction value differences across all GCMs, RCPs, budget, and allocation scenarios can be found in the supplemental material (Fig. S3-1). Second, we assess how equitable the network optimization model distributed conservation incentives in the optimal allocation scenario, and across budget and climate scenarios. We use the total quantity of water conservation incentives allocated to each water use sector (, for municipal, industrial, irrigation, and mining, respectively) across the 20-year planning horizon for this analysis, and the Gini coefficient to quantify the distributional equity of the allocation of these conservation incentives (Fig. 3-4). While the Gini coefficient is a measure of equality rather than equity (i.e., it only measures how evenly a resource is distributed among users), it has been widely used and adapted as a quantitative metric to assess distributional equity (Dai et al., 2018; Friedman et al., 2018a; Halpern et al., 2013b; Hu et al., 2016, p. 201; Law et al., 2018; Maguire & Sheriff, 2011). Here, we use the inverse of the Gini coefficient (1-Gini) described in Halpern et al., 2013, where a value of 1 indicates a perfectly equal distribution of conservation incentives, and a value of 0 indicates a most inequal distribution of conservation incentives. 
[bookmark: _Toc95209525]3.4. Results
[bookmark: _Toc95209526]3.4.1. Tradeoffs between social equity and conservation outcomes
Across a range of budgetary and future climate scenarios, we find that tradeoffs between social equity and conservation outcomes are small (Fig. 3-3A). For example, satisfaction value differences of conservation outcomes in the equitable allocation scenario at most differ -0.02 from the optimal allocation scenario across budget at climate scenarios (Fig. 3-3A). When societal water delivery satisfaction levels are split by water use sectors, we find that satisfaction value differences are more pronounced in the dominant water use sectors (Fig. 3-3B). For example, the municipal water use sector that comprises 55% of water use across the basin exhibited the largest differences in satisfaction values from the optimal scenario in the equitable scenario across sectors (Fig. 3-3B). These differences decreased with increasing budget. Tradeoffs between social equity and conservation outcomes worsened in RCP’s that represent increased GHG concentrations (e.g., RCP 4.5 & 8.5, Fig. 3-3C). 
	We also find that payment schemes in which incentives are allocated to a single water use sector are much less cost-effective than schemes in which incentives are allocated among multiple sectors. For example, when satisfaction value differences are averaged across single sector allocation scenarios and water use sectors, conservation outcomes worsen with increasing budget and are worse overall than the equitable allocation scenario (Fig. 3-3A). This pattern continues when societal water delivery satisfaction levels are split by water use sectors but still averaged across single sector allocation scenarios; satisfaction level differences increase in the dominant water use sectors (e.g., municipal, industrial) as budget increases (Fig. 3-3B). However, when single sector allocation scenarios are considered individually, we find that when all incentives are allocated to the dominant municipal water use sector, conservation outcomes are very similar to the optimal allocation scenario (Fig. 3-3C). However, satisfaction value differences increase for some smaller water use sectors in higher budget scenarios (Fig. 3-3C). In allocation scenarios where incentives are allocated only to smaller water use sectors (e.g., industrial, irrigation, mining), conservation outcomes are worse than the optimal, equitable, and municipal allocation scenarios, but sometimes outperform these other scenarios in satisfying their own water use sector (Fig. 3-3C).
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[bookmark: _Toc90025837]Figure 3-3. Mean satisfaction value differences between the optimal allocation scenario (y-axis) and other conservation incentive allocation scenarios (rows) aggregated across (A) climate models, RCP’s, and sectors, (B) climate models and RCP’s, and (C) climate models. Note differences in vertical axis scales between top (A, B) and bottom (C) panels.
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While tradeoffs between social equity and conservation outcomes were small, we found that greater equity was achievable at higher budgets (Fig. 3-4A). Overall, in the optimal allocation scenario, mean equity was low across budget and climate scenarios (Gini = 0.39) compared to the equitable scenario (Gini = 0.73). However, equity widely varied across future climate scenarios. For example, greater equity could be achieved in climate scenarios with very stringent GHG concentration reductions at higher budgets in the optimal allocation scenario (e.g., RCP 2.6, Fig. 3-4A). In low budget scenarios (e.g., 1%, 5%), equity remains low across climate scenarios because most incentives get allocated to the largest water use sectors (e.g., municipal, industrial, Fig. 3-4B). In higher budget scenarios, more incentives can be distributed across all water use sectors, improving equity (Figs. 4A&B). However, in some climate scenarios with less stringent GHG concentration reductions (e.g., RCPs 4.5, 8.5) most of the water conservation incentives still become allocated to the largest water use sectors to optimize conservation outcomes (Fig. 3-4B).
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[bookmark: _Toc90025838]Figure 3-4. (A) Equity (measured by 1- Gini coefficient) across climate and budget scenarios for the optimal allocation scenario, and (B) Total distribution of water conservation incentives by sector across the early century (2011-2030) horizon by climate and budget scenarios for the optimal allocation scenario. Gini coefficients in plot A derived from distribution of conservation incentives in plot B. RCP indicates Representative Concentration Pathway considered across climate scenarios (see section 3.3.3 for details).
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Equity is key to the success of PES conservation initiatives, but achieving equitable outcomes can come at a cost to conservation outcomes (Haas et al., 2019; Pascual et al., 2014; Salzman et al., 2018). Our study reveals that social equity can be achieved with very small tradeoffs to conservation outcomes in a freshwater PES scheme aimed at implementing e-flows. Our equitable allocation scenario achieved similar satisfaction levels for conservation outcomes (both e-flows and societal water delivery targets) to an optimal allocation scenario, all while achieving higher distributional equity across climate and budget scenarios. Research on the role equity plays in conservation initiatives has called for a better understanding of the impacts of climate on equity and the relationships among equity, economic efficiency, and conservation outcomes (Friedman et al., 2018b; Haas et al., 2019; Klein et al., 2015; Pascual et al., 2014). Our work supports these current efforts and demonstrates that aiming to implement a PES scheme equitably would not greatly exacerbate tradeoffs with conservation outcomes, and that equity can increase under climate futures with very stringent GHG concentration reductions. Additionally, because there is growing interest in developing freshwater PES programs to help expand the implementation of e-flows (Arthington, 2021; Bellver-Domingo et al., 2016; Salzman et al., 2018; Twardek et al., 2021), our study has practical implications for informing the design of these programs. Our work could be especially useful in water-limited river basins with multiple water-use sectors but could also be applied in both terrestrial and marine ecosystems where multiple resource sectors exist.
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While there is growing interest in designing and implementing PES initiatives, there has been a call for explicit research on whether considering equity impacts the direction of tradeoffs between economic and conservation efficiency (Haas et al., 2019; Klein et al., 2015; Loft et al., 2019). Tradeoffs between equity and economic and/or conservation efficiency are often presented as inherent in PES schemes, where, given some fixed budget, equity and economic efficiency and/or conservation outcomes are inversely correlated (i.e., a negative direction tradeoff, Chu et al., 2019; Halpern et al., 2013b; Loft et al., 2019; Wunder et al., 2018). Indeed, a recent systematic review by Friedman et al. (2018) reported mostly mixed or negative direction equity outcomes when conservation interventions were implemented. Thus, in practice, some compromise must be made in either equity, economic efficiency, or conservation outcomes when attempting to optimize the design and implementation PES programs (Klein et al., 2015). Here, we find that considering a distributional equity dimension in a simulated PES scheme results in negative tradeoffs between equity and conservation outcomes, however these tradeoffs were very small compared to an optimal allocation scenario (Fig. 3-3). Our results are like those of Halpern et al. (2013) that report similar small tradeoffs when equity is prioritized over optimal efficiency. Thus, our study provides support for the argument that equity tradeoffs are inherent in PES schemes, but we argue that these tradeoffs are small enough to warrant adopting an equitable rather than optimal allocation of conservation incentives.
Our findings highlight another potential key gap in research on social equity in conservation initiatives: do the magnitude of tradeoffs between equity and conservation outcomes impact PES success in addition to tradeoff direction and domain of equity considered (Gill et al., 2019)? For example, distributional equity (Gini coefficient) varied across different budget and climate scenarios, indicating large differences in distributional equity magnitude (i.e., how much individual water use sectors were affected). These differences in magnitude highlight the synergies between equity dimensions. For example, smaller water use sectors could perceive that they are receiving fewer conservation incentives that larger water-use sectors. These differences in perceived equity that arise from the magnitude of distributional equity have been shown to be present in PES schemes like the ones found in Haas et al. 2019 and Loft et al. 2019 & 2020. Thus, while we focus on distributional equity here, we recognize that procedural, recognitional, and contextual equity considerations are also important to the success of PES conservation initiatives (Pascual et al., 2014).
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Our analysis highlights the importance of considering climate uncertainty in addition to equity in the design and implementation of PES programs. In the context of water resources planning, a key challenge involves minimizing the tradeoffs between societal and environmental water needs while accounting for non-stationary conditions due to climate uncertainty (Fovargue et al., 2021; John et al., 2020). Water resources planners must balance changing water demand and availability under often inflexible operating rules, highlighting the grand challenge of implementing equitable PES schemes under uncertain climate futures. One approach to dealing with uncertainty in climate projections is to explicitly consider a range of possible future scenarios and focus on the consistencies (or agreement) across them (John et al., 2020; Lawler & Michalak, 2017). This adaptation approach could be applicable to PES schemes, where uncertainties associated with cost and future resource availability could hamper project design and implementation (Wertz-Kanounnikoff et al., 2011). For example, while there were no large differences in satisfaction levels between societal and environmental water needs across GCMs in our model (Fig. S3-1), we did find small differences across RCPs; satisfaction level differences increased at higher RCPs (Fig. 3-3C). Additionally, even when equity is not considered under an optimal allocation scenario, greater equity could be achieved under RCP 2.6, which represents a very stringent GHG concentration reduction scenario. There were also large differences in distributional equity across future climate scenarios under optimal allocation (Fig. 3-4A). These results suggest that while water delivery targets could remain relatively consistent across future climate scenarios (Fig. 3-3), the distribution of conservation incentives to conserve water across water use sectors will widely vary (Fig. 3-4B). Thus, explicitly modeling future climate scenarios as part of the design phase of PES initiatives could help planners anticipate these potential changes in equity across different climate scenarios in the implementation phase (Lewis & Polasky, 2018; Monge et al., 2018; Rai & Nepal, 2022).
	Because PES program cost can widely vary (Salzman et al., 2018), it is important to contextualize how equity outcomes can vary across different budget scenarios. For example, we found that greater equity was achievable at higher budgets. Halpern et al. (2013) discuss a similar tradeoff among budget, equity, and conservation outcomes in a PES scheme in the context of marine protected areas. In our study, this pattern was observed in the optimal allocation scenario because at low budgets, it is most efficient to allocate all conservation incentives to the largest water use sectors, whereas at higher budgets, it is sometimes more efficient to spread conservation incentives across water use sectors (Fig. 3-4B). This is an example of elite capture in PES schemes, where the largest or dominant resource user can benefit the most, and smaller resource users receive fewer or no payments (Dawson et al., 2018; Haas et al., 2019; Hayes et al., 2019). While our results are specific to the context of our simulated PES scheme, they highlight the importance of considering elite capture and how budget impacts the tradeoffs between optimal and equitable allocation of conservation incentives in the design and implementation of PES schemes (Hayes & Murtinho, 2018; Loft et al., 2020).
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While our study supports existing work on equity in conservation initiatives that find negative tradeoffs between equity and conservation outcomes, we also highlight some knowledge gaps and priorities for future studies. For example, we focused explicitly on the distributional equity of conservation incentives as an aggregate measure across a reservoir network, and do not discuss spatial variation in tradeoffs. However, there were inequities in these tradeoffs geographically – reservoirs in arid, western reservoirs often had higher satisfaction value differences compared to eastern reservoirs (Figs. S3-2 – S3-5). This spatial variation in tradeoffs could result in synergies across different equity dimensions like the example of perceived equity discussed in section 3.4.1. Further, we parameterized our equitable scenario to allocate conservation incentives equally among water use sectors, and quantified equity using the Gini coefficient, a common measure of equality rather than equity. While we recognize that equality and equity are not equivalent, future studies should seek to better model and quantify equity (Friedman et al., 2018b; Klein et al., 2015; Pascual et al., 2014). We also highlight a potential key research gap in quantifying the magnitude of equity tradeoffs (Gill et al., 2019). Finally, we suggest future studies seek to better understand the impact that climate uncertainty plays in tradeoffs between equity and conservation outcomes. We focus on this in the context of the challenges of implementing e-flows in freshwater ecosystems, but future work could expand this to terrestrial and marine ecosystems, as approaches that are inclusive of equity and uncertainty apply across ecosystems (Friedman et al., 2018b; Kujala et al., 2013; Lawler & Michalak, 2017). 
[bookmark: _Toc95209532]3.6. Conclusion
Our analysis of a simulated freshwater PES initiative to implement e-flows revealed small tradeoffs between equity and conservation outcomes. We also highlight that payment schemes that allocate conservation incentives to single water use sectors are overall less cost effective and provide worse equity and conservation outcomes. Despite these small tradeoffs, distributional equity increased with increasing budget and under climate scenarios with strict GHG concentration reductions. We suggest that aiming for an equitable allocation of conservation incentives despite small tradeoffs between conservation goals could provide the best overall outcome (i.e., triple bottom line solution). Overall, our findings highlight important equity, climate, and budget considerations for the design and implementation of PES initiatives.
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Policies that mandate environmental flows (e-flows) can be powerful tools for freshwater conservation, but implementation of these policies faces many hurdles. To better understand these challenges, we explored two key questions: (1) What additional data are needed to implement e-flows?, and (2) What are the major socio-political barriers to implementing e-flows? We surveyed water and natural resource decision makers in the semi-arid Red River basin, Texas-Oklahoma, USA, and used social network analysis to analyze their communication patterns. Most respondents agreed that e-flows can provide important benefits and identified the same data needs. However, respondents sharply in their beliefs on other issues, and a clustering analysis revealed two distinct groups of decision makers. One cluster of decision makers tended to be bearish, or pessimistic, and believed that: current flow conditions are not adequate, there are many serious socio-political barriers to implementation, water conflicts will likely increase in the future, and climate change is likely to exacerbate these issues. The other cluster of respondents was bullish, or optimistic: they foresaw fewer future water conflicts and fewer socio-political barriers to implementation. Despite these differences, both clusters largely identified the same data needs and barriers to e-flows implementation. Our social network analysis revealed that the frequency of communication between clusters was not significantly different than the frequency of communication within clusters. Overall, our results suggest that the different perspectives of decision-makers could complicate efforts to implement e-flows and proactively plan for climate change. However, there are opportunities for collaboration on addressing common data needs and barriers to implementation. Overall, our study provides a key socio-environmental perspective on e-flows implementation from a semi-arid and socio-politically complex river basin and contextualizes the many challenges facing e-flows implementation in river basins globally.
[bookmark: _Toc95209536]4.2. Introduction
Water resource managers face the complex challenge of allocating water among societal and freshwater ecosystem needs (United Nations 2018, Rodell et al. 2018, Gleick 2019). This challenge is intensifying in semi-arid, water-limited river basins, where increases in human water demand are met with decreases in water availability driven by climate change (Sanderson et al. 2017, Sabzi et al. 2019b). While human water security is often improved by storing water in reservoirs (WCD 2000, Lehner et al 2011, Gaup et al. 2015), dams and reservoirs also dramatically alter flow regimes and ecosystem processes in river systems (Mims & Olden 2012), negatively impacting freshwater ecosystem structure, function, and services (Poff & Zimmerman 2010, Olden et al. 2010, Di Baldaserre et al. 2018). As a result, implementing environmental flows (e-flows) is a freshwater conservation priority in river systems around the world (He et al. 2019, Tickner et al. 2020, Strayer & Dudgeon 2010). 
	Policies that mandate e-flows can be important tools for securing water for river ecosystems, but effective implementation involves careful balancing of societal and environmental water needs. E-flows describe the quantity, timing, quality, and variability of water required to sustain freshwater ecosystems (Brisbane Declaration 2007, Arthington et al. 2018a). Initiatives that aim to maintain, restore, or design e-flows can improve freshwater biodiversity and ecosystem services but may also reduce the amount of water available for societal uses (Olden et al. 2014, Poff et al. 2016, Sabzi et al. 2019b). Thus, it might not be appropriate or feasible to implement e-flows policies in semi-arid, drought-prone, or water-limited river basins where human water needs can take priority. In some cases, however, e-flows may offer high conservation benefits with little impact to human economies or water security (Chen & Olden 2017). Despite this potential, e-flows policies have been implemented in a comparatively small number of river basins globally (Tickner et al. 2020). 
	To explore why e-flows policies are rarely implemented, we focus on two research questions. First, how might the design of e-flows policies be hampered by a lack of data and knowledge sharing, and uncertainty about future environmental conditions? Making good decisions about e-flows requires information about societal and environmental water needs versus availability, and the value of ecosystem services derived from e-flows (Webb et al. 2018). In some cases, these data might be unavailable because the focal river system has not been well studied, or because the data and models generated by researchers are not useful to decision makers (Knight et al. 2008). In other cases, relevant data might exist, but the use of the data for evaluating policy proposals might be hindered by a lack of communication and knowledge sharing among decision makers. For example, individuals with different perspectives and beliefs about socio-environmental challenges like e-flows might tend to communicate less frequently and be less likely to coordinate implementation efforts (McPherson et al. 2001, Katz et al. 2004, Newman & Dale 2007, Daher et al. 2018). Finally, decision makers might face high uncertainty about both future water availability, and societal and environmental water demand (Poff & Matthews 2013). Thus, a better understanding of data needs, patterns of knowledge sharing, and future uncertainty is needed to better inform research and decision-making relating to the implementation of e-flows policies. 
Second, in river basins where e-flows policies may be appropriate, what socio-political barriers constrain their implementation? The main obstacles to successful e-flows implementation are largely socio-political (Pahl-Wostl et al. 2013, Le Quesne et al. 2010, Richter 2010, Horne et al. 2017, Mezger et al. 2019). These include a lack of communication, support, and political will among stakeholders; insufficient funds, capacity, and expertise; and institutional and regulatory mandates that present conflicts of interest (Moore 2004, Hirji and Davis 2009, Opperman et al. 2018). Furthermore, we know little about the level of communication and coordination between water and natural resource managers across different sectors (Pahl-Wostl et al. 2013). For example, in some river systems, natural resource managers rely on reservoir water managers to release water to sustain downstream fisheries and mussel beds (Gibbins et al. 2001, Gates et al. 2015), but may lack formal pathways for communicating downstream flow needs. Because a lack of communication and coordination is considered a major barrier to implementing e-flows policies and programs (Le Quesne et al. 2010, Pahl-Wostl et al. 2013,), gaining a better understanding of decision maker relations is an important first step in moving towards effectively implementing e-flows policies.
	Here, we explore both research questions by surveying water and natural resource managers in the Red River basin in the states of Oklahoma and Texas, United States (USA). The Red River is a semi-arid basin covering 169,890 km2 that exemplifies the challenges facing regional water and natural resource managers, receiving as little as 40cm of rain in the western semi-arid Great Plains of New Mexico, Texas, and Oklahoma to 160cm of rain in the eastern pine forests and cypress swamps of Arkansas and Louisiana (PRISM Climate Group 2019). Climate projections for the Red River basin indicate significant spatial variability and uncertainty in future precipitation and streamflow, with general patterns suggesting western portions of the basin becoming dryer and eastern portions becoming wetter (Bertrand & McPherson 2019, Xue et al. 2016). Recent hydrological modeling studies indicate that there will be insufficient water to satisfy both societal and environmental water needs under future climate scenarios unless significant reductions in water usage occur (Sabzi et al. 2019b). Water conflicts are also common in the Red River basin, including interstate (Tarrant vs. Herrmann 2013) and intrastate issues (Issa et al. 2016, City of Oklahoma 2016, Eck et al. 2019, Burch et al. 2020). There are currently no e-flows policies in either the Oklahoma or Texas portions of the Red River (Red River Compact Commission 1978). This lack of flow regulations has likely led to negative biodiversity and ecosystem service outcomes throughout the basin (Matthews et al. 2013. Vaughn et al 2015, Dubose et al. 2019). 
We used an online survey to ask water and natural resource managers in the Red River basin about societal and environmental water needs, climate change, research and data needs, barriers to implementing environmental flow policies, and their frequency of communication with other decision makers and managers. To identify respondents with similar perspectives, we performed a multivariate clustering analysis to group respondents based on their answers to this survey. We then described how perspectives on data needs, climate change, feasibility and implementation barriers varied among respondents and among clusters. We used social network analysis to better understand patterns of communication among clusters and sectors (i.e., water management vs. non-water management entities). Overall, our aim was to increase understanding of barriers and data needs for e-flows decision making and to examine how these perceptions are related to communication patterns among practitioners.
[bookmark: _Toc95209537]4.3. Methods
[bookmark: _Toc95209538]4.3.1. Survey design & distribution
We designed and implemented an online survey that included twenty questions about environmental flows (Appendix 4-1). In this paper, we focus on ten of these questions (questions 2, 5, 6, 7, 8, 11, 13, 15, 19, and 20); the remaining ten questions address topics beyond the scope of this study. One question (question 13) focused on our first research question: what additional information is needed to make better decisions about e-flows? This question aimed to capture respondents’ perceptions of additional data needs for implementing e-flows policies. Three questions (questions 2, 11, and 15) focused on our second research question: what are the major socio-political barriers to implementing e-flows policies? These questions focused on better understanding respondents’ perceptions of barriers to implementing e-flows policies and their communication networks. To understand communication networks, respondents indicated the frequencies with which they communicate with each of the other listed entities. Questions 5, 6, 7, 8, 11, and 13 were used to cluster respondents based on: (1) their values and beliefs about the benefits of e-flows for society and ecosystems, (2) their perceptions about future water availability and whether climate change will influence it, (3) their perceptions of barriers to implementation, and (4) their perceptions of data needs. Additionally, we included two open-ended questions (questions 19 and 20) that asked respondents about their understanding of individual water-users’ perceptions about e-flows and provided a place to share any additional information related to their decision-making process. 
We developed a list of potential survey respondents by identifying key water decision makers that can implement e-flows in the Red River basin. Here, a decision maker is defined as an individual who has the authority to inform, influence, or make decisions that impact water management (e.g., allocation and permitting) or aquatic natural resource management (e.g., fisheries or other aquatic life) in the Red River basin of Oklahoma and Texas. Because water allocation and management follow the western “Prior Appropriation” water doctrine in this portion of Red River basin - where individual water rights are based on priority date, water is strictly managed and physically controlled, and water must have a “beneficial use” (Tarlock 2001) – our target respondents represent the key actors involved in water decision-making in the basin. We specifically targeted individuals working for water and natural resource management agencies in both states, including individual conservation and irrigation districts that manage water delivery for societal uses. Other target respondents included individuals working for agencies with federal water-management mandates such as the U.S. Army Corps of Engineers and U.S. Fish and Wildlife Service. We also solicited responses from individuals associated with groups that can influence decision making. For example, in Oklahoma, as part of the Oklahoma Comprehensive Water Plan (OCWP), an Instream Flows Advisory Group (ISF Advisory Group) was developed in 2009 to determine the suitability of a potential e-flows program in the state (OWRB 2011). The ISF Advisory group is comprised of various government and non-governmental agencies and organizations that represent both consumptive and non-consumptive uses of water. A complete list of the professional affiliations of potential respondents can be found in Appendix 4-1. In this paper, we define e-flows “implementation” as the process of carrying out or translating plans into practice (Howlett et al. 2009). 
We used the survey software Qualtrics© (Qualtrics, Provo, UT) to host the survey and either distributed a web link to the survey via email directly to each individual or asked an individual at the organization to distribute the survey. In total, surveys were completed by 38 of the estimated 60 possible respondents (survey response rate = 63%). Of the 38 completed surveys, fourteen were removed from further analysis because respondents did not answer one or more of the questions in this analysis; thus, our analysis focuses on the remaining 24 (usable response rate = 40%) complete survey responses. Target respondents that were not represented in the final sample included the U.S. Army Corps of Engineers, several water management/conservancy districts in Oklahoma, and some stakeholders from the Oklahoma Water Resource Board’s Instream Flows Advisory Group. 
[bookmark: _Toc95209539]4.3.2. Survey response processing and clustering
To group respondents based on similar values and beliefs regarding e-flows, we used a multivariate, k-means clustering approach (Hartigan and Wong 1979). The k-means clustering algorithm groups observations into k clusters in which each respondents’ answers belong to the cluster with the nearest mean, thus minimizing the difference between respondents within groups and maximizing the difference between groups (Dolnicar & Grün 2007). To determine the optimal number of clusters (k), we used the average silhouette method which computes the average silhouette of observations for different values of k (Lleti et al. 2004). We included questions 5, 6, 7, 8, 11, and 13 (Appendix 4-1) in our clustering analysis as they capture respondents’ values and beliefs about the benefits of e-flows, perceptions of threats to water availability and climate change, and perceptions of barriers and data needs related to the implementation of e-flows. We used the silhouette and stats packages in R (version 3.5.3) to conduct this analysis (R core team 2020).
[bookmark: _Toc95209540]4.3.3. Social network analysis
To better understand if decision makers’ perceptions, values, and beliefs about e-flows were correlated with whom they communicate with, we performed a social network analysis on decision makers’ current communication networks (Pahl-Wostl 2017). Social network analysis allows a qualitative assessment of the communication network using the underlying quantitative data from survey responses. Each respondent was asked to indicate their communication frequency with each other listed institution (Question 15, Appendix 4-1). Following Daher et al. (2018), the potential frequencies of communication that respondents could indicate, and their numerical weightings were: (4) Once a week or more, (3) Monthly, (2) Once every 3 months, (1) Once a year, (0) Not at all (Appendix 4-1). However, some individuals from the listed institutions declined to participate in the survey, but other institutions indicated communication with them. We retained these communication lines within the network to infer patterns of communication with these entities despite their absence of participation in the survey. 
Previous work suggests that individuals with similar workplace challenges, goals, values, or beliefs communicate more frequently with each other than with individuals with different workplace challenges, goals, values, or beliefs (McPherson et al. 2001, Katz et al. 2004, Newman & Dale 2007, Daher et al. 2018). Homophily (the tendency for individuals with shared beliefs or workplace goals to interact more) within groups can be problematic because individuals that share strong values and ties likely influence one another, creating a divide among individuals with different values when faced with a decision-making challenge that requires coordination (Prell et al. 2009, Ingold & Balsinger 2015). Indeed, homophilic groups can have negative impacts on conservation outcomes through a lack of consideration of the appropriate groups and information sharing among peers (Barnes-Mauthe et al. 2013, Barnes et al. 2016). Social influence from dominant actors can also diminish the diversity of perspectives within groups (Lorenz et al. 2011). For example, the belief that e-flows can be a rival water to societal uses can spread among water users and political entities, resulting in widespread negative perceptions of e-flows (Tickner et al. 2017). We tested two hypotheses based on these theories of group dynamics and homophily: (1) sector-driven communication bias, and (2) belief-driven communication bias. 
The “sector-driven” hypothesis predicts that individuals at institutions within the same sector (i.e., water vs. non-water, Table 1) communicate more frequently with each other than with individuals at institutions in a different sector (i.e., the frequency of intra-sector communication is greater than inter-sector communication). We define a water institution as an entity that directly makes decisions that impact water allocation and management in their state, and a non-water institution as an entity that is impacted by a water institutions’ decisions or an entity that can influence a water institution’s decision-making processes. 
The “belief-driven” hypothesis predicts that individuals with similar values/beliefs communicate more frequently with each other than with those with opposing values/beliefs (i.e., the frequency of intra-cluster communication is greater than the frequency of inter-cluster communication). To test these hypotheses, we calculated the average respondent’s frequency of communication with other entities. For the sector hypothesis, this was calculated by averaging each respondent’s frequency of intra-sector communication (i.e., water ↔ water, non-water ↔ non-water), and inter-sector communication (i.e., water ↔ non-water, non-water ↔ water). For the cluster hypothesis, this was calculated by averaging the respondent’s frequency of intra-cluster communication (i.e., bullish cluster↔ bullish cluster, bearish cluster↔ bearish cluster), and inter-cluster communication (i.e., bullish cluster↔ bearish cluster, bearish cluster↔ bullish cluster). The range of possible average frequency of communication spans from 0-4 based on the weighting assigned to each possible response defined above, with values closer to 0 representing less frequent communication and values closer to 4 representing more frequent communication. To test for differences in the average frequency of communication between these groups in each hypothesis, we use unpaired, two-sample t-tests.


[bookmark: _Toc90025860]Table 4-1. Respondent names, abbreviations (see Fig. 4-6), the cluster to which they belong, their sector for testing communication relations, and the home state of the institution.
	Respondent Name
	Abbreviation
	Cluster
	Sector
	State

	 
	 
	 
	 
	 

	McGee Creek Authority
	MGCA
	Bullish
	Water
	Oklahoma

	Oklahoma Department of Wildlife Conservation 2
	ODWC 2
	Bullish
	Non-Water
	Oklahoma

	Texas Water Development Board
	TWDB
	Bullish
	Water
	Texas

	Texas Parks & Wildlife 3
	TP&W 3
	Bullish
	Non-Water
	Texas

	Altus-Lugert Irrigation District
	ALID
	Bullish
	Water
	Oklahoma

	Oklahoma Instream Flow Advisory Group - Consumptive Interests
	OKISF - CI
	Bullish
	Water
	Oklahoma

	Arbuckle Master Conservancy District
	AMCD
	Bullish
	Water
	Oklahoma

	Oklahoma Department of Wildlife Conservation 3
	ODWC 3
	Bullish
	Non-Water
	Oklahoma

	City of Oklahoma City, Oklahoma City Water Utilities Trust, Lake Atoka Reservation Association, McGee Creek Authority
	OKC, ORWP, LARA, MGCA
	Bullish
	Water
	Oklahoma

	Oklahoma Department of Wildlife Conservation 1
	ODWC 1
	Bearish
	Non-Water
	Oklahoma

	Texas Parks & Wildlife 1
	TP&W 1
	Bearish
	Non-Water
	Texas

	Texas Parks & Wildlife 2
	TP&W 2
	Bearish
	Non-Water
	Texas

	Oklahoma Water Resources Board 1
	OWRB 1
	Bearish
	Water
	Oklahoma

	Oklahoma Water Resources Board 2
	OWRB 2
	Bearish
	Water
	Oklahoma

	US Fish and Wildlife Service
	USFWS
	Bearish
	Non-Water
	N/A

	Oklahomans for Responsible Water Policy
	ORWP
	Bearish
	Water
	Oklahoma

	Texas Parks & Wildlife 4
	TP&W 4
	Bearish
	Non-Water
	Texas

	Texas Commission on Environmental Quality
	TCEQ
	Bearish
	Water
	Texas

	Oklahoma Water Resources Board 3
	OWRB 3
	Bearish
	Water
	Oklahoma

	Oklahoma Instream Flow Advisory Group - Non-Consumptive Interests
	OKISF - NCI
	Bearish
	Non-Water
	Oklahoma

	The Nature Conservancy
	TNC
	Bearish
	Non-Water
	Oklahoma

	United States Army Corps of Engineers
	USACE
	Declined 
Participation
	Water
	N/A

	Foss Reservoir Master Conservancy District
	FRMCD
	Declined 
Participation
	Water
	Oklahoma

	Fort Cobb Reservoir Conservancy District
	FCRCD
	Declined 
Participation
	Water
	Oklahoma

	Mountain Park Master Conservancy District
	MPMCD
	Declined 
Participation
	Water
	Oklahoma
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Our k-means clustering analysis identified two distinct clusters of respondents, based on the average silhouette test; 20.7% of the variance in the dataset is explained by the clustering. Nine of the 24 usable responses were placed into the bullish cluster, and fifteen were placed into the bearish cluster (Table 1), with a mix of individuals from both water and non-water related institutions being represented in both groups. Two non-water related institutions (Texas Parks and Wildlife, Oklahoma Department of Wildlife Conservation) are divided between the two clusters (Table 1). 
Respondents in both clusters agreed that e-flows can provide a range of benefits to ecosystems and humans (Fig. 4-1). For example, 77% (n = 7) of respondents in the bullish cluster and 100% (n = 15) of the bearish cluster strongly or somewhat agreed that e-flows can benefit aquatic life such as fish and freshwater mussels and can benefit society through enhanced quality of life and recreational opportunities. Similarly, 66% (n = 6) of the bullish cluster and 100% (n = 15) of the bearish cluster strongly or somewhat agreed that e-flows can benefit society by facilitating ecosystem services such as nutrient cycling (Fig. 4-1). A minority of respondents in the bullish cluster neither agreed nor disagreed with each statement, with one respondent strongly disagreeing that e-flows can benefit society through providing ecosystem services
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[bookmark: _Toc90025839]Figure 4-1. Respondents’ opinions on the potential benefits of e-flows. 
Despite agreeing that e-flows can provide a range of benefits, clusters differed in their assessment of whether current flow conditions are adequate (Fig. 4-2), the feasibility of implementing e-flows (Fig. 4-2), whether water-related challenges will escalate in the future (Fig. 4-3a), whether climate change will be a driving factor of these water challenges (Fig. 4-3b), and the degree to which various factors are serious barriers to implementing e-flows policies in the Red River (Fig. 4-3). Overall, we found that respondents in the first (bullish) cluster were generally optimistic about current and future e-flows conditions and perceived fewer serious barriers to implementing e-flows. Respondents in the second (bearish) cluster were generally pessimistic about current and future e-flows conditions and perceived more serious barriers to implementing e-flows.
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[bookmark: _Toc90025840]Figure 4-2. Respondents’ opinions on the current state of e-flows and e-flows implementation.
For example, a minority of respondents in the bullish cluster strongly or somewhat disagreed that current flow conditions are sufficient for biological (33%, n = 3) and recreational (33%, n = 3) needs, while most respondents in the bearish cluster strongly or somewhat disagreed that current flow conditions are sufficient for biological (80%, n = 12) and recreational (60%, n = 9) needs (Fig. 4-2). More respondents in the bull cluster opted to take a neutral stance for both questions. Respondents in both clusters also had different opinions about whether implementing e-flows is only feasible in river basins where there is a surplus of water after human uses. For example, only 55% (n = 5) of respondents in the bullish cluster compared to 87% (n = 13) of respondents in the bearish cluster strongly or somewhat disagreed that implementing e-flows is only feasible in rivers basins where there is a surplus of water after human uses.
When asked about future (next 5-10 years) water availability issues, most respondents in the bullish cluster had a neutral stance on whether there will be decreased water for society (55%, n = 5), increased extreme flooding (77%, n = 7), and increased droughts (55%, n = 5) in the future, while 66% (n = 6) of respondents strongly or somewhat agreed that there will be both decreased water for e-flows, and increased water conflicts (Fig. 4-3a). One respondent in the bullish cluster somewhat disagreed that there will be increased droughts and increased water conflicts in the future. Respondents in the bearish cluster were more bearish than respondents in the bullish cluster (Fig. 4-3a). Mostly all respondents in the bearish cluster agreed that the Red River basin will face all listed water-related issues in the near future, with only a few respondents taking a neutral stance (Fig. 4-3a).
When asked whether climate change will be a driving factor of the same issues listed in Fig. 4-3a, the majority of respondents in the bullish cluster shifted to a neutral stance on all issues (Fig. 4-3b). Respondents in the bearish cluster were more likely to believe that climate change will be a driving factor in future water issues (Fig. 4-3b). While some respondents in the bearish cluster also shifted to “neither agree nor disagree,” most respondents still believed that climate change will be a driving factor of these issues in the near future (Fig. 4-3b). 
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[bookmark: _Toc90025841]Figure 4-3. Respondent’s opinions on future water availability and climate change.
Respondents in the bullish cluster identified fewer serious barriers to implementing e-flows policies than respondents in the bearish cluster (Fig. 4-4). Over 50% of respondents in the bearish cluster believed that four factors were serious barriers, and only one respondent ranked two factors as not a barrier. In contrast, only a small percentage of respondents in the bullish cluster identified any serious barriers to policy implementation (Fig. 4-4). Despite having different perceptions about the severity of barriers to implementation, respondents in both clusters largely ranked potential barriers in the same order of severity (Fig. 4-4). Sixty-six percent (n = 10) of respondents in the bearish cluster and 33% (n = 4-3) of respondents in the bullish cluster identified beliefs that societal water needs should take precedence over environmental water needs as a serious barrier. 60% (n = 9) of respondents in the bearish cluster and 33% (n = 3) of respondents in the bullish cluster identified lack of funding as a serious barrier. However, the majority of respondents in both clusters also identified lack of economic data and data on the benefits to society as moderate barriers to implementing e-flows (Fig. 4-4).
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[bookmark: _Toc90025842]Figure 4-4. Respondents’ opinions on the barriers facing e-flows implementation by cluster. Percentage of responses to question 11 where respondents could select “Serious Barrier,” “Moderate Barrier,” ‘Somewhat of a Barrier,” or “Not a Barrier.”

	Despite these differences of opinion, respondents in both clusters largely identified the same research and data needs (Fig. 4-5). Both clusters ranked additional hydrologic data as the highest priority, followed by information on biological flow needs and societal water demand. The largest difference between the two clusters was data on stakeholder’s willingness to participate in an e-flows policy or program: the bearish cluster ranked this factor as least important, and the bullish cluster ranked this factor as their second most important data need.
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[bookmark: _Toc90025843]Figure 4-5. Respondent’s ranking of major data needs. Scatterplot of the average ranking (1 = most important, 7 = least important) of responses to question 13.
	Although respondents in both clusters held different beliefs about current and future water availability (Figs. 4-2, 4-3) and barriers to implementation (Fig. 4-4), we did not find evidence that respondents communicated more frequently with like-minded individuals (Fig. 4-6). The sector-driven hypothesis aimed to examine if intra-sector communication (i.e., water-water, non-water-non-water, n = 21) was greater than inter-sector communication (i.e., water-non-water, non-water-water, n = 21). We found no support for the sector-driven hypothesis based on the Wilcoxon rank-sum test (W = 193, p = 0.49). The belief-driven hypothesis aimed to examine if individuals with similar values and beliefs about environmental flows (i.e., intra-cluster, n = 21) communicate more frequently with each other than with those with different values and beliefs (i.e., inter-cluster, n = 21). We used an unpaired, two-sample t-test to test this hypothesis. We found no significant difference in the frequency of communication for intra-cluster (μ = 0.556, SD = 0.519) and inter-cluster (μ =0.679, SD = 0.605) communication (t(39.01) = 0.71, p = 0.48).
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[bookmark: _Toc90025844]Figure 4-6. Network map showing communication relations from question 15 between decision makers by cluster. Line width indicates frequency of communication. Abbreviations relate to full respondent names in table 1.
Our social network analysis also revealed that individuals at water institutions in Oklahoma frequently communicate with prominent NGOs operating at state and local levels (e.g., The Nature Conservancy, Oklahomans for Responsible Water Policy). Less frequent communication patterns indicate that individuals at water institutions in both states communicate with each other at least yearly. Individuals at non-water institutions in both states communicate at least yearly. Several NGOs and advisory groups communicate at least yearly. Water institutions in Texas (Texas Commission on Environmental Quality, Texas Water Development Board) communicate frequently (monthly) with each other and their natural resource management agency (Texas Parks & Wildlife) and infrequently (once a year) with mostly all other network members. Overall, inter-state communication seemed less frequent that intra-state communication.	
[bookmark: _Toc95209542]4.5. Discussion
Our study highlights how water and natural resource decision makers conceptualize the key challenges facing e-flows implementation in a semi-arid river basin. Decision makers agreed that e-flows can provide important societal and environmental benefits and identified similar data needs. However, they held a wide range of opinions on other issues, and our clustering analysis revealed two distinct groups of decision makers. The first cluster tended to be relatively bullish (i.e., optimistic about the future) but showed high variability in their responses and a range of opinions. They perceived fewer socio-political barriers to implementing e-flows, fewer future water conflicts, and were uncertain about the influence climate change might have on future water conflicts. The second cluster tended to be bearish (i.e., pessimistic about the future), and believed that water conflicts will get worse in the future, climate change will drive these changes, many factors are serious barriers to implementing e-flows, and current flow conditions are inadequate. 
The two clusters that emerged in our study exhibited different perspectives on a contentious socio-political issue that could inhibit coordination and collaboration on e-flows implementation and climate change adaptation in our study region. Because the development and implementation of e-flows policies and practices and climate adaptation planning depend on social processes like communication and coordination, it is important to contextualize how the dissenting perspectives of our two clusters could impact decision-making processes (Pahl-Wostl et al. 2013, Daher et al. 2018). We found no support for both our sector-driven and belief driven communication bias hypotheses in our study region, which suggests that despite different institutional or regulatory mandates and different opinions on e-flows, individuals communicate just as frequently with others with opposing views or workplace goals than ones with similar views or workplace goals. This could be a promising precursor for individuals to engage in coordination and collaboration activities (Newman and Dale 2007), however different perspectives and attitudes can complicate decision-making processes despite frequent communication (Crona & Bodin 2006, Prell et al. 2009, Daher et al. 2018). Conversely, groups with diverse perspectives or that include all relevant actors can also achieve positive ecological and policy outcomes (Barnes et al. 2019, Emery et al. 2013). Because good decision-making for e-flows policymaking also requires being inclusive of climatic uncertainty and our clusters showed different perspectives on this issue, this could further impede decision maker coordination (Lempert & Groves 2010, Doell et al. 2015, Sabzi et al. 2019b). Thus, divergent perspectives can either facilitate or inhibit good decision and policy making and reaching a consensus of action for e-flows policymaking despite a divergence of opinion could be a significant hurdle to overcome (Emery et al. 2013, Robinson et al. 2016). 
[bookmark: _Toc95209543]4.5.1. Key question 1: What additional data/information is needed to make better decisions about e-flows?
Both clusters of decision makers that we identified agreed that additional hydrologic/water demand data are most needed to support good decision-making about e-flows (Fig. 4-5). This shared identification of additional hydrologic and water demand data to incorporate e-flows into water management practices supports current efforts in e-flows science to shift from small-scale to basin-scale and regional assessments (Arthington et al. 2018b). While there have been a wealth of hydrologic models developed at the global (Richter & Thomas 2007, Kendy et al. 2009, Poff et al. 2010, Poff, Tharme, & Arthington 2017, Poff 2018) and regional (Sabzi et al. 2019a, Sabzi et al. 2019b, OWRB 2019, TNC Texas Water Explorer 2020, GP EFIT 2020) scale to support hydrologic decision-making, gaining a better understanding of the spatial and temporal hydrologic regime and water demand throughout the basin might foster better e-flows decision-making (Thompson et al. 2018), as one respondent to our survey indicated:
“Water demand and hydrologic data… should be measured and quantified at the appropriate spatial scales so they are useful for determining other responses (i.e., ecological and economic).”
Both clusters of decision makers ranked information on biological flow needs (i.e., flow ecology-relationships) as high priority (Fig. 4-5). While it is well understood that Great Plains aquatic communities have changed in diversity, abundance, and community composition over time due to stream fragmentation, lack of e-flows, and other anthropogenic stressors (Perkin & Gido 2011, Perkin et al. 2015, Matthews et al. 2013, Matthews & Marsh-Matthews 2016,  Matthews & Marsh-Matthews 2016,), it is less clear what the specific flow needs are of Great Plains aquatic communities (Brewer et al. 2018, Worthington et al. 2019). Great Plains rivers are characterized by extreme spatial and temporal variability in flows, harsh temperature regimes, and extreme flooding and droughts (Dodds et al. 2004). While Great Plains aquatic communities are adapted to these harsh environmental conditions, gaining a better understanding of the specific dynamic needs of Great Plains aquatic communities could aid in developing a solid understanding of the appropriate biological and ecological needs for implementing an e-flows regime (Davies et al. 2014, King et al. 2015, Webb et al. 2017, Poff 2018). 
The two clusters of decision makers indicated differences in their other highly ranked data needs (Fig. 4-6). Data on stakeholder willingness to participate in an e-flows policy or program was ranked second by the bullish cluster, whereas the bearish cluster thought this factor was less important (Fig. 4-5). The bullish cluster’s ranking supports a major data need and knowledge gap to implementing e-flows that requires coordination and co-development among policymakers, stakeholders, scientists, and water managers and users (Le Quesne et al. 2010, Pahl-Wostl et al. 2013, Lukasiewicz & Dare 2016). Some respondents pointed to a lack of understanding among water users and stakeholders and a push for more education about e-flows to bridge this knowledge gap:
“Education of the public is extremely important. Without public support, this will never happen…”
“Lack of understanding and more education on the subject matter.”
Lastly, while the bearish cluster ranked data on the economic benefits of e-flows as a low-priority data need, it is noteworthy to highlight this potentially understudied aspect of e-flows (King & Brown 2006, Gopal 2016). This aspect may address identified concerns expressed by respondents on economic outcomes:
“Further restrictions will inhibit economic development opportunities.”
“Experience in some states with ISF [Instream Flows] is that the ISF program is ONLY used to stop economic development and new permits and to force limitations on existing permits.”
However, there is increasing recognition that the economic benefits of e-flows (i.e., ecosystem services) can be achieved without impeding societal economic benefits (Yang et al. 2016, Jägermeyr et al. 2017, Sabzi et al. 2019a, Anderson et al. 2019), and can be regarded as a public good (Loehman and Loomis 2008).
[bookmark: _Toc95209544]4.5.2. Key question 2: What are the major socio-political barriers to implementing e-flows?
Both clusters of decision makers identified the same socio-political barriers to implementing environmental flows. Respondents in both clusters identified beliefs that societal water needs should take precedence over environmental needs, and lack of funding as serious barriers. Additionally, both clusters identified a lack of awareness and data on the societal and economic benefits as both serious and moderate barriers. Beliefs that societal water needs are more important than environmental needs and a lack of awareness and data on the societal and economic benefits relates back to the identification of additional data on stakeholder willingness to participate and stakeholder/water user education in the first key challenge (Le Quesne et al. 2010, Pahl-Wostl et al. 2013, Lukasiewicz & Dare 2016). Stakeholders and individual water users might not be willing to support e-flows policies because they might think that e-flows will conflict with water delivery. Respondents reflected this view when asked about why individual water users might not support e-flows policies or programs: 
“Users would not be willing to support e-flow policies due to need for water for human demand and views that human demands should be met first...”
“Societal needs (not desires such as watering lawns in a drought or flood irrigation) should take priority during droughts but only if conservation actions are actually prescribed.”
Stakeholders and water users might also be unwilling to support an e-flows policy or participate in an e-flows program because of fears of overregulation, private water rights infringement, and economic loss, as other respondents indicate: 
“People don't want the government regulating something that hasn't been regulated in the past.”
“Fear of how regulations would negatively impact them.”
“Private property rights and compensation for what private landowners consider ‘their’ water.”
“The majority of people don't understand the term [environmental flows] and think it will take away from their existing water rights.”
 	“…agricultural businesses fear of losing water they will need in the future.”
	“Loss of revenue from water that could have been sold to customers.”
Respondents in both clusters also identified a lack of funding for e-flows policies and programs as a serious barrier to implementation. Much has been written about both market (Loomis et al. 2003, Qureshi et al. 2007) and voluntary (Dyson et al. 2003, Richter & Thomas 2007) methods to implement e-flows with varying levels of success (see Hirji and Davis 2009 for a full review). Market and voluntary approaches alone are largely inadequate at providing effective e-flows (Loehman & Charney 2011). The feasibility of implementing these approaches, especially in two states where “prior appropriation” water law is the current system – where water demand is filled in order of priority date and e-flows is not considered a “beneficial use” of water – would likely be challenging (Benson 2007). For example, this prior appropriations legacy is embedded in Texas’ Instream Flows Program (TIFP). The TIFP only considers how new permits would impact a standard baseflow in each basin. This inhibits the establishment of a comprehensive e-flows policy because existing permitted uses are strongly protected (NRC 2005, Opdyke et al. 2014). Indeed, when asked about the feasibility of different e-flows approaches, respondents indicated that neither market nor voluntary approaches would be feasible:
“Water rights should not be appropriated as a trading commodity.”
“Funding for construction of most reservoirs is specifically appropriated for authorized uses.”
“I define feasible as possible but that does not mean I think it would work (i.e., voluntary is feasible, but I am doubtful it would work).”
“There would be difficulty enforcing flow regulations.”
While the state of Texas has implemented their TIFP, Oklahoma has no formal policy or regulation that governs e-flows. However, Oklahoma passed the Water for 2060 Act in 2012 that sets a statewide goal to “consume no more fresh water in 2060 than was consumed in 2012...through the use of education and incentives, rather than mandates…” (OWRB 2015). Because the act emphasizes the use of incentives (i.e., money paid or subsidies offered to water users) to achieve water sustainability goals largely through water re-use and efficiency, similar funding sources might be used to incentivize e-flows implementation. However, the act does not currently list e-flows in any of its goals or recommendations. Thus, an additional incentive-based e-flows framework might be the most effective way to implement e-flows in the Red River basin because of the setting (i.e., drought prone, low public support because of a lack of understanding of the benefits and beliefs that societal needs outweigh environmental), water law (i.e., prior appropriations), and the socio-political barriers identified by our respondents.
[bookmark: _Toc95209545]4.5.3. Communication network
Our analysis of decision makers’ communication relations revealed frequent communication among decision makers in the Red River basin. We did not find support for both our sector-driven and belief-driven communication bias hypotheses. However, our network map suggests strong communication between water allocators, water managers, and natural resource managers in Oklahoma and Texas and less frequent communication between non-water related institutions and individuals at water and natural resource entities (Fig. 4-6). Despite frequent communication, the nature and quality of communication, which was not assessed here, is also important for prolonged collaboration. For example, frequent communication could indicate co-dependent or shared workplace agendas, but these communications may not include any discussion of e-flows. The context of communications is important too because clusters showed divergent perceptions about the future (i.e., bearish vs. bullish) which will likely impact their ability to coordinate future water sustainability efforts. For example, while both clusters agreed that e-flows can benefit society and ecosystems, they generally disagreed that current flow conditions (without any e-flows policies) are sufficient to support those benefits to society and ecosystems. In fact, one respondent believes that e-flows already benefit ecosystems and society throughout the basin:
“The vast majority of water flowing through the Red River Basin is already enjoyed by non-consumptive uses. Consumptive use is minor in comparison.”
While another believes that e-flows are not possible to implement because of the natural hydrologic regime of Great Plains rivers:
“The red river system will not support environmental flows, in much of the basin streams dry up entirely in the summer months habitually making the idea of environmental flows an artificial concept.”
These comments highlight the geographic context of decision maker’s perceptions in the basin. For example, an individual in the western part of the basin might think that e-flows are not feasible to implement because of habitual stream drying, while another in the eastern part might think e-flows are feasible to implement due to an abundance of water. Thus, there might not be a “catch-all” approach to implementing e-flows basin-wide, further highlighting the need for small-scale, regional based approaches (Arthington et al. 2018b). 
[bookmark: _Toc95209546]4.6. Conclusion
Our study revealed the challenges associated with decision-making and implementing e-flows in semi-arid, water limited river basins. We found two distinct groups of decision makers with different perspectives on e-flows implementation and future water management issues, which could complicate e-flows implementation in our study region due to issues with coordination and collaboration. However, we also highlight potential opportunities to better coordinate efforts among decision makers through a shared identification of the major socio-political barriers and data needs facing e-flows implementation. With a large focus on stakeholders/water users’ lack of knowledge and willingness to participate in e-flows programs, decision makers could focus on education and better understanding stakeholder’s perceptions of the topic through surveys and focus groups (Graham 2009). In fact, with one of the primary objectives of Oklahoma’s Water for 2060 Act being education along with incentive-based approaches to water conservation, educating stakeholders on e-flows could be an additional step (OWRB 2015). Additionally, decision makers might also consider expanding incentive-based approaches through exploring additional funding sources given the identification of a lack of funding for e-flows and the inherent challenges and limited success of both market and voluntary approaches (Bennett et al. 2014). Implementing e-flows is a challenging socio-environmental issue that requires coordination among decision makers, often with competing priorities and perceptions of water-related challenges. Our identification of the challenges facing e-flows implementation could be scaled up and applied to other river basins globally, as most semi-arid river basins likely face the same challenges discussed in our study. Future work could seek to expand the use of social science techniques to better understand the challenges of implementing environmental flows. Semi-structured interviews could be used to gain a more in-depth understanding of the challenges that decision-makers face when seeking to implement e-flows.
	Overall, we attempted to capture the perceptions and communication patterns of decision makers that have the authority or influence to implement e-flows in the Red River basin of Oklahoma and Texas. While this list of individuals is a small number, our study was likely limited by a small sample size (n = 24) because of individuals not finishing or responding to the survey. Our k-means clustering analysis was likely limited by our small sample size, as only 20.7% of the variance across respondents was explained by the clustering scheme. We also found no significant differences in communication across sectors and beliefs, which could also be limited due to our small sample size and lack of responses from some key entities and individuals in the region. However, because the perceptions and communication patterns we gathered here are representative of individuals with authority and influence in e-flows implementation, we believe the conclusions we draw are representative of the socio-political climate of our study area.
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[bookmark: _Toc95209548]5. Identifying conservation influencers using network science boosts the spread of conservation initiatives
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[bookmark: _Hlk84835957]Conservation programs and policies can preserve biodiversity and boost ecosystem services, but only when widely adopted. While thousands of conservation initiatives exist globally, most fail to spread beyond a few early adopters. Here, we use network science to (1) determine the topology and structure of two networks of conservation actors (one regional, one national), (2) identify influential individuals in those networks, and (3) test whether the adoption of a conservation initiative by influential individuals could increase the spread of that initiative across the network. We find that early adoption by influential individuals results in sharp improvements in the total number of adopters of a conservation initiative network-wide, particularly when a linear threshold diffusion model is used. Under an independent cascade diffusion model, the benefits of targeting influencers are smaller but still substantial. These benefits occurred in both networks despite very different network structures: the regional network resembles a random network comprised mostly of state agencies and local entities, while the national network has a scale-free structure with highly influential hubs of federal agency and NGO entities. Given that many conservation programs fail to reach critical mass, our findings highlight the importance of strategically targeting influential individuals to boost the spread of conservation initiatives.
[bookmark: _Toc95209550]5.2. Introduction
Conservation practitioners are grappling with the global challenge of accelerating the adoption of conservation initiatives (Tickner et al. 2020, Leclère et al. 2020, Rilov et al. 2020). The adoption of conservation initiatives varies dramatically: some initiatives spread rapidly among potential adopters, but many fail to spread beyond a few initial participants (Mills et al. 2019). To become widely adopted, conservation initiatives must diffuse through networks of potential adopters from an initial set of “seed” adopters, and the type and scale of each conservation initiative shapes adoption dynamics. For example, national-scale regulatory (top-down) initiatives can result in rapid, complete adoption, whereas local-scale, community-based (bottom-up) initiatives can face initial slow uptake followed by rapid adoption as the initiative spreads from initial to potential adopters (Jupiter et al. 2014, Meskell et al. 2015, Tafoya et al. 2020, Atisa et al. 2020). Given this variability, conservation actors are keenly interested in strategies for ensuring that a conservation initiative spreads rapidly and is widely adopted (Butchart et al. 2015, Díaz et al. 2019). 
	Network science can provide key insights into how and why conservation initiatives spread (Guerrero et al. 2020). Social network analysis (SNA) can reveal stakeholder cooperation, participation, behavior, and barriers to conservation interventions (Cinner 2018, Barnes et al. 2016, Bodin et al. 2019, Riggs et al. 2020, Wineland et al. 2021). However, an emerging line of research has focused on identifying “key players” in conservation networks based on network centrality-based metrics that help spread conservation initiatives to other individuals or organizations (Mbaru & Barnes 2017, Guerrero et al. 2020, de Lange et al. 2021). Yet this work points to a broader aspect of network science known as the influence maximization problem (Güney 2019). Influence maximization is the process of selecting initial seed nodes that will maximize the spread of information or innovation throughout a network (Chen et al. 2009). While this line of research has clear applications in marketing, social media, network security, and computer science (Chen et al. 2010, Chaoqi et al. 2018), influence maximization has yet to be applied to conservation networks to determine if they can improve the spread of conservation initiatives. 
In the context of conservation initiatives that operate at different spatial scales (i.e., local, regional, national), influence maximization could be used to strategically target conservation actors to facilitate widespread diffusion (de Lange et al. 2021). There are two information diffusion models that can be used to test whether seeds selected using influence maximization improve spread, the Independent Cascade (IC) and Linear Threshold (LT) models (Kempe et al. 2003). Both models consider a graph G = (V,E) where V is a set of nodes and E is a set of edges, and nodes can be either active (i.e., an adopter of the initiative) Va, or inactive Vi (either initially or after interacting with another active node). Under the IC model, an inactive node v can activate after interacting with its active neighbor node u based on the probability Pu,v, which indicates the probability of u activating v. Under the LT model, an inactive node v, examines all neighboring nodes, and if the number of active neighbors exceeds a threshold (either absolute or fractional), then node v becomes activated (Shakarian et al. 2015). Both models could be useful for understanding conservation initiative adoption dynamics, as stakeholders’ and decision-makers’ willingness to adopt an initiative widely varies (Knight et al. 2010). For example, individuals and organizations in conservation networks exhibit different values and perspectives on conservation initiatives, which can represent a range of activation probabilities under IC (Thompson et al. 2015, Wineland et al. 2021). On the other hand, willingness to adopt a conservation initiative can depend on how many peers and neighboring organizations are adopting the initiative (e.g., peer pressure), which can represent a range of activation thresholds under LT (Prinbeck et al. 2011, Guckian et al. 2018). Additionally, because both models take an initial set of active seed nodes as input, the selection of these seed nodes using influence maximization can be applied to select highly influential individuals in the network. 
Quantifying and classifying the topology of a network of conservation actors is central to the influence maximization problem (Mihara et al. 2015, Guerrero et al. 2020). Network structural features like node degree distributions and centrality-based metrics are important to contextualize the connectedness and importance of individuals and organization types (Bodin et al. 2006). Network topology is an emergent property that affects information diffusion and is important in the context of influence maximization because seed selection algorithms and information diffusion models use the entire network topological structure to detect seed nodes and propagate information through the network (Delre et al. 2010, Mihara et al. 2015, Shakarian et al. 2015). Real-world networks are typically classified as one of three main types: random, small-world, or scale-free (Sole & Valverde 2004). In random networks, the number of links per node follows a binomial or Poisson degree distribution (Erdős & Rényi, 1959). Small world networks are defined by the presence of “cliques”, or highly connected sub-networks, that result in a defining characteristic of a high clustering coefficient (Watts & Strogatz 1998). Small world networks also tend to have right-skewed degree distributions because of the abundance of hubs; however, their degree distribution does not typically follow a power law. Scale-free networks have degree distributions that follow a power law, where the fraction of nodes with degree k follows a power-law distribution k-α, where typically α ≥ 1 (Barabási -Albert 1999). Scale-free networks also operate under a “preferential attachment” mechanism (i.e., “rich get richer”, or existing hubs become more highly connected) that can be either linear or non-linear. 
Here, we investigate influence maximization on two networks of freshwater conservation actors: a regional (n=24) network of freshwater decision makers from the Oklahoma and Texas portions of the Red River (Wineland et al. 2021), and a national (n=426) network of e-flows workshop participants from The Nature Conservancy (TNC) and U.S. Army Corps of Engineers’ (USACE) Sustainable Rivers Program (SRP). These two networks contain key hallmarks of conservation networks worldwide: nodes derived from actors within both the resource governance and resource user socio-ecological subsystems, and variation in network ties derived from social processes (Ostrom 2009, Matous & Todo 2015, Bodin et al. 2017). Thus, while we focus on networks derived from freshwater conservation actors, our approaches will be transferable to terrestrial and marine ecosystems. This study was motivated by current efforts to accelerate the implementation of environmental flows (e-flows; Arthington et al. 2021, Tickner et al. 2020). E-flows describe a broad range of conservation initiatives to restore or design ecologically relevant flow regimes to sustain the structure and function of flowing freshwater systems (Arthington et al. 2018). Besides efforts to better understand the network structure of freshwater research collaborations (Kuehne et al. 2017, Bixler et al. 2019), how to facilitate both the rapid uptake and large-scale adoption of e-flows initiatives in freshwater conservation networks remains unstudied. 
We use two freshwater decision maker networks to achieve three goals: (1) determine the topology and structural features of two networks of conservation actors (one regional, one national), (2) identify influential individuals in those networks, and (3) test whether the adoption of a conservation initiative by influential individuals could increase the spread of that initiative across the network. We use two different sized networks to represent the different spatial scales (i.e., local, regional, national) at which conservation initiatives operate. The first goal aims to provide much needed data on what conservation networks look like, how their structure might influence adoption dynamics, and how the relative influence of different organization types varies at different spatial scales. The second and third goals aim to provide a practical framework to conservation practitioners so that they can target influential individuals and organizations in conservation networks to help boost the spread of conservation initiatives.
[bookmark: _Toc95209551]5.3. Methods
[bookmark: _Toc95209552]5.3.1. Network descriptions
We used two networks of freshwater conservation actors. The first network (hereafter, “Red River network”) was derived from a survey of n = 24 freshwater decision makers from Texas and Oklahoma in the Red River basin in the south-central USA (Wineland et al. 2021). The survey targeted freshwater decision makers- defined as “individuals that have the authority to inform, influence, or make decisions that impact water resource management or aquatic natural resource management” in this region. The goal of the survey was to identify data needs and barriers to e-flows implementation. This network was derived from a survey question that asked individual respondents how frequently they communicate with each other. Thus, in Wineland et al. (2021), network ties were weighted and undirected (i.e., two nodes were connected if one or both respondents indicated that they communicate with each other) based on social relations (frequency of communication). For the purposes of this paper, we use an unweighted version of the Red River network to explore network structural features, topology, and information diffusion.
	The second network (hereafter, “SRP network”) was derived from lists of participants in e-flows workshop reports from the SRP. The SRP is arguably the largest e-flows initiative in the United States that functions through dam re-operation and adaptive reservoir management (Hickey & Warner 2006, Warner et al. 2014). As of 2021, the program is active at 24 federal dams on 13 rivers, with 71 additional sites advancing through the program’s process that follows a propose-advance-implement-incorporate progression (John Hickey, personal communication, April 23, 2021). The e-flows workshops are part of the “advance” phase of the program, where regional water managers, scientists, stakeholders, etc. gather to compile information and identify flow-ecology needs prior to an e-flows recommendation workshop, where modeling and scenario testing occurs. We used the available lists of workshops (n = 9, USACE 2021) and their participants (n = 426) to create a network for the SRP. We assumed that all workshop participants had unweighted, undirected ties (i.e., each individual workshop is a complete network, and two nodes were connected if they participated a workshop together), which is a grounded assumption given that each workshop was split into working groups organized by either topic or expertise and that each group subsequently presented findings and fielded questions from other groups (John Hickey, pers. comm. April 23, 2021). For both networks, we identified the organization type (e.g., federal, state, university, NGO, local, other) of individuals to provide context to the relative influence of these groups.
[bookmark: _Toc95209553]5.3.2. Network topology and structural features
To determine which network topology the Red River and SRP networks resemble (Goal 1), we performed a Monte Carlo simulation (n=1000) where each network was compared against randomly generated networks of each of the three topologies. For the random network topology, we used the G(n, M) variation of the Erdős–Rényi (1959) model to generate networks, where graphs (G) are generated randomly with a uniform probability of edge generation given n nodes and M edges. We used the values of n and M from both the Red River and SRP networks as input for this model. For the small world network topology, we used the Watts-Strogatz (1998) network model to generate networks with rewiring probabilities that ranged from 0.1-0.9 in 0.1 increments. The rewiring probability describes the probability that an edge is rewired or disconnected from a node and subsequently randomly connected to another anywhere in the network. This network model begins with networks of random lattice topology and then uses the rewiring probability to create “shortcuts” across the network to reach farther than the original ties to facilitate faster diffusion through fewer steps (Watts & Strogatz 1998, Centola 2018). For the scale-free network topology, we used the Barabási -Albert (1999) model to generate networks with different preferential attachment powers. While most scale-free networks exhibit linear preferential attachment (i.e., α = 1), some can exhibit non-linear preferential attachment that can be either sublinear (i.e., 0 < α < 1) or superlinear (i.e., α > 1). Sublinear preferential attachment can limit the size of hubs, and superlinear preferential attachment can lead to large hubs (Barabási 2013). We tested a range of values for α ranging from 0.1 – 3. All networks were generated using the igraph package in R version 4.1.0 (Csardi & Nepusz 2006, R Core Team 2021). To better understand the overall and sub-network structural features of each network (Goal 1), we graphed each network, plotted degree distributions, and calculated common network metrics such as degree, clustering coefficient (global and local), shortest path distance, betweenness centrality, and eigenvector centrality (Table 5-1). These network metrics represent a range of centrality measures that indicate the level of influence a group of nodes have in the network. We describe these network metrics for the overall network and each organization type sub-network (e.g., federal, state, university, NGO, local, other) to contextualize the organizational makeup of the networks and relative influence of these groups so that practitioners aiming to maximize the spread of an e-flows initiative might target individuals within the most influential organization types (Kuehne et al. 2017).


[bookmark: _Toc90025861]Table 5-1. Summary of network metrics for both the regional Red River and National Sustainable Rivers Program (SRP) networks. Values for each metric indicate the mean value for that metric at each scale (number of nodes for that organization type).
	Network
	Metric
	Scale

	 
	 
	Whole Network
	Federal
	University
	NGO
	Other
	Local
	State

	# Nodes
	n = 24
	n = 1
	n = 0
	n = 4
	n = 0
	n = 7
	n = 12

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Red River
	Degree
	10.66
	14.00
	-
	10.25
	-
	10.14
	10.83

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Global Clustering Coefficient
	0.54
	-
	-
	-
	-
	-
	-

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Local Clustering Coefficient
	0.63
	0.63
	-
	0.70
	-
	0.68
	0.57

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Shortest Path Distance
	3.93
	3.17
	-
	3.93
	-
	4.23
	3.81

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Betweenness Centrality
	8.19
	20.17
	-
	9.56
	-
	2.75
	9.90

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Eigenvector Centrality
	0.53
	0.58
	-
	0.49
	-
	0.60
	0.49

	 
	 
	 
	 
	 
	 
	 
	 
	 

	# Nodes
	n = 426
	n = 129
	n = 53
	n = 55
	n =3 
	n = 79
	n = 107

	 
	 
	 
	 
	 
	 
	 
	 
	 

	Sustainable Rivers Program
	Degree
	60.09
	60.21
	56.79
	62.65
	40.33
	72.49
	51.67

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Global Clustering Coefficient
	0.86
	-
	-
	-
	-
	-
	-

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Local Clustering Coefficient
	0.97
	0.94
	0.99
	0.94
	1.00
	1.00
	0.99

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Shortest Path Distance
	1.99
	1.96
	1.98
	1.97
	2.10
	2.08
	1.99

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Betweenness Centrality
	212.27
	413.24
	7.10
	645.84
	0.00
	0.00
	11.41

	
	 
	 
	 
	 
	 
	 
	 
	 

	
	Eigenvector Centrality
	0.22
	0.22
	0.20
	0.21
	0.01
	0.55
	0.10

	
	 
	 
	 
	 
	 
	 
	 
	 



	To compare both the Red River and SRP networks to the randomly generated networks, we used two commonly used network comparison methods, Graphlet Degree Distribution Agreement (GDDA), and the Jaccard similarity index (Tantardini et al. 2019). The first, GDDA, uses “graphlets”, or small non-isomorphic subgraphs, to measure the number of nodes touching k graphlets (like degree distribution which measures the number of nodes touching k edges). The GDDA measure uses 73 graphlet degree distributions to compare graphlet degree distributions between networks, with the measure ranging between 0-1 where values closer to 1 indicate identical distributions and values closer to 0 indicate disparate distributions (Pržulj 2007). The second method, the Jaccard index, is a commonly used similarity/diversity statistic in ecology but has been extended to network science where graphs are transformed into binary adjacency matrices where 0 indicates no connection and 1 indicates a connection (Bass et al. 2013, Simpson et al. 2013). Here, we used the Jaccard similarity index where values closer to 1 indicate identical networks and values closer to 0 indicate disparate networks. We used the mean across n = 1000 MC simulations to determine which of the three network topologies both the Red River and SRP networks most closely resemble. 
[bookmark: _Toc95209554]5.3.3. Influence maximization
To identify influential individuals in each network (Goal 2), we used both a “brute force” Monte-Carlo (MC) simulation approach, and two seed selection methods: Integrated Value of Influence (IVI) and Cost-Effective Lazy Forward (CELF++). The MC approach used randomly selected seeds using both the Independent Cascade (IC) and Linear Threshold (LT) information diffusion models to simulate diffusion (n = 1000). To identify the most influential individuals, we selected the nodes that resulted in the maximum number of total activated nodes in the diffusion simulation. The IVI approach combines local, neighborhood, and global centrality measures of a network to determine the most influential nodes (Salavaty et al. 2020). The CELF++ approach is one of the most widely used seed selection algorithms in influence maximization, based on a “lazy-forward” optimization that exploits submodularity (i.e., the marginal gain of a node in the current iteration cannot be better than its marginal gain in previous iterations, Goyal et al. 2011). To test whether the MC, IVI, and CELF++ seed selection approaches result in a higher total number of adopters in each network over randomly selected seeds, we used a paired MC simulation approach (Goal 3). First, we tested scenarios where seeds were selected randomly using a random number generator (n = 1000). Second, we tested scenarios where seeds were selected by estimating the maximum total adoption during the MC simulation and using both the IVI and CELF++ seed selection methods (n = 1000). We used both the IC and Linear Threshold LT information diffusion models to test the spread of a hypothetical e-flows conservation initiative in each network. Using the MC seed selection approach, we tested different seed set size scenarios: 1-5 seeds in the Red River network, and 1,5,10,15,20,25 seeds in the SRP network. We tested each seed set size scenario across a range (0.01, 0.05, 0.1-0.9) of activation probabilities (IC) and thresholds (LT). Using both the IVI and CELF++ seed selection approaches, we tested different seed set size scenarios: 1-5 seeds in the Red River network, and 18,36,53,71,88 seeds in the SRP network to match the relative % of total nodes the 1-5 seeds represent in the Red River network. We tested each seed selection (IVI, CELF++) and initial seed set scenarios across a range (0.1-0.9) of activation probabilities (IC) and thresholds (LT). Both seed selection methods and the information diffusion models were employed using the influential and influence.mining packages in R version 4.1.0 (Salavaty et al. 2020, R Core Team 2021).
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[bookmark: _Toc95209556]5.4.1. Network topology and structural features
Network maps highlight the differences in topology, structure, and organizational makeup of each network (Figure 1). Nodes in the Red River network, for example, are all moderately well-connected, as the average degree, shortest path distance, and centrality metrics do not vary much between the overall network and the different organization type sub-networks (Fig. 5-1A, Table 5-1). However, the high degree, betweenness and eigenvector centrality of the single federal actor in this network highlights the influence of this individual. The SRP network exhibits a series of complete networks connected by hubs (Fig. 5-1B). Among these high degree hubs are an individual at a federal agency and several NGO actors, which supports the Sustainable Rivers Program being a partnership between the USACE and TNC. Some of the lower degree hubs include other federal actors, a few state actors and one university individual (Fig. 5-1B). The SRP network exhibits a range of connectedness among the different organizational sub-groups. For example, federal and NGO actors are well-connected based on their high degree and centrality metrics (Table 5-1). However, the local organization type sub-network had the highest degree (Table 5-1), and one workshop group that is comprised of many local actors is well-connected with other workshop groups through NGO actor bridging ties (Fig. 5-1B).
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[bookmark: _Toc90025845]Figure 5-1. Network maps for both the regional (A) network of water decision makers in the Red River basin, and national (B) network of Sustainable Rivers Program environmental flows workshops. Node color indicates organization type, node size is proportional to node degree. Stacked bar indicates the number of nodes and percent of total for each organization type. Node IDs in the regional network (A) correspond to node ID’s in table 5-2. Network layout is based on the Fruchterman & Reingold (1991) algorithm.


[bookmark: _Toc90025862]Table 5-2. Survey respondents used to create the regional Red River network in Figure 5-1. Node ID corresponds node labels in Figure 5-1A.
	Node ID
	Respondent
	Organization Type

	A
	McGee Creek Authority
	Local

	B
	Oklahoma Department of Wildlife Conservation 1
	State

	C
	Oklahoma Department of Wildlife Conservation 2
	State

	D
	Texas Water Development Board
	State

	E
	Texas Parks & Wildlife 1
	State

	F
	Texas Parks & Wildlife 2
	State

	G
	Texas Parks & Wildlife 3
	State

	H
	Oklahoma Water Resources Board 1
	State

	I
	Altus-Lugert Irrigation District
	Local

	J
	Oklahoma Instream Flow Advisory Group - Consumptive Interests
	NGO

	K
	Oklahoma Water Resources Board 2
	State

	L
	Oklahomans for Responsible Water Policy
	NGO

	M
	Arbuckle Master Conservancy District
	Local

	N
	Oklahoma Department of Wildlife Conservation 3
	State

	O
	Texas Parks & Wildlife 4
	State

	P
	Texas Commission on Environmental Quality
	State

	Q
	City of Oklahoma City
	Local

	R
	Oklahoma Water Resources Board 3
	State

	S
	Oklahoma Instream Flow Advisory Group - Non-Consumptive Interests
	NGO

	T
	The Nature Conservancy
	NGO

	U
	United States Army Corps of Engineers
	Federal

	V
	Foss Reservoir Master Conservancy District
	Local

	W
	Fort Cobb Reservoir Conservancy District
	Local

	X
	Mountain Park Master Conservancy District
	Local
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[bookmark: _Toc90025846]Figure 5-2. Summary of degree distributions for the water decision maker network from the Red River basin (A, B), and the Sustainable Rivers Program environmental flows workshops (C,D). Degree histograms (A, C) indicate node degree frequency. Cumulative node degree distribution plots (B, D) indicate the fraction of nodes with degree smaller than k. 
We found that the Red River network resembles a random topology, and the SRP network resembles a scale free topology. While the node degree histogram for the Red River network is slightly skewed, it fits within the random topologies’ typical characteristic of having a Poisson distribution (Fig. 5-2A). The cumulative node degree distribution plot for the survey network further supports the randomness of the network, indicating that there are relatively few nodes with both small and large degrees, and many nodes with an average degree of 10.66 (Fig. 5-2B, Table 5-1). The SRP network, by contrast, exhibits a highly skewed node degree histogram that clearly shows the few high degree hubs (Fig. 5-2C). The cumulative node degree distribution plot indicates the high frequency of low-degree nodes typical of scale-free networks (Fig. 5-2D). The network topology simulation results further support these findings. For the Red River network, the random topology exhibited the highest mean GDDA (0.49) and Jaccard (0.30) values. For the SRP network, mean GDDA values were identical for both the random and scale free (power = 0.1, 0.3, 0.5, 0.8, 1, 1.5, 2) topologies (0.55), however mean Jaccard values for the scale free topology (0.11-0.16, power = 0.1, 0.3, 0.5, 0.8, 1, 1.5, 2, 2.5) were higher than random (0.08). The equal support for the SRP network being of both the random and scale free topology under GDDA could be due to the G(n, M) model variation we used to generate random networks where the exact number of nodes and edges are specified. For the small world and scale free topologies, the number of nodes and edges will vary around those of the Red River and SRP networks. 
Because of this, we performed a post-hoc analysis to determine if the degree distribution for the SRP network followed a power-law, the defining characteristic for the scale-free network topology. We used the combined maximum likelihood fitting and goodness-of-fit test (Komolgorov-Smirnov, KS) method described in Clauset et al. (2009), that hypothesizes the observed data follow a power law distribution and quantifies the distance between the distribution of the observed data and comparable synthetic datasets derived from the same model. If p > 0.05, then this difference between distributions suggests a plausible fit to the hypothesized power law distribution. We found support that the SRP network degree distribution follows a power law where α = 1.57 given the KS test (p = 0.35). This finding indicates that the SRP network exhibits super-linear preferential attachment, which, given the high node degree of a few of the hubs, further supports our characterization that the SRP network exhibits a scale free topology (Barabási 2013). 
[bookmark: _Toc95209557]5.4.2. Influence maximization
We find that early adoption of a conservation initiative by the most influential individuals results in widespread adoption by others in the network (Fig. 5-3). This outcome is consistent across both networks and both diffusion models. However, influential individuals produce more total adopters under LT than IC. For example, in the Red River network under the IC diffusion model at an activation probability of 0.5, 5 random seeds resulted in a total activation of 13 nodes, whereas 5 influential seeds resulted in a total activation of 20 nodes, a 53% increase (Fig. 5-3A). In the SRP network under the LT diffusion model at a threshold of 0.05, 20 random seeds resulted in a total activation of 74 nodes, whereas 20 influential seeds resulted in a total activation of 349 nodes, a 372% increase (Fig. 5-3B).
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[bookmark: _Toc90025847]Figure 5-3. Mean total activated nodes from the Monte-Carlo simulation using random seeds (left column – “Random”). Maximum total activation from the Monte-Carlo simulation using random seeds (right column – “Maximum Activation”). Y-axis includes seed set size.

	Although IVI and CELF++ are common seed selection methods, we found that these two statistics did not consistently identify the conservation actors with the greatest influence on the spread of an initiative (Fig. 5-4). For example, The IVI seed selection method performed better than random seeds in the small, regional Red River network under the LT and IC model, except when only using 1 seed under IC (Fig. 5-4A). However, seeds selected using IVI failed to initiate any significant diffusion in the SRP network under LT (Fig. 5-4B). The CELF++ seed selection method performed slightly better than random seeds in the Red River network, but only at higher (3-5) seed set sizes under IC and at low (0.1-0.3) activation thresholds under LT (Fig. 5-4A). In the SRP network, CELF++ failed to perform better than random seeds at low (0.1-0.2) activation thresholds but outperformed random seeds at higher (0.3-0.6) thresholds under LT (Fig. 5-4B). In the SRP network, both IVI and CELF++ seed selection methods slightly outperformed random seeds under the IC model across all seed set sizes and activation probabilities.
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[bookmark: _Toc90025848]Figure 5-4. Common metrics of influence underperform at identifying the most influential nodes. Influence maximization results for both the regional (A) network of water decision makers in the Red River basin, and national (B) network of Sustainable Rivers Program environmental flows workshops. Main columns indicate seed selection method, either Integrated Value of Influence (IVI), or Cost-Effective Lazy Forward++ (CELF++). Sub columns indicate seed type, either random or influential. Rows indicate Independent Cascade (IC), or Linear Threshold (LT). Error bars indicate ± 1 standard deviation across 1000 Monte Carlo simulations. Mean total activated nodes (y-axis) includes seed set size. 
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Overall, our results show that targeting influential individuals as early adopters of a conservation initiative improves the total spread of the initiative. This result is robust across the different network spatial scales, topologies, and mechanisms of spread we considered: influencers improved initiative spread in a large, scale-free network (SRP) and in a small, random network (Red River), regardless of whether the initiative diffused via Independent Cascade (IC) or Linear Threshold (LT). Because conservation networks exhibit variation in their topology and structural features as we also demonstrate here, our result that influencers improve total adoption regardless of this variation then has clear implications for improving the spread and adoption of conservation initiatives in conservation networks globally (Mbaru & Barnes 2017, Guerrero et al. 2020, de Lange et al. 2021). Our work is timely, as governments involved in the Convention on Biological Diversity (CBD) are negotiating an effective post-2020 global biodiversity framework focused on facilitating urgent implementation of conservation initiatives (CDB 2021). While our conclusions are drawn based on our two focal real-world freshwater conservation networks and an in-silico experiment, we provide some generalizations in the following paragraphs and suggest that our approach has practical implications and can be extended to other conservation networks in terrestrial and marine ecosystem settings. 
While IVI and CELF++ are common influential seed selection methods, they did not identify the most influential individuals across the different network spatial scales, topologies, and mechanisms of spread we considered (Fig. 5-4). In general, both IVI and CELF++ seed selection methods performed poorly with the large, national-scale Sustainable Rivers Program network under the LT model, and with the small, regional-scale Red River network under the IC model. Because these heuristic estimates of the influence of each node are designed to be used on large-scale networks, they aim to provide a result in a reasonable amount of time at the sacrifice of a sub-optimal solution (Goyal et al. 2011, Arora et al. 2017, Yuan et al. 2019). Our results suggest a brute-force MC simulation approach identified the most influential seed nodes that resulted in the highest adoption outcomes more effectively than IVI and CELF++ that require additional computational time. Given the modest size of most conservation networks (Barnes et al. 2016, Kuehne et al. 2017, Mbaru & Barnes 2017), Monte Carlo simulations provide more consistent results at reduced computational cost. 
To further investigate why common seed selection methods provided inconsistent outcomes, we examined the correlation between IVI and common network centrality metrics to determine if IVI is biased against either local, neighborhood, or global centrality measures, and the relationship between each node’s IVI and the mean total adoption of that node from the MC simulation when using one initial seed under Independent Cascade. We found that in the Red River Network, local and neighborhood centrality metrics were negatively correlated with IVI, and that nodes with low IVI values resulted in higher total adoption, especially at high activation probabilities (Figs. S5-1 & S5-2). These results could suggest that IVI was biased against local or neighborhood node clusters in the Red River network, and that these nodes were responsible for facilitating greater total adoption than nodes with a high IVI value. On the other hand, in the SRP network, IVI was positively correlated with all centrality metrics, but nodes with low and mid-range IVI values resulted in higher total adoption (Figs. S5-3 & S5-4). These results could explain why heuristic-based seed selection approaches failed to consistently identify the most influential nodes in both networks. The variation in topology and structural features could also explain the inconsistent adoption outcomes observed. For example, both seed selection methods worked either better or almost as good as random seeds in the small, regional-scale, random topology Red River network. However, both seed selection methods performed worse than random seeds in the large, national-scale, scale-free topology SRP network under the LT model. This could be due to the influence maximization approaches not selecting hub nodes in the scale free network, which play a key role in facilitating diffusion (Delre et al. 2010). This variation also underscores that every conservation network is different, and adoption of conservation initiatives can be highly context specific.
Concurrent with existing work, our results also suggest that targeting influential individuals in conservation networks can improve the adoption of a conservation initiative (Mbaru & Barnes 2017, de Lange et al. 2021). Our approach used a range of activation probabilities and thresholds, which allowed us to explore scenarios where individuals in conservation networks are either willing or resistant to adopting a conservation initiative based on their own individual perspectives or values (IC) or peer pressure (LT). While it is impossible to determine whether a conservation initiative will diffuse in a probabilistic (IC) or threshold manner (LT) in the real-world without extensive surveys that gather sociometric data (i.e., data about social or communication ties, Banerjee et al. 2020), data on willingness to participate in an initiative (Knight et al. 2010) or data mining (Lu et al. 2012), we speculate on the differences in diffusion models and their practical implications for conservation network science. For example, we assumed that all nodes have the same probability (IC) or threshold (LT) of activation, but in the real-world this is unlikely to be true. For example, lessons learned from the behavior change literature suggest that individuals and organizations in conservation networks may have different levels of communication or social status, perspectives on the conservation initiative, or feelings of being sidelined which could result in varying levels of willingness or resistance to adopting the initiative (Schultz 2011, Manfredo et al. 2017, Haas et al. 2019). On the other hand, individuals in conservation networks have differing levels of connections and communication (Kuehne et al. 2017, Wineland et al. 2021) and thus different thresholds at which peer pressure can operate to determine whether an individual will adopt a conservation initiative (Prinbeck et al. 2011, Guckian et al. 2018). Thus, we recommend determining individual node probabilities/thresholds of activation as a future research avenue to further understanding of the adoption dynamics and diffusion of conservation initiatives within conservation networks.
Our results that found differences in network topology, structural features, and organizational makeup highlight key social factors to consider in conservation networks. The regional Red River network exhibited characteristics that resemble random networks, while the national SRP network exhibited characteristics that resemble scale-free networks. While research on attributing topologies to complex, real-world networks is still evolving (Tantardini et al. 2019, Broido & Clauset 2019), our network descriptions can help conservation actors better understand network variation at different spatial scales (i.e., local, regional, national) as they attempt to integrate social factors into conservation initiative designs (Tickner et al. 2020, Harper et al. 2021). For example, while most real-world networks are not fully random (Barabási 2013), our findings could suggest that most small conservation networks are well-connected. The absence of hubs could suggest that adoption will propagate through the network rather rapidly (based on small, shortest path distances, Table 5-1) and reach near network-wide levels of adoption if there is low resistance to the conservation initiative. Conversely, in the scale-free SRP network, the presence of hubs can be clearly seen in the network map (Fig. 5-1), degree distributions (Fig. 5-2), and heterogeneity in network metrics by organization types (Table 5-1). Previous work from disciplines ranging from epidemiology to ecology that employ network science techniques emphasize the importance of network topology and structural features in successful diffusion (Minor et al. 2008, Ma et al. 2013, Mihara et al. 2015, Sizemore et al. 2019, Edge & Fortin 2020). In conservation science, efforts to quantify topology and structural features of social conservation networks are lacking (Kuehne et al. 2017, Guerrero et al 2020). Our findings support that investigating conservation network structure and features can reveal a wealth of social information that can be obtained without collecting extensive sociometric data (e.g., SRP network method). 
Our work also highlights important differences in organizational makeup and the relative influence of different organization types across different spatial scales. For example, in the regional-scale Red River network, state agencies and local entities form almost 80% of the network and in most cases had the highest sub-network connectivity metrics (Fig. 5-1, Table 5-1). However, the one federal entity and four NGO individuals in this network also had high relative influence based on connectivity metrics, suggesting that influence within this network is relatively balanced (Table 5-1). In the national SRP network however, influence is mostly consolidated in the hubs of federal and NGO entities, but local entities also exhibited high influence based on sub-network connectivity metrics (Table 5-1). Indeed, another study that examined a network of freshwater assessment authors found that federal agency and NGO actors were the most well connected among different organization types and provided important bonding (within group) and bridging (between groups) ties (Kuehne et al. 2017). Our findings highlight the important regional differences in the organizational makeup of conservation networks. We support existing research that highlights the critical role of government agencies and NGO’s in facilitating connections and adoption in conservation networks. However, we found that state and local entities are also important in facilitating the adoption of conservation initiatives, especially at the regional scale. These findings have important practical and ethical applications to the implementation and design of conservation initiatives – practitioners should aim to be inclusive by targeting the most influential individuals across organization types, else excluding important individuals or organizations could inhibit the adoption of conservation initiatives (Mbaru & Barnes 2017).
	We tested if conservation influencers could increase adoption of a simulated environmental flows initiative in two networks of freshwater conservation actors. We found that one seed selection method results in robust improvements in adoption across different conservation network scales, topologies, and diffusion models. The brute force Monte-Carlo (MC) simulation approach provides improved outcomes and is more computationally feasible than traditional heuristic-based seed selection approaches. In practice, our study suggests that practitioners should seek to employ information diffusion models using a MC simulation approach to identify and target influencers as early adopters in the design of conservation initiatives. By describing the topological, structural features, and organizational makeup of a regional and national conservation network, we found that the regional network resembles a network with a random topology, while the national network resembles a network with a scale-free topology. We highlight that state and local entities mostly comprise the regional network, but connections to NGO’s and a federal entity balance influence and allow increased connectivity within the network. On the other hand, federal and NGO entities in the national network have outsized influence in the network, but local entities also facilitate connections within sub-networks. These findings should help inform the design of conservation initiatives by aiming to inclusively target all influential actors across different organizations and sub-networks to help boost the adoption of conservation initiatives.
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The recovery of freshwater biodiversity and ecosystems hinges on the rapid, widescale implementation of e-flows. However, because freshwater ecosystems are deeply coupled human and natural systems that are vulnerable to synergistic stressors and climate change impacts, implementing e-flows faces grand challenges (Arthington, 2021). These grand challenges include: (1) restoring biodiversity and ecosystem function, (2), integrating human dimensions in planning, and (3) adapting to the impacts of climate change. 
The research presented in this dissertation aims to help overcome these challenges by identifying where and how to implement e-flows to maximize the restoration of biodiversity, ecosystem outcomes, and social equity while minimizing climate risks (Chs. 2&3), barriers to implementation and perspectives that might facilitate adoption (Ch.4), and who to target as early adopters of e-flows initiatives to maximize adoption outcomes (Ch.5). Chapter 2 presents strategies to overcome grand challenges 1 & 3 through a conservation planning framework that identifies high priority sites for e-flows implementation through inclusive consideration of climate change across species distributions and water availability. Chapter 3 presents strategies to overcome all three grand challenges through investigating the tradeoffs between social equity and conservation efficiency in a simulated water conservation initiative across future climate scenarios. Chapter 4 presents strategies to overcome grand challenge 2 & 3 by providing a better understanding of water decision maker’s perspectives on the socio-political barriers to implementing e-flows and how climate change will impact their ability to implement them. Chapter 5 presents strategies to overcome grand challenge 2 by showing that targeting influential individuals or organizations during the early stages of e-flows initiative adoption can boost the total number of adopters of the initiative. 
Overall, the research presented in this dissertation highlights that implementing e-flows - even in a water-scarce and socio-politically complex river basin - can be feasible despite these grand challenges. While there is still much to be done to support the call for accelerated, widespread implementation of e-flows presented in the Emergency Recovery Plan (ERP) for freshwater biodiversity, the research presented here highlights the crucial importance of both tackling the e-flows implementation challenge from an integrative coupled human and natural systems (CHANS) perspective and being inclusive of climate change uncertainty in planning (Arthington, 2021; John et al., 2020; Tickner et al., 2020). The research presented here focuses on a single freshwater ecosystem conservation strategy, e-flows, but also has important implications for conservation planning strategies across ecosystems globally.
[bookmark: _Toc95209562]6.2 Broader lessons for conservation and sustainability
The research in chapters 2 & 3 showed how to strategically target specific locations to prioritize e-flows implementation under the uncertainties of climate change while also achieving equitable distributions of water conservation incentives. This research is important because limited funding for conservation initiatives is a common problem globally, thus identifying locations where biodiversity and ecological outcomes are maximized and tradeoffs with economic efficiency, social equity, and climate uncertainty are minimized is highly desirable (Fovargue et al., 2021; Halpern et al., 2013; Law et al., 2018; Pahl-Wostl et al., 2013). Chapter 2 presented a conservation prioritization framework that jointly considered the biodiversity value and conservation feasibility at each candidate location across a range of future climate scenarios. This framework could help conservation practitioners overcome spatial conservation planning challenges like identifying where to allocate limited funding and resources under climate uncertainty while also integrating human dimensions (Arthington et al., 2018; Guerrero & Wilson, 2017; Kujala et al., 2013; Kukkala & Moilanen, 2013; Lawler & Michalak, 2017; Popejoy et al., 2018). Thus, the ranking of sites within this framework can serve as a coarse-scale filter to identify high conservation priority sites that represent sound conservation investments.
Chapter 3 investigated tradeoffs between social equity and conservation efficiency across future climate and budget scenarios in an e-flows Payment for Ecosystem Services (PES) scheme. This research found that under an equitable allocation of water conservation incentives, only small tradeoffs to conservation outcomes were present compared to a scenario where incentives were allocated optimally. Globally, conservation strategies can often get derailed by failing to properly consider social equity dimensions in their design and implementation (Friedman et al., 2018; Law et al., 2018). Indeed, others have shown that incorporating social equity considerations in conservation strategies are key to their success (Brimont et al., 2015; Haas et al., 2019; Klein et al., 2015; Loft et al., 2020; Pascual et al., 2014; Rakotonarivo et al., 2021). The research presented here expands on existing work by investigating the magnitude of tradeoffs between social equity and conservation outcomes in the context of different budget and climate scenarios. Conservation practitioners face immense challenges like incorporating climate adaptation and social equity in the design and implementation of conservation strategies (Loft et al., 2020; Reside et al., 2018). Thus, the research presented here highlights how joint consideration of both factors could help design conservation initiatives that are equitable and adaptable to climate change. Taken together, these two chapters highlight that despite the grand challenges and complexities of implementing conservation initiatives like integrating human considerations and adapting to climate change, solutions can be identified. Both chapters promote an overarching theme of strategic, targeted identification of where and how to implement e-flows by through the lens of coupled human and natural systems.
The research in chapters 4 & 5 aimed to identify data needs and barriers to implementing e-flows by water decision makers and individuals to target as early adopters for e-flows initiatives to maximize total adoption. Globally, some conservation initiatives often fail to become widely adopted, thus identifying barriers to implementation and strategies to boost spread could help overcome this adoption bottleneck (Mills et al., 2019). Chapter 4 presented the results of a survey of water resources decision makers - despite the presence of both optimistic and pessimistic perspectives about current e-flows conditions, future water availability and conflicts, and climate change, they identified similar data needs and barriers to e-flows implementation. Thus, given the need to better understand barriers to implementing conservation strategies, this research highlights an important case for decision maker coordination to achieve conservation goals despite different perspectives on common conservation issues (Arthington, 2021; Arthington et al., 2018; Beever et al., 2014; Buxton et al., 2021; Twardek et al., 2021). 
Chapter 5 approaches the conservation implementation challenge from a network science perspective, investigating the structure of conservation decision maker networks and if selecting influential early adopters might improve diffusion throughout the network. There is a need to better understand the adoption dynamics of conservation programs globally to better inform conservation initiative design and implementation strategies (Garrick et al., 2020; Mahajan et al., 2021; Mills et al., 2019). This research found that despite differences in network structure and measures of influence, targeting influential individuals as early adopters of a simulated conservation initiative resulted in sharp improvements in the total number of adopters of the initiative. These findings are important because conservation practitioners could leverage network science approaches to target influencers from specific organizations as early adopters to boost the spread of  conservation initiatives (Barnes et al., 2016; Bennett et al., 2017; Tickner et al., 2020). Taken together, these two chapters present findings that help fill a crucial research gap on human dimensions of conservation initiative implementation. Both provide context as to why conservation initiatives may sometimes fail to become implemented, with chapter 4 highlighting identification of barriers, and chapter 5 highlighting an information diffusion problem. Overall, these two chapters should help conservation practitioners better understand how to study and integrate human dimensions into the design and implementation of conservation initiatives. 
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[bookmark: _Toc90025849]Figure S3-1. Difference in satisfaction level from the reservoir network optimization model (see section 2.4 in text) across the nine climate scenarios (GCMs top facet column, RCPs bottom facet column), six allocation scenarios (right series of facet rows, vertical axis value indicates difference from optimal allocation scenario), and five budget scenarios (left series of facet rows).
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[bookmark: _Toc90025850]Figure S3-2. Satisfaction value differences for societal and environmental water targets across the 26 reservoirs we consider in the reservoir network optimization model and global objective values (top left facet). Reservoir position is approximate (i.e., facets on the left side of the figure indicate western reservoirs, facets on the right side of the figure indicate eastern reservoirs, same for north, south, top, and bottom, respectively). Satisfaction value differences are for the equal allocation, and 1% budget scenario.
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[bookmark: _Toc90025851]Figure S3-3. Satisfaction value differences for societal and environmental water targets across the 26 reservoirs we consider in the reservoir network optimization model and global objective values (top left facet). Reservoir position is approximate (i.e., facets on the left side of the figure indicate western reservoirs, facets on the right side of the figure indicate eastern reservoirs, same for north, south, top, and bottom, respectively). Satisfaction value differences are for the equal allocation, and 20% budget scenario.
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[bookmark: _Toc90025852]Figure S3-4. Satisfaction value differences for societal and environmental water targets across the 26 reservoirs we consider in the reservoir network optimization model and global objective values (top left facet). Reservoir position is approximate (i.e., facets on the left side of the figure indicate western reservoirs, facets on the right side of the figure indicate eastern reservoirs, same for north, south, top, and bottom, respectively). Satisfaction value differences are averaged across each (4) single sector allocation scenarios allocation, and 1% budget scenario.
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[bookmark: _Toc90025853]Figure S3-5. Satisfaction value differences for societal and environmental water targets across the 26 reservoirs we consider in the reservoir network optimization model and global objective values (top left facet). Reservoir position is approximate (i.e., facets on the left side of the figure indicate western reservoirs, facets on the right side of the figure indicate eastern reservoirs, same for north, south, top, and bottom, respectively). Satisfaction value differences are averaged across each (4) single sector allocation scenarios allocation, and 20% budget scenario.
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1 Consent to Participate in Research at the University of Oklahoma [OU-NC IRB Number: 10670 Approval Date: 07/03/2019]     You are invited to participate in research about environmental flows in the Red River basin of Oklahoma and Texas. If you agree to participate, you will complete this online survey. There are no risks or benefits. Your participation is voluntary, and your responses will be anonymous. Your response is required for each question, however if you prefer not to provide an answer there are answer choice options to do so, or you can opt not to participate. Even if you choose to participate now, you may stop participating at any time and for any reason. Data are collected via an online survey system that has its own privacy and security policies for keeping your information confidential. No assurance can be made as to their use of the data you provide. If you have questions about this research, please contact:  Sean M. Wineland, seanwineland@ou.edu; 412-551-2893 or Dr. Tom Neeson, neeson@ou.edu You can also contact the University of Oklahoma – Norman Campus Institutional Review Board at 405-325-8110 or irb@ou.edu with questions, concerns, or complaints about your rights as a research participant, or if you don’t want to talk to the researcher. Please print this document for your records. By providing information to the researcher(s), I am agreeing to participate in this research. Do you consent to participate in this research?
Agree (1) 
Disagree (2) 

Skip To: End of Block If 1 = Agree
Skip To: End of Survey If 1 = Disagree
End of Block: Consent
Start of Block: Self-Identify
Q2 With what organization are you affiliated?
Oklahoma Water Resources Board (1) 
Oklahoma Department of Wildlife Conservation (2) 
Texas Commission on Environmental Quality (3) 
Texas Parks & Wildlife (4) 
Texas Water Development Board (5) 
United States Army Corps of Engineers (6) 
Altus-Lugert Irrigation District (7) 
Arbuckle Master Conservancy District (8) 
Foss Reservoir Master Conservancy District (9) 
Fort Cobb Reservoir Conservancy District (10) 
McGee Creek Authority (11) 
Mountain Park Master Conservancy District (12) 
Oklahoma Instream Flow Advisory Group - Consumptive Interests (13) 
Oklahoma Instream Flow Advisory Group - Non-Consumptive Interests (14) 
Other: (15) ________________________________________________

End of Block: Self-Identify
Start of Block: Environmental Flows Familiarity (Section 1)
Q3 Environmental flows describes the quantity, timing, and quality of water flows needed to sustain freshwater ecosystems and support human-related activities such as fishing, hunting, swimming, and boating. How familiar are you with the concept of environmental flows? 
Extremely familiar (e.g., conduct research on environmental flows, apply the concept to management) (1) 
Very familiar (e.g., work with environmental flows on a regular basis) (2) 
Moderately familiar (e.g., work with environmental flows on an intermittent basis) (3) 
Slightly familiar (e.g., have heard of the concept before) (4) 
Not familiar at all (e.g, have never heard of the concept before taking this survey) (5) 
Q4 How familiar are you with existing or proposed policies, programs, and regulations that aim to ensure adequate water for environmental flows? 
Extremely familiar (e.g., I directly work with environmental flows policies/programs everyday) (1) 
Very familiar (e.g, I work with environmental flows policies/programs indirectly)  (2) 
Moderately familiar (e.g., I sometimes work with environmental flows policies/programs as part of my job) (3) 
Slightly familiar (e.g., I have heard of environmental flows policies/programs but do not interact with them as part of my job) (4) 
Not familiar at all (e.g., I have never heard of environmental flows policies/programs prior to taking this survey) (5) 
End of Block: Environmental Flows Familiarity (Section 1)
Start of Block: Ecosystem and Societal Benefits (Section 2)
Q5 Please indicate the extent to which you agree or disagree with the following statements about environmental flows.

(A) Environmental flows can benefit aquatic life such as fish and freshwater mussels by providing sufficient  habitat (1)
(B) Environmental flows can benefit society through enhanced quality of life and recreational opportunities (2) 
(C) Environmental flows can benefit society by facilitating ecosystem services such as nutrient cycling (3)
	Strongly agree (8)
	Somewhat agree (9)
	Neither agree nor disagree (10)
	Somewhat disagree (11)
	Strongly disagree (12)



Q6 Please indicate the extent to which you agree or disagree with the following statements about current in-stream flows and the possibility of environmental flows policies and programs in the Red River basin of Oklahoma and Texas.
(A) Current flow conditions (without an environmental flows policy/program) are sufficient for aquatic life such as fish and freshwater mussels. (1)
(B) Current flow conditions (without an environmental flows policy/program) are sufficient to support water-related recreation (such as fishing, hunting, swimming, and boating) (2)
(C) Implementation of an environmental flows policy/program is only feasible in river basins where there is a surplus of water after human uses. (3)

	Strongly agree (8)
	Somewhat agree (9)
	Neither agree nor disagree (10)
	Somewhat disagree (11)
	Strongly disagree (12)



End of Block: Ecosystem and Societal Benefits (Section 2)
Start of Block: Water Issues and Climate Change (Section 3)
Q7 Please indicate the extent to which you agree or disagree with the following statements about water availability in the near future (next 5-10 years) in the Red River basin of Oklahoma
 and Texas
(A) There will likely be decreased water availability for societal (e.g., municipal, agricultural) uses. (1)
(B) There will likely be decreased water availability for environmental flows. (2)
(C) There will be likely be increased extreme flooding events. (3)
(D) There will likely be increased droughts. (4)
(E) There will likely be increased water-related conflicts. (5)
	Strongly agree (8)
	Somewhat agree (9)
	Neither agree nor disagree (10)
	Somewhat disagree (11)
	Strongly disagree (12)



Q8 Now thinking in terms of the potential water availability issues in the previous question, to what extent do you believe that climate change will be a driving factor of these issues in the near future (5-10 years)?
(A) Climate change will likely decrease water available for societal (e.g., municipal, agricultural) uses. (1)
(B) Climate change will likely decrease water available for environmental flows. (2)
(C) Climate change will likely lead to increased extreme flooding events. (3)
(D) Climate change will likely lead to increased drought. (4)
(E) Climate change will likely lead to increased water-related conflicts. (5)
End of Block: Water Issues and Climate Change (Section 3)
Start of Block: Opinions (Section 4)
Q9 In your opinion, would regulations that require river flows to achieve environmental flow targets conflict with your agency's management and regulatory priorities?
Yes (1) 
No (2) 
Q10 In your opinion, should an environmental flows policy/program be adopted in the Red River Basin of Oklahoma and Texas?
Yes (1) 
No (2) 

End of Block: Opinions (Section 4)
Start of Block: Barriers to implementation (Section 5)
Q11 Please indicate the extent to which you think the following are barriers to implementing an environmental flows policy/program.
(A) Lack of communication among decision-makers and stakeholders (1)
(B) Beliefs that societal water needs are more important than environmental water needs (2)
(C) Lack of awareness of the societal and environmental benefits 3)
(D) Lack of funding (4)
(E) Lack of societal water use data (5)
(F) Lack of hydrologic data (6)
(G) Lack of biological/ecological data (7)
(H) Lack of data on the benefits to society provided by environmental flows (8)
(I) Lack of data on the economic benefits of environmental flows (9)
(J) Other, please explain: (10)

	Not a barrier (275)
	Somewhat of a barrier (276)
	Moderate barrier (277)
	Serious barrier (278)


Q12 In your opinion, which of the following are reasons why it might not be appropriate to implement an environmental flows policy or program in the Red River basin of Oklahoma and Texas? Select all that apply.
	
	Select all that apply. (40)

	Government regulations/policies may not be the best tool for ensuring adequate instream flows (1) 
	

	Possible infringement on private water rights (2) 
	

	Water users in my district/region oppose environmental flows policies/programs (3) 
	

	Consumptive societal water needs should take priority over environmental flows during drought conditions (4) 
	






Q12 If you have a response that differs from the above answer choices or that you believe should be included, please describe it below:
________________________________________________________________
End of Block: Barriers to implementation (Section 5)
Start of Block: Data Needs (Section 6)
Q13 In your opinion, what information is most needed for decision-makers to incorporate environmental flows in water management decisions in the Red River basin of Oklahoma and Texas? Drag the items to rank the following data needs in order of importance (1= most important, 7 = least important). 
______ Hydrologic (e.g., surface and groundwater flows, water availability) (1)
______ Water demand (e.g., current and future projections of area-specific water demand) (2)
______ Stakeholder willingness to participate (e.g., municipal, agricultural, and industry water users) (3)
______ Biological/ecological data on environmental flow needs (e.g., reach-specific flow targets to sustain species) (4)
______ Data on recreational/tourism environmental flow needs (e.g., flow targets to sustain recreational boating/fishing) (5)
______ Ecosystem services derived from environmental flows (e.g., natural processes sustained by environmental flows) (6)
______ Economic benefits of environmental flows (e.g., economic analysis of the value of environmental flows) (7)
Q13 If you have a response that differs from the above answer choices or that you believe should be included, please describe and indicate its rank below:
________________________________________________________________
End of Block: Data Needs (Section 6)
Start of Block: Preference of Environmental Flows Program (Section 7)
Q14 In your opinion, please indicate to the extent you think the following types of environmental flow policies or programs would be feasible to implement in the Red River basin of Oklahoma and Texas.
Regulatory (Mandate some numeric standard amount of water be released from a reservoir through a legislative mandate) (1)
Water trading (Permanent or temporary transfer of water rights in exchange for some form of compensation) (2)
Payment for ecosystem services (Payment to a land or resource manager in exchange for a guaranteed flow of environmental services) (3) 
Emergency response (Water must be released from a reservoir when water levels get too low or temperatures too high in downstream ecosystems) (4)
Voluntary (Water users agree to give up some amount of their allocated water to support downstream aquatic ecosystems with no compensation - can be implemented at sub-basin scale) (5)
New permit consideration (All new permit applications are reviewed for their impact on some standard set in that given basin. This is the current method in TX.) (6)

	Very feasible (11)
	Somewhat feasible (12)
	Neutral (13)
	Somewhat unfeasible (14)
	Not feasible (15)


Q14 If you have a response that differs from the above answer choices or that you believe should be included, please describe and indicate its feasibility below:
________________________________________________________________
End of Block: Preference of Environmental Flows Program (Section 7)
Start of Block: Communication Network (Section 8)
Q15 Over the last year, as part of your job, how often have you communicated with any of these agencies/organizations about water management in the Red River Basin of Oklahoma and 
Texas?
Oklahoma Water Resources Board (1) 
Oklahoma Department of Wildlife Conservation (2)
Texas Commission on Environmental Quality (3) 
Texas Parks and Wildlife (4) 
Texas Water Development Board (5) 
United States Army Corps of Engineers (6) 
Altus-Lugert Irrigation District (7) 
Arbuckle Master Conservancy District (8) 
Foss Reservoir Master Conservancy District (9) 
Fort Cobb Reservoir Conservancy District (10) 
McGee Creek Authority (11) 
Mountain Park Master Conservancy District (12) 
Oklahoma Instream Flow Advisory Group (13) 
Other: (14)

	Once a week or more (1)
	Monthly (2)
	Once every 3 months (3)
	Once a year (4)
	Not at all (5)
	This is my own organization (6)


End of Block: Communication Network (Section 8)
Start of Block: Decision Support Tool (Section 9)

Q16 Consider being provided with a decision-support tool that could help you or your agency make decisions about water management. For the below questions, please indicate how helpful the information would be to making decisions about environmental flows.
(A) Priority areas for environmental flows to be established based on water availability and the economic, ecological, and societal benefits of environmental flows (1)
(B) Projections of water availability under future climate scenarios (2)
(C) Priority areas for aquatic species conservation based on future range shifts under climate scenarios (3)

	Very useful (1)
	Somewhat useful (2)
	Slightly useful (3)
	Not at all useful (4)



Q17 Would you be willing to watch a 5-minute video on how to use the decision-support tool if you were provided with it?
Yes (1) 
No (2) 
Q18 Would you be willing to attend a one-day workshop to learn how to apply the decision-support tool if you were provided with the opportunity?
Yes (1) 
No (2) 

End of Block: Decision Support Tool (Section 9)
Start of Block: Additional Questions (Section 10)
Q19 In your opinion, what do you believe are some of the most important reasons why individual water users would or would not be willing to support environmental flows policies or programs? A response is not required but requested.
________________________________________________________________
Q20 Please feel free to share anything else you think we should know about your decision-making process as it relates to environmental flows. A response is not required but requested.
________________________________________________________________
End of Block: Additional Questions (Section 10)
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[bookmark: _Toc90025854]Figure S5-1.) Correlation matrix between IVI and common network centrality metrics for the regional Red River network (n=24 nodes). Blank cells indicate an insignificant Pearson’s correlation coefficient (p > 0.05). 
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[bookmark: _Toc90025855]Figure S5-2. Relationship between the mean influence spread from using random seed nodes in the Monte-Carlo simulation (n = 1000) and the Integrated Value of Influence (IVI) for each node (points) in the regional Red River network (n = 24). Error bars indicate ± 1 standard deviation. 
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[bookmark: _Toc90025856]Figure S5-3. Correlation matrix between IVI and common network centrality metrics for the national Sustainable Rivers Program (SRP) network (n=426 nodes). Blank cells indicate an insignificant Pearson’s correlation coefficient (p > 0.05). 
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[bookmark: _Toc90025857]Figure S5-4. Relationship between the mean influence spread from using random seed nodes in the Monte-Carlo simulation (n = 1000) and the Integrated Value of Influence (IVI) for each node (points) in the national Sustainable Rivers Program (SRP) network (n = 24). Error bars indicate ± 1 standard deviation. 
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Question 5

Please indicate the extent to which you agree or disagree with the following statements about environmental flows: (A) - Environmental flows
can benefit aquatic life such as fish and freshwater mussels by providing sufficient habitat, (B) - Environmental flows can benefit society
through enhanced quality of life and recreational opportunities, (C) - Environmental flows can benefit society by facilitating ecosystem services
such as nutrient cycling
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Question 6

Please indicate the extent to which you agree or disagree with the following statements about environmental flows: (A) - Current flow
conditions are sufficient for aquatic life such as fish and freshwater mussels, (B) - Current flow conditions are sufficient to support
water-related recreation (such as fishing, hunting, swimming, and boating), and (C) - Implementation of an environmental flows
policy/program is only feasible in river basins where there is a surplus of water after human uses
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Question 7 (A)

Please indicate the extent to which you agree or disagree with the following statements about water availability in the near future (next 5-10 years) in the Red

River basin of Oklahoma and Texas
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Question 11

Please indicate the extent to which you think the following factors are barrlers to implementing an environmental flows policy/program
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Question 13
In your opinion, what information is most needed for decision makers to incorporate

environmental flows in water management decisions in the Red River basin of Oklahoma
and Texas? (1 = most important, 7 = least important)

~

[Stakeholder Willingness |

»

[Recreational Flow Needs|

(¢)]

Ecosystem Services|

q e
.\

. (Economic Benefits]

Biological Flow Needs)
Hydrologic

w

N

Cluster 2 (Bearish) Average Ranking)
N

1 2 3 4 5 6 7
Cluster 1 (Bullish) Average Ranking




image17.jpeg
‘MPMCD USACE,

@ Cluster 1-Buliish

@ Cluster 2 - Bearish

) Declined Participation
Frequel Communication

= ®
USFWS|
OKISF - NCI|




image18.png
Organization
Type

@ rederal
© university
@ nNeo
) other
© Local
@ state





image19.png
300

200

100

300

200

100

JUNOD) BPON

®
35
®
®
®
®
o 2
®
®
®
®
o =
®
®
®
®
| -LO
®
00 oo © ¢
®
®
| | | -O | | | | |
o LO o LO o o LO o LO o
S ™ 0 N S A~ O ™ 0 N S
~— o o ) o <~ o o ) o
Aouanbalq aAne|nwng
O
AN
0 |
O ﬁ
STe) 7
o o o o
; _ _ ! _ QO O o O
00 (o < AN ) ~— ~—

Degree (k)




image20.png
Total Activated Nodes

Regional Red River Basin Network (n=24)

Random Maximum Activation
251 _
3
Q
20+ 8
g
151 )
104 o
0
w
51 8
(=%
[u]
0_
254
g -
20 ""\4\ o
154 =
\ ;
101 \ g
N 2
57 N =
0.
National Sustainable Rivers Program Network (N=426)
Random Maximum Activation
4001 g
[0}
el
300 3
(=%
[
200 g
o
Q
100+ 8
Q
Q
04 ]
4001
=
3
300 2
3
200+ =
¢
100 3
(o}
0_

0105123456789 .0051.23.45046.7.23

w0

Activation Probability (IC) or Threshold (LT)

[ B N O NN




image21.png
Total Activated Nodes

IVl Seed Selection

CELF++ Seed Selection

Random Influential Random Influential
25 g
20 3
15 é
E
10 o
]
5 Q
<8
0 @
25

20 %
s -
E
10 \ \ z
5 \'QEL— N 3
- =

012 ¢
400 %
b1
300 2
@
200 %
100 2
5

0
400 -
300 g
3
200 2
100 \ 2
NN —i a
0

A

2345673809

A

2345867389

A

23458673809

Activation Probability (IC) or Threshold (LT)

A

234586.738.09

@ s oo o

18
36
53
7
88




image22.png
Satisfaction Value Difference

CCsM4

MIROC5

MPI_ESM_LR

2.6

4.5

8.5

2.6

4.5

8.5

2.6

4.5

8.5

e

%l

%S

%01
a|geynb3g

J

%S

r

%02

%l

%S

%01
|ediouniy|

%S

%02

%l

%S

%01
[ewmsnpu|

%S

%02

%l

%S

%01

%S

%02

uonebi|

%l

%S

%01

%S

e N e I

15 e I S

%02

Buiupy

. E-Flows Satisfaction

. Municipal Satisfaction
. Industrial Satisfaction
. Irrigation Satisfaction
[]

Mining Satisfaction




image23.png
Satisfaction Value Difference From Optimal Scenario

Equal Allocation Scenario, Average Across Climate Scenarios, 1% Reduction
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Satisfaction Value Difference From Optimal Scenario

Equal Allocation Scenario, Average Across Climate Scenarios, 20% Reduction
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Satisfaction Value Difference From Optimal Scenario

Average Across Single Sector Allocation and Climate Scenarios, 1% Reduction
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Red River Network, Random, Independent Cascade, 1 Initial Seed
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SRP Network, Random, Independent Cascade, 1 Initial Seed
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