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Environmental flow programs aim to protect aquatic habitats and species while recognizing competing water demands. Often this is done at the local or watershed level because it is relatively easier to address technical and implementation challenges at these scales. However, a consequence of this approach is that ecological flow criteria are developed for only a few areas as dictated by funding and interest with many streams neglected. Here we discuss the collaborative development of the California Environmental Flows Framework (CEFF) as an example process for developing environmental flow recommendations at a statewide scale. CEFF uses a functional flows approach, which focuses on protecting a broad suite of ecological, geomorphic, and biogeochemical functions instead of specific species or habitats, and can be applied consistently across diverse stream types and spatial scales. CEFF adopts a tiered approach in which statewide models are used to estimate ecological flow needs based on natural functional flow ranges, i.e., metrics that quantify the required magnitude, timing, duration, frequency, and/or rate-of-change of functional flow components under reference hydrologic conditions, for every stream reach in the state. Initial flow needs can then be revised at regional, or watershed, scales based on local constraints, management objectives, and available data and resources. The third tier of CEFF provides a process for considering non-ecological flow needs to produce a final set of environmental flow recommendations that aim to balance of all desired water uses. CEFF was developed via a broad inclusive process that included technical experts across multiple disciplines, representatives from federal and state agencies, and stakeholders and potential end-users from across the state. The resulting framework is therefore not associated with any single agency or regulatory program but can be applied under different contexts, mandates and end-user priorities. The inclusive development of CEFF also allowed us to achieve consensus on the technical foundations and commitment to applying this approach in the future.
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INTRODUCTION
For decades, river scientists have been working to understand the quantity, quality, and timing of flows needed to sustain healthy river ecosystems. This work has resulted in the development of approaches for defining enviornmental flows that recognize the importance of natural flow variability and ecosystem functions (Poff et al., 2010; Richter et al., 2012; Horne et al., 2017). In addition to the direct, predictable impacts of flow changes on ecological condition (Poff et al., 1997; Bunn and Arthington 2002; Arthington 2012), researchers have increasingly recognized the role of other factors in mediating the relationship between flow and ecology, including the physical form and structure of the stream channel, impairments to water quality, and biological interactions among species (Beechie et al., 2010; Wohl et al., 2015; Yarnell et al., 2015; Mazor et al., 2018). As a result, researchers and water resource managers have advocated for holistic environmental flow assessment methods designed to support physical, chemical, and biological functions of streams that, in turn, sustain ecosystem health (Poff and Matthews 2013; Palmer and Rui 2019; Tickner et al., 2020). Despite these scientific advances, assessing environmental flows in a holistic manner faces significant obstacles. Many of the holistic approaches used to develop ecological flow needs (or requirements) are extremely complicated and difficult to implement, require significant funding, and are limited to local sites and not readily transferable (Chen and Olden, 2018). Thus, managers continue to use relatively simple affordable tools that focus on the needs of a single species or life stage and fail to address the spatial complexity and/or temporal variability required for a healthy river ecosystem (Arthington et al., 2006; Meitzen et al., 2013; Horne et al., 2019).
In addition to the technical challenges of assessing environmental flows, implementation faces significant socio-economic and regulatory barriers. In most rivers, ecosystem water needs must be balanced with legal requirements, public health and safety requirements, and social values and priorities for water, including other human uses. The process of developing environmental flow recommendations often requires lengthy public proceedings that can take years to resolve. As a result, only a small fraction of the world’s rivers has formal protections of environmental flows (Smakhtin et al., 2004; Tickner et al., 2020). There remains a need to accelerate implementation and improve the effectiveness of environmental flows in supporting the ecological health of rivers and streams (Reid et al., 2019; van Rees et al., 2021). In particular, water managers need a consistent approach for transforming complex environmental data into scientifically defensible, easy-to-understand environmental flow recommendations that are effective in supporting a broad range of ecosystem functions and preserving the multitude of benefits provided by healthy rivers and streams.
The challenges of developing ecologically protective, implementable, environmental flow recommendations can be exacerbated in drier climates, regions that support sensitive species or habitats, and areas with high levels of competition for water resources (Arthington et al., 2012; Horne et al., 2017; Tickner et al., 2020b). California is emblematic of these challenges due to its expansive water infrastructure and over-allocated surface water supplies (Grantham and Viers 2014), in addition to high regional-scale diversity of climate, geology, and elevation that supports diverse stream types with highly variable flow regimes (Ode et al., 2016; Lane et al., 2017). Intense human water-use pressures, coupled with high geographic diversity, broad range of management needs (e.g., urban water supply, agriculture, forestry, fisheries management, species protection), and a complex and highly fractured governance structure has resulted in piecemeal approaches to establishing environmental flow recommendations across the state, making development of a statewide environmental flows program particularly daunting.
In 2017, a collaborative team of agency personnel, academic researchers, and non-governmental organization scientists from across the state of California formed an Environmental Flows Workgroup to create a framework for developing environmental flow recommendations statewide. The goal of the workgroup was to develop a shared, scientifically defensible approach to protecting river ecosystems that would be flexible enough to be used statewide by a variety of different stakeholder groups. The workgroup also explicitly sought to incorporate a holistic understanding of flows needed to sustain the physical, biological, and chemical functions of streams in a way that was easily accessible to managers. Finally, the workgroup focused on building an inclusive process that incorporated feedback throughout to ensure that the final product was useful and useable by the target end user community. The workgroup built on a 2014 review of methods for establishing environmental flow needs (Dahm et al., 2014), that included consideration of the Instream Flow Incremental Methodology (IFIM) and the Ecological Limits of Hydrologic Alteration (ELOHA). The review recommended a regional approach that draws from the strengths from these two methods and includes a hydrologic classification and analysis, site specific fieldwork and extrapolation, definition of environmental flow regime, interaction between scientists and stakeholders, as well as an adaptive management protocol.
The result of this effort is the California Environmental Flows Framework (CEFF; CEFWG 2020). While developed for California, CEFF provides a case study to illustrate how large-scale environmental flow programs can be designed in a technically defensible and practically implementable manner. This paper presents the guiding principles and approach underlying CEFF and describes a process for stakeholder coordination, initial testing, and outreach that may be instructive for other large-scale programs. We also outline ongoing challenges for successful long-term implementation, foremost of which is ensuring the technical and policy infrastructure to support CEFF is established in a manner that accomplishes the overall goals of resource protection and sustainable water use with opportunities for adaptive management and refinement over time.
GUIDING PRINCIPLES FOR DEVELOPING THE CALIFORNIA ENVIRONMENTAL FLOWS FRAMEWORK
Key objectives of CEFF are to provide a consistent approach and set of tools for developing environmental flow recommendations across California’s diverse landscape; incorporate a more holistic understanding of flow and the physical, biological, and chemical functions it sustains in a way that is accessible to managers; standardize, streamline, and improve transparency of environmental flow assessments; provide flexibility to accommodate diverse management goals and priorities; and improve coordination and data sharing among management agencies and other stakeholders. To realize these objectives, CEFF development was guided by the following key principles.
Functional Flows Approach
Functional flows are distinct aspects of a natural flow regime that sustain the ecological, geomorphic, and biogeochemical functions upon which native aquatic communities depend (Escobar-Arias and Pasternack 2010; Yarnell et al., 2015). By focusing on the functions provided by flow variability within and among seasons, functional flows offer a more effective means of improving river ecosystem health than conventional approaches (Grantham et al., 2020). Conventional environmental flow approaches often focus on species-specific or life-stage specific flow requirements (e.g., Bovee 1982) or seek to explicitly link individual flow metrics to specific ecological response metrics (e.g., Poff et al., 2010). By omitting consideration of other aquatic species, community interactions, the physical landscape, and physical or chemical processes, these traditional approaches are typically not protective of the broader river ecosystem over large spatial or temporal scales. In contrast, a functional flows approach characterizes key flow components, via a suite of flow metrics, that are ecologically protective across rivers and species (Yarnell et al., 2020), and thus provides a mechanism to address a diversity of stream types and management needs within a large-scale environmental flow program.
A functional flows approach supports overall ecological function by identifying the components of the annual hydrograph necessary to support geomorphic and biological processes. This approach recognizes that all components of the natural flow regime are necessary to support freshwater biodiversity (Bower et al., 2021) and that different elements of the flow regime work together to support diverse species assemblages (Figure 1; Yarnell et al., 2015, 2020). The approach emphasizes both intra- and inter-annual flow variability and spatial heterogeneity of flow needs; for example, flows necessary to support floodplain inundation in low gradient systems may be different from flows necessary to support sediment movement in higher gradient systems. Similarly, higher spring flows in wet years may better support native fish communities, while lower spring flows in dry years may be more advantageous to native amphibians. A function-based approach is also critical for accommodating non-stationarity in environmental conditions associated with shifting climatic patterns. Poff (2017) emphasizes that to provide for long-term resiliency, environmental flows must evolve from state-based to process-based approaches that are both temporally and spatially variable and account for “non-flow” factors such as temperature and sediment.
[image: Figure 1]FIGURE 1 | Schematic representation of an idealized annual hydrograph associated with key physical processes (yellow bars) and species needs (green arrows) that are supported by functional flows. Modified from Yarnell et al., 2010.
The focus on function also provides more flexibility as managers work to balance ecological and non-ecological needs. Rather than prescribing specific daily or monthly flows, the approach provides seasonal ranges and prioritizes flows to support ecological functions. For example, managers could evaluate a range of scenarios with variable flow timing and magnitude to achieve the function of providing migration cues for anadromous species, rather than attempting to implement a single static value. The focus on function allows environmental water to be targeted to specific times of the year where flows will have the greatest environmental benefit. It also recognizes that most native aquatic species are adapted to the natural flow variability that maintains physical processes supportive of key life history needs (e.g., periodic overbank flooding that fills breeding pools on the floodplain) and reduces suitability for invasive species. Moreover, functional flows can be managed over multiple years, providing the flexibility to emphasize ecological uses in some years while allocating more water for other uses in other years, thereby limiting impacts to long-term stream health.
Consistent Statewide Approach
A consistent statewide approach lowers the barriers to implementation of more holistic environmental flows and promotes consistency and transfer of knowledge across individual applications. Providing readily accessible tools (and models) allows for evaluation of ecological flow needs in any watershed or region of the state regardless of the level of available data or local expertise (Grantham et al., 2021). Previously, most commonly used tools for rapidly determining ecological flow needs in California were based on a percentage of unimpaired flow (Tessman, 1980). Although easy to apply, these approaches often fail to support a broad suite of ecological functions and can result in inefficiencies in water allocation that foster conflicts between competing water demands. CEFF can be used to determine function-based ecological flows in watersheds across the state and be adapted to a variety of management contexts. These statewide tools make it possible for state, regional, or watershed agencies and programs to rapidly develop environmental flow recommendations that support a broad suite of ecological and geomorphic functions for their location of interest. Consistent assessment approaches can also be helpful in illustrating the connections between hydrology and ecology in a manner that is accessible to local managers and stakeholders and can encourage deeper investigation based on local priorities and resources. When implemented, innovations and expansions developed to support local uses can be incorporated back into the statewide framework, allowing it to continue to evolve and improve.
Tiered Structure
A tiered approach provides a consistent foundation that is broadly applicable as well as mechanisms for expansion and intensification to meet local and regional needs. Many programs aim to establish environmental flow recommendations to balance water needs associated with agricultural production, urban water demands, groundwater management, energy production, or other uses. Availability of data and tools, as well the level of detail necessary to conduct tradeoff analysis, may vary across programs (or regions). Opperman et al. (2018) developed a tiered approach to developing environmental flow recommendations by beginning with desktop analyses and incorporating additional data and resources as needed. We have expanded on the concept by providing the predicted natural range of functional flow values as a starting point for ecological flow needs that can be readily applied across an entire region or state. The tiered approach also provides transparency around management objectives at each tier of the framework, by providing an “ecological-only” management scenario based on natural functional flow components in the first tier, the ability to account for local circumstances (e.g., altered sediment regimes, channel incision, invasive species, water quality) in the second tier if needed, and specific management objectives for balancing ecological outcomes and human water needs in the third tier.
CEFF is structured so that managers can choose to develop environmental flows using a readily available statewide functional flows dataset (Grantham et al., 2021), or can draw extensively on site-specific information, depending on need and data availability. The first tier allows for rapid determination of ecological flow needs for all stream reaches in the state through the application of statewide models that provide estimates of natural flow ranges. This consistent process lowers barriers to initial development of environmental flow programs associated with insufficiency of local data. In areas where potential for conflict with other water uses is low, the first tier products based on natural flows may be sufficient and/or may provide interim flow recommendations until additional data or models can be developed. The second tier allows for consideration of local physical or biological conditions that require additional analysis to increase certainty in ecological flow needs; this may be particularly important in areas where the potential for conflict with other uses is high. The third tier guides managers through a process to develop final environmental flows that evaluates trade-offs between human and ecological needs, when necessary. Human water needs only inform the third tier, so the tiered structure also clearly distinguishes the scientific process of determining ecological flow needs from the sociopolitical process of balancing ecological and non-ecological water demands.
Broad Applicability Across Programs
California has a diverse set of local agencies, water users, stakeholders, and other parties that are involved with and affected by environmental flow decisions. An environmental flows framework must be robust enough to apply across numerous programs with different mandates and objectives. Existing laws, policies, and processes focused on water quality, water supply, and habitat often also relate to environmental flows resulting in piecemeal and uncoordinated approaches. Furthermore, state and local ordinances may have competing objectives that can constrain environmental flow implementation (e.g., stormwater management, wastewater discharge requirements, water recycling policies). California’s “first in time, first in right” system of water rights, combined with overallocation of many river systems, has led to conflict among water users that does not fully integrate ecosystem needs (Grantham and Viers, 2014). For an environmental flows framework to be successful over the long-term, it must be flexible enough to be applied to address a broad range of management needs, such as stream restoration, dam releases, fisheries management, water recycling, and groundwater recharge. Broad applicability helps ensure that the framework is not “owned” by any one agency or program, but is a product of the collective, allowing a consistent set of tools and approaches to be more uniformly applied.
Stakeholder-Driven Process
Early, ongoing, and transparent interaction with stakeholders improves trust and helps to build agreement on key management objectives and approaches to meet them. Past studies have shown that analytical results alone cannot produce decisions (Failing et al., 2013); decisions are the product of stakeholder values. Stakeholder factions often have different values based on both cognitive and emotional perspectives. Successful development and implementation of an environmental flows program requires mechanisms for coordination among agency programs to achieve consensus on a technical approach and for providing maximum transparency and opportunity for engagement by the larger stakeholder community.
Hall et al. (2021) lay out a process for meaningful public engagement in the scientific process. They argue that useful public participation in science is not a function of simply asking for assistance, but a function of relationships of trust and respect earned over time. Researchers must commit themselves to cultivating on-going relationships with a broad array of community members (Burdett et al., 2021; Golladay et al., 2021), and these relationships cannot solely be based on researchers’ needs. Instead, relationships should be built on mutual understanding that emerges when research design and execution are informed by community members’ place-based experiences. An example of broad stakeholder coordination is development of the Nile Basin Initiative (NBI 2017), arguably, one of the most ambitious environmental flows efforts globally. The Nile Basin Initiative produced a 10-year strategy among ten member states to achieve sustainable water use through equitable utilization of water resources. Development of the NBI was a broadly inclusive process that resulted in six goals that address agricultural, ecological, hydropower, and socioeconomic interests.
Stakeholders may not always come to consensus on the trade-offs inherent in choosing a set of environmental flow recommendations for implementation, but clarity around management objectives and trade-offs provides transparency for how decisions are made and a framework for adaptive management if management objectives are not fully achieved.
CALIFORNIA ENVIRONMENTAL FLOWS FRAMEWORK DEVELOPMENT PROCESS
CEFF was developed through multiple layers of collaboration and coordination with technical experts, key agencies, and potentially affected stakeholders based on the guiding principles discussed above. Technical development was led by a cross-disciplinary team of scientists and engineers working collaboratively with environmental flow practitioners from state agencies. The team drew from environmental flow experiences around the world to develop an approach that is both rigorous and practical. The broad technical expertise and experiences of the development team included hydrology, geomorphology, ecology, modeling, and statistical analysis. Proposed technical approaches were vetted through agency experts to ensure that the ultimate framework and products were compatible with agency mandates and implementation capability. The key elements of success of this group were the close working relationship between agency and outside technical experts, including shared workloads, consistent sharing of data and technical outputs, and routine communication. This produced a level of understanding and trust among the technical workgroup and fostered broader outreach to other technical experts around the state. Ultimately, this led to CEFF being a product of the collective and not a product of any single agency or program.
Agencies with traditionally different objectives were involved throughout the development of CEFF, including the State Water Resources Control Board, which is responsible for balancing human and ecological water needs, and the California Department of Fish and Wildlife, which determines flow needs in streams and rivers for fish and wildlife. Because CEFF was not developed to support any one regulatory program and is not a regulatory tool, agencies had the opportunity to co-develop CEFF so that it could be applied across a variety of contexts and augmented to meet their program-specific needs. For example, the California Department of Fish and Wildlife is using CEFF products to inform the development of ecological flow criteria for priority watersheds when site-specific data are unavailable, or site access is limited; they have also used CEFF tools to complement some of their site-specific technical studies. The State Water Board is using CEFF to inform allowable water withdrawals associated with cannabis cultivation and diversions of treated wastewater associated with the State’s Recycled Water Policy. Involvement of multiple agencies throughout the process ensured that the final products would be useful in addressing a broad range of mandates and helped spread funding and program management costs and responsibilities among programs.
Technical development of CEFF was coupled with a broad stakeholder engagement process centered around a statewide environmental flows workgroup. This workgroup was established by the State’s Environmental Protection and Natural Resources agencies as a forum for discussion of assumptions and approaches used during CEFF development. This workgroup includes federal, state, and local agency representatives, watershed groups, and other entities involved in developing and implementing environmental flow programs at the watershed or regional level, and it was co-chaired by the State Water Resources Control Board and the California Department of Fish and Wildlife. The workgroup provided a mechanism for feedback from a variety of stakeholders and instream flow practitioners during the formative stages of CEFF development. The technical development team presented draft technical products and discussed alternative approaches at each step. Iterative adjustments were made to address stakeholder questions and concerns throughout the development process.
As part of stakeholder coordination, several watershed groups partnered with the development team to conduct “proof of concept” investigations. These initial applications were critical in helping to refine the approach in a way that could be implemented across the diverse climatic and physical landscape of California. For example, several watershed groups used CEFF to determine ecological flow needs for the Cosumnes River in the Central Valley agricultural region to be used in future flow negotiations and paired this work with other efforts to address groundwater sustainability in the watershed. In southern California, CEFF was used in the urbanized San Juan Creek watershed management area to prioritize streams for restoration based on locations where restoring functional flows would result in greatest ecological gain (Irving et al., 2021) and to develop refined ecological flow needs that consider altered physical habitat (Taniguchi et al., 2021). Partnering with local workgroups provided a mechanism to determine the ability for CEFF to accommodate the vast array of local circumstances and provide feedback to the overall statewide approach to facilitate maximum applicability. At the same time these local groups help build a broad constituency for CEFF and a level of trust in the underlying technical foundation. Ultimately, the aim is to have this network provide “bottom-up” support for ongoing implementation of CEFF in concert with the relatively “top-down” approach used during the development phase. This hybrid approach has proven to be successful over the long term by reducing resistance to pure command-and-control approaches and ensuring that specific social, cultural, and economic considerations are accounted for in program implementation (Yohannes 2001; Chiranjeewee and Vacik 2012).
OVERVIEW OF THE CALIFORNIA ENVIRONMENTAL FLOWS FRAMEWORK
The technical approach of CEFF is based on functional flows–i.e., distinct aspects of a natural flow regime that sustain ecological, geomorphic, or biogeochemical functions, and that support the specific life history and habitat needs of native aquatic species (Yarnell et al., 2015). Most California streams have five functional flow components that support several critical physical, biogeochemical, and biological functions that maintain river ecosystem’s health and satisfy life history requirements of native species (Figure 2; Yarnell et al., 2020):
• Fall pulse flow: Following first major storm event at the end of dry season
• Wet-season peak flow: Coincides with the largest storms in winter
• Wet-season baseflow: Sustained by overland and shallow subsurface flows in the periods between winter storms
• Spring recession flow: Represents the transition from the wet to dry season and is characterized by a steady decline of flows over a period of weeks to months
• Dry-season baseflow: Sustained by groundwater inputs to rivers
[image: Figure 2]FIGURE 2 | Functional flow components for California depicted on a representative hydrograph. Blue line represents median (50th percentile) daily discharge. Gray shading represents 90th to 10th percentiles of daily discharge over the period of record (Yarnell et al., 2020).
Managing for these five functional flow components preserves essential patterns of flow variability within and among seasons, but it does not mandate either the restoration of full natural flows or maintenance of historical ecosystem conditions. Although the five natural functional components of flows are recognized in all of California’s rivers, their flow characteristics–magnitude, timing, frequency, duration, and rate of change–vary regionally. For example, the spring recession flow component will have a larger magnitude and longer duration for snowmelt-dominated rivers in the Sierra Nevada than for the flashy, ephemeral rivers in the South Coast. Characteristics of the functional flow components also vary by water year type (e.g., wet, moderate, dry). These functional flow components can be quantified by a suite of functional flow metrics—quantitative measures of the flow characteristics of each of the five functional flow components—that reflect the natural diversity in flow characteristics throughout the state.
CEFF uses a tiered approach that begins with general statewide environmental flow recommendations based on natural hydrology, progresses through site-specific adjustments, and finally reconciles with non-ecological flow needs (Figure 3). The first two sections focus on development of consistent, scientifically-supported estimates of ecological flow needs, expressed as quantifiable metrics that describe ranges of flows that must be maintained within a stream and its margins to support the natural functions of healthy ecosystems. The final section provides a process whereby non-ecological management objectives, including water needs for people, are evaluated and a final set of environmental flow recommendations are produced. An example output of CEFF is shown in Table 1. The final framework does not prescribe flows that must be implemented, but instead outlines a method for quantifying flows that support ecological function and assessing trade-offs among multiple competing objectives to meet the needs of different stakeholder groups.
[image: Figure 3]FIGURE 3 | An overview of three sections of the California Environmental Flows Framework, with the key questions addressed in each section.
TABLE 1 | Example output from CEFF process showing environmental flow recommendations for a subset of functional flow metrics. Ranges of flow recommendations shown in parentheses allow for accommodation of natural variability and different water year types.
[image: Table 1]CEFF Section A-Identify Ecological Flow Needs Based on Natural Functional Flows
Section A of CEFF provides guidance for evaluating ecological flow needs based on natural functional flow metrics. Natural functional flow metrics have been quantified for all stream reaches in California (Patterson et al., 2020; Grantham et al., 2021). Reference expectations are generated by a statewide model of reference hydrology that is based on physical and climatic watershed characteristics and provide a consistent starting point for all environmental flow assessments. The flow metrics produced by the statewide model account for streams in different climatic or physiographic settings that will have inherently different natural flow regimes, such as the relative contribution and timing of rainstorms, snowmelt runoff, and groundwater discharge, all of which affect biological community composition (Lane et al., 2018).
The outcome of Section A is a set of values for natural functional flow metrics that characterize the natural variability in flow that supports essential ecosystem functions. The user will also have evaluated whether there are non-flow mediating factors, such as altered physical habitat or water quality impairments, that could limit the effectiveness of the natural range of functional flow metrics in supporting ecosystem functions. If limiting factors are identified for one or more flow components, the user should proceed to Section B to refine ecological flow needs for the subset of functional flow components for which natural flows are unlikely to support ecosystem functions. If no additional limiting factors are identified, the user can proceed to Section C to develop final environmental flow recommendations.
CEFF Section B-Refine Ecological Flow Needs for Components Requiring Additional Consideration
Section B of CEFF provides guidance for determining if non-flow impairments–such as altered physical habitat, poor water quality, or invasive species–require further consideration because the natural range of functional flow metrics may fail to support desired functions. Section B allows users to account for site-specific non-flow impairments that may change the relationship between reference-based flow metrics and ecological outcomes. This involves developing conceptual models, compiling data and information, and performing quantitative analyses to assess the relationship between functional flow components and ecosystem responses relevant to ecological management goals (Figure 4). The user performs a detailed analysis of the linkages between flow, physical habitat, water quality, and biological interactions to refine ecological flow needs for the functional flow components requiring additional consideration. For example, consideration of floodplain inundation during peak flood flows in an incised channel may require site-specific data and detailed flow-ecology relationships to refine the initial set of ecological flow needs to support ecological functions either combined with channel restoration or without it. At the end of Section B, these refined needs are combined with those developed in Section A to define a full set of ecological flow needs associated with all functional flow components.
[image: Figure 4]FIGURE 4 | Generic conceptual model demonstrating relationships between a functional flow component, ecosystem functions, and ecological response as mediated by factors such as physical habitat, water quality, and biological interactions.
CEFF Section C-Developing Environmental Flow Recommendations
Section C outlines a process for developing environmental flow recommendations that balance ecological management goals with other non-ecological water management objectives, such as human uses. This section represents a transition from a scientific process, in which ecological flow needs are developed (Sections A and B), to a process that incorporates social values and other management needs, including human uses of water, public health and safety needs, and legal and regulatory requirements. For example, application of CEFF in the Little Shasta Watershed involved considering how to balance ecological needs with the need for groundwater withdrawals and spring diversions to support agricultural priorities (Yarnell et al., 2021). In Section C, the user continues to engage stakeholders (including traditionally underrepresented groups) to guide the development of a final set of environmental flow recommendations and an implementation plan for their study area.
Because users must take into account numerous sociopolitical considerations that are often site-specific and non-scientific, Section C provides less prescriptive guidance than Sections A and B. Instead, Section C offers a conceptual framework, including suggested tools, to help the user appropriately balance ecological and non-ecological management objectives to develop a set of environmental flow recommendations. The end of Section C provides guidance for the development of an implementation plan and monitoring strategy that incorporates adaptive management principles to increase the likelihood that environmental flow recommendations will achieve desired management objectives.
LOOKING FORWARD TOWARD IMPLEMENTATION
Completing an accepted and agreed upon framework for developing ecological flow needs is only a starting point. Developing, implementing, and sustaining environmental flow programs in a manner that protects and restores ecological functions requires long-term commitment from numerous entities, a process for continually adapting and improving the approach, mechanisms for communication and data sharing, and sustained funding. CEFF, like many environmental flows approaches, is complex and initial applications will inevitably reveal challenges not contemplated during the development process. Ongoing technical assistance and a forum for addressing implementation challenges is critical for early successes. Moreover, there needs to be a mechanism for sharing positive and negative experiences from initial projects to support and encourage continued use of the framework. To help achieve these goals, the California Environmental Flows Workgroup has developed an implementation workplan to support application of CEFF. Key elements of this workplan include:
• Maintaining the statewide workgroup as a forum for receiving, addressing, and disseminating frequently asked questions and answers regarding CEFF application. This will help build a consistent and engaged community of practitioners that can ultimately support each other and contribute to future improvements and refinements of the approach.
• Continued development of technical tools and models for estimating flows in ungaged streams, calculating functional flow metrics, and predicting biological consequences of flow modification. These tools will be documented and made widely available through the state’s environmental flows website.
• Expansion of technical tools to improve the ability to consider groundwater interactions, effects of geomorphic alteration (either impacts or restoration), and relationship of flow alteration with other stressors, such as temperature and water quality. These tools will support the ability to refine ecological flow needs to accommodate local circumstances (as outlined in CEFF Section B). Future efforts will include evaluation of effects of climate change on natural flows to support development of “climate resilient” ecological flow needs.
• Process for documenting case studies and the associated lessons learned (both positive and negative). A variety of case studies are being implemented across the state. A metadata and case study documentation template has been developed to help users document, catalogue, and track these case studies and associated data, products, and reports in a clear and consistent manner. A web portal is planned to provide ready access to these case studies to help inform future applications of CEFF.
• Development of a monitoring and adaptive management strategy to track and improve CEFF effectiveness. This effort will include 1) developing consistent methods, protocols, and data structures and 2) developing consistent performance standards that support a process to track and assess outcomes of flow management actions across projects. Part of the strategy involves developing relationships with existing monitoring programs and identifying opportunities to partner/leverage efforts across programs.
• Development of data management infrastructure to allow compilation of development and monitoring data. As implementation proceeds, this structure will provide standard data templates that will facilitate compilation of monitoring data in a consistent manner. This will facilitate ongoing improvement of CEFF by providing a way to use data to improve statewide and regional models. This will also provide the ability to track the effectiveness of CEFF flow recommendations in supporting ecological functions.
CONCLUSION
Environmental flow programs are inherently complicated and often contentious. Successful implementation requires a commitment to maintain technical rigor and a willingness to recognize and remedy weaknesses as they are identified. Given the multitude of entities that must cooperate to implement environmental flow programs, shared commitment and responsibility and ongoing open and cordial dialogue are critical. Only through such cooperation will there be sufficient knowledge, resources, time, and funding to realize the ecological and social benefits of managing environmental flows. The California Environmental Flows Framework provides an example of one approach that hopes to accomplish these goals over time.
Although the concept of functional flows has been broadly understood for some time (Beechie et al., 2010; Yarnell et al., 2015), managers have lacked a mechanism for translating these concepts to a decision-making process that could be readily implemented at broad spatial scales. Through CEFF, managers can easily access information about functional flows in varying watersheds and regions and incorporate these concepts into water management decisions. The tiered framework allows for full consideration of ecological flow needs (Sections A and B) before trade-offs between competing management objectives are considered and final environmental flow recommendations are developed (Section C).
CEFF is in early phases of implementation, so the ultimate outcomes are still uncertain. However, the time and effort dedicated to an inclusive and transparent development process establishes a clear roadmap and expectations that should reduce conflicts during implementation. CEFF implementation is envisioned as an incremental process, where early stages will produce successes, failures, and lessons that can be used to expand and improve the Framework over time. Therefore, the interagency workgroup is committed to supporting pilot application case studies that can be used to test CEFF and learn which concepts apply well on the ground and which require refinement. The myriad of potential applications can never be fully anticipated, so the commitment of the statewide team to continue to receive feedback from early adopters is key to ensuring long-term success and acceptance of CEFF.
Providing water for the environment requires compromises to support both ecological and non-ecological uses. This balance can be achieved by adopting strategies that focus on maintaining ecosystem functions over long time periods and across watersheds as opposed to goals based on specific species or habitats in specific locations. The functional flows approach accounts for different needs of different stream types in different seasons and the natural variability of flows between wet and dry years, and it ensures available environmental water is allocated in a way that delivers the maximum potential benefit. This ultimately demonstrates the value of environmental flows and provides more certainty about the amount, timing, and persistence of available water for all uses. The functional flows approach also offers the opportunity to adapt water allocation programs over time in response to both short-term droughts and long-term changes in precipitation and runoff patterns associated with long-term climate change.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://sccwrp.hub.arcgis.com/.
AUTHOR CONTRIBUTIONS
Conceptualization and development of evaluation framework (ES, JZ, SY, BS, BL, KT, AO, RL, SS and TG) principle authorship (ES) contribution to manuscript, editing and review (JZ, SY, BS, BL, KT, AO, SS and TG).
FUNDING
Funding provided by the California State Water Resources Control Board under Agreement #16-062-300. Support for manuscript publication provided by the Southern California Coastal Water Research Project (SCCWRP).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank members of the Environmental Flows Working Group of the California Water Quality Monitoring Council for valuable feedback on the California Environmental Flows Framework.
REFERENCES
 Arthington, A. (2012). Environmental Flows: Saving Rivers in the Third Millennium. University of California Press. 
 Arthington, A. H., Bunn, S. E., Poff, N. L., and Naiman, R. J. (2006). The challenge of Providing Environmental Flow Rules to Sustain River Ecosystems. Ecol. Appl. 16 (4), 1311–1318. doi:10.1890/1051-0761(2006)016[1311:TCOPEF]2.0.CO;2
 Arthington, A. H., Mackay, S. J., James, C. S., Rolls, R. J., Sternberg, D., Barnes, A., et al. (2012). Ecological-Limits-of-Hydrologic-Alteration: A Test of the ELOHA Framework in South-East Queensland. Australian National Water Commission. 
 Beechie, T. J., Sear, D. A., Olden, J. D., Pess, G. R., Buffington, J. M., Moir, H., et al. (2010). Process-based Principles for Restoring River Ecosystems. Bioscience 60, 209–222. doi:10.1525/bio.2010.60.3.7
 Bovee, K. D. (1982). A Guide to Stream Habitat Analysis Using the Instream Flow Incremental Methodology. Fort Collins, CO: U.S. Fish and Wildlife Service. Report no. Instream Flow Inf. Pap. 12. 
 Bower, L. M., Peoples, B. K., Eddy, M. C., and Scott, M. C. (2022). Quantifying Flow-Ecology Relationships across Flow Regime Class and Ecoregions in South Carolina. Sci. Total Environ. 802, 149721. doi:10.1016/j.scitotenv.2021.149721
 Bunn, S. E., and Arthington, A. H. (2002). Basic Principles and Ecological Consequences of Altered Flow Regimes for Aquatic Biodiversity. Environ. Manage. 30, 492–507. doi:10.1007/s00267-002-2737-0
 Burdett, A. S., O’Reilly, K. E., Bixby, R. J., and Connealy, S. S. (2021). How to Get Your Feet Wet in Public Engagement: Perspectives from Freshwater Scientists. Freshw. Sci. 40, 228–237. doi:10.1086/713069
 California Environmental Flows Working Group (CEFWG) (2020). California Environmental Flows Framework. California Water Quality Monitoring Council Technical Report, 37. 
 Chen, W., and Olden, J. D. (2018). Evaluating Transferability of Flow-Ecology Relationships across Space, Time and Taxonomy. Freshw. Biol. 63, 817–830. doi:10.1111/fwb.13041
 Dahm, C., Winemiller, K., Kelly, M., and Yarnell, S. M. (2014). Recommendations for Determining Regional Instream Flow Criteria for Priority Tributaries to the Sacramento-San Joaquin DeltaFinal Report. Sacramento, California: Delta Stewardship Council. 
 Escobar-Arias, M. I., and Pasternack, G. B. (2010). A Hydrogeomorphic Dynamics Approach to Assess In-Stream Ecological Functionality Using the Functional Flows Model, Part 1-model Characteristics. River Res. Applic. 26, 1103–1128. doi:10.1002/rra.1316
 Failing, L., Gregory, R., and Higgins, P. (2013). Science, Uncertainty, and Values in Ecological Restoration: A Case Study in Structured Decision-Making and Adaptive Management. Restor Ecol. 21 (4), 422–430. doi:10.1111/j.1526-100X.2012.00919.x
 Golladay, S. W., Craig, L. S., DePalma-Dow, A. D., Emanuel, B. N., and Rogers, S. G. (2021). Building Resilience into Water Management through Public Engagement. Freshw. Sci. 40, 238–244. doi:10.1086/712514
 Grantham, T. E., Carlisle, D. M., Howard, J., Lane, B., Lusardi, R., Obester, A., et al. (2021). Modeling Functional Flows in California’s Rivers. J. Front. Water . In review. 
 Grantham, T. E., Mount, J. F., Stein, E. D., and Yarnell, S. M. (2020). Making the Most of Water for the Environment: A Functional Flows Approach for California Rivers. california: Public Policy Institute of California. Available at: https://www.ppic.org/publication/making-the-most-of-water-for-the-environment/. 
 Grantham, T. E., and Viers, J. H. (2014). 100 Years of California's Water Rights System: Patterns, Trends and Uncertainty. Environ. Res. Lett. 9, 084012. doi:10.1088/1748-9326/9/8/084012
 Hall, D. M., Gilbertz, S. J., Anderson, M. B., Avellaneda, P. M., Ficklin, D. L., Knouft, J. H., et al. (2021). Mechanisms for Engaging Social Systems in Freshwater Science Research. Freshw. Sci. 40 (1), 245–251. doi:10.1086/713039
 Horne, A. C., Nathan, R., Poff, N. L., Bond, N. R., Webb, J. A., Wang, J., et al. (2019). Modeling Flow-Ecology Responses in the Anthropocene: Challenges for Sustainable Riverine Management. BioScience 69 (10), 789–799. doi:10.1093/biosci/biz087
 Horne, A., Webb, J. A., Stewardson, M., Richter, B., and Acreman, M. (2017). Water for the Environment: From Policy and Science to Implementation and Management. Academic Press. 
 Irving, K., Taniguchi-Quan, K. T., Aprahamian, A., Rivers, C., Sharp, G., Mazor, R. D., et al. (2021). Application of Flow Ecology Analysis to Inform Prioritization for Stream Restoration and Management Actions. J. Front. Water . In review. 
 Khadka, C., and Vacik, H. (2012). Comparing a Top-Down and Bottom-Up Approach in the Identification of Criteria and Indicators for Sustainable Community forest Management in Nepal. Forestry 85 (1), 145–158. doi:10.1093/forestry/cpr068
 Lane, B. A., Dahlke, H. E., Pasternack, G. B., and Sandoval‐Solis, S. (2017). Revealing the Diversity of Natural Hydrologic Regimes in California with Relevance for Environmental Flows Applications. J. Am. Water Resour. Assoc. 53 (2), 411–430. doi:10.1111/1752-1688.12504
 Lane, B. A., Sandoval-Solis, S., Stein, E. D., Yarnell, S. M., Pasternack, G. B., and Dahlke, H. E. (2018). Beyond Metrics? the Role of Hydrologic Baseline Archetypes in Environmental Water Management. Environ. Manage. 62, 678–693. doi:10.1007/s00267-018-1077-7
 Mazor, R. D., May, J. T., Sengupta, A., McCune, K. S., Bledsoe, B. P., and Stein, E. D. (2018). Tools for Managing Hydrologic Alteration on a Regional Scale: Setting Targets to Protect Stream Health. Freshw. Biol. 63, 786–803. doi:10.1111/fwb.13062
 Meitzen, K. M., Doyle, M. W., Thoms, M. C., and Burns, C. E. (2013). Geomorphology within the Interdisciplinary Science of Environmental Flows. Geomorphology 200, 143–154. doi:10.1016/j.geomorph.2013.03.013
 Nile Basin Initiative (Nbi), (2017). NBI Ten-Year Strategy 2017-2027. Nile Basin Initiative. 
 Ode, P. R., Rehn, A. C., Mazor, R. D., Schiff, K. C., Stein, E. D., May, J. T., et al. (2016). Evaluating the Adequacy of a Reference-Site Pool for Ecological Assessments in Environmentally Complex Regions. Freshw. Sci. 35 (1), 237–248. doi:10.1086/684003
 Opperman, J. J., Kendy, E., Tharme, R. E., Warner, A. T., Barrios, E., and Richter, B. D. (2018). A Three-Level Framework for Assessing and Implementing Environmental Flows. Front. Environ. Sci. 6, 13. Article 76. doi:10.3389/fenvs.2018.00076
 Palmer, M., and Ruhi, A. (2019). Linkages between Flow Regime, Biota, and Ecosystem Processes: Implications for River Restoration. Science 365, 1264. doi:10.1126/science.aaw2087
 Patterson, N. K., Lane, B. A., Sandoval-Solis, S., Pasternack, G. B., Yarnell, S. M., and Qiu, Y. (2020). A Hydrologic Feature Detection Algorithm to Quantify Seasonal Components of Flow Regimes. J. Hydrol. 585, 124787. doi:10.1016/j.jhydrol.2020.124787
 Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D., et al. (1997). The Natural Flow Regime. BioScience 47, 769–784. doi:10.2307/1313099
 Poff, N. L. (2017). Beyond the Natural Flow Regime? Broadening the Hydro-Ecological Foundation to Meet Environmental Flows Challenges in a Non-stationary World. Freshw. Biol. 63 (8), 1011–1021. doi:10.1111/fwb.13038
 Poff, N. L., and Matthews, J. H. (2013). Environmental Flows in the Anthropocence: Past Progress and Future Prospects. Curr. Opin. Environ. Sustainability 5, 667–675. doi:10.1016/j.cosust.2013.11.006
 Poff, N. L., Richter, B. D., Arthington, A. H., Bunn, S. E., Naiman, R. J., Kendy, E., et al. (2010). The Ecological Limits of Hydrologic Alteration (ELOHA): a New Framework for Developing Regional Environmental Flow Standards. Freshw. Biol. 55, 147–170. doi:10.1111/j.1365-2427.2009.02204.x
 Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, P. T. J., et al. (2019). Emerging Threats and Persistent Conservation Challenges for Freshwater Biodiversity. Biol. Rev. 94 (3), 849–873. doi:10.1111/brv.12480
 Richter, B. D., Davis, M. M., Apse, C., and Konrad, C. (2012). A Presumptive Standard for Environmental Flow Protection. River Res. Applic. 28, 1312–1321. doi:10.1002/rra.1511
 Smakhtin, V., Revenga, C., and Döll, P. (2004). A Pilot Global Assessment of Environmental Water Requirements and Scarcity. Water Int. 29 (3), 307–317. doi:10.1080/02508060408691785
 Taniguchi-Quan, K. T., Irving, K., Stein, E. D., Poresky, A., Wildman, R., Aprahamian, A., et al. (2021). Developing Ecological Flow Needs in a Highly Altered Region: Application of California Environmental Flows Framework in Southern California, USA. J. Front. Water . In review. 
 Tessmann, S. (1980). Environmental Assessment, Technical Appendix E in Environmental Use Sector Reconnaissance Elements of the Western Dakotas Region of South Dakota Study. Brookings, SD: Water Resources Research Institute, South Dakota State University. 
 Tickner, D., Opperman, J. J., Abell, R., Acreman, M., Arthington, A. H., Bunn, S. E., et al. (2020). Bending the Curve of Global Freshwater Biodiversity Loss: An Emergency Recovery Plan. Bioscience 70 (4), 330–342. doi:10.1093/biosci/biaa002
 van Rees, C. B., Waylen, K. A., Schmidt‐Kloiber, A., Thackeray, S. J., Kalinkat, G., Martens, K., et al. (2021). Safeguarding Freshwater Life beyond 2020: Recommendations for the New Global Biodiversity Framework from the European Experience. Conservation Lett. 14 (1). doi:10.1111/conl.12771
 Wohl, E., Bledsoe, B. P., Jacobson, R. B., Poff, N. L., Rathburn, S. L., Walters, D. M., et al. (2015). The Natural Sediment Regime in Rivers: Broadening the Foundation for Ecosystem Management. Bioscience 65, 358–371. doi:10.1093/biosci/biv002
 Yarnell, S. M., Petts, G. E., Schmidt, J. C., Whipple, A. A., Beller, E. E., Dahm, C. N., et al. (2015). Functional Flows in Modified Riverscapes: Hydrographs, Habitats and Opportunities. Bioscience 65, 963–972. doi:10.1093/biosci/biv102
 Yarnell, S. M., Stein, E. D., Webb, J. A., Grantham, T., Lusardi, R. A., Zimmerman, J., et al. (2020). A Functional Flows Approach to Selecting Ecologically Relevant Flow Metrics for Environmental Flow Applications. River Res. Applic 36 (2), 318–324. doi:10.1002/rra.3575
 Yarnell, S. M., Viers, J. H., and Mount, J. F. (2010). Ecology and Management of the Spring Snowmelt Recession. Bioscience 60, 114–127. doi:10.1525/bio.2010.60.2.6
 Yarnell, S., Willis, A., Obester, A., Peek, R. A., Lusardi, R. A., Zimmerman, J., et al. (2021). Functional Flows in Groundwater-Influenced Streams: Application of the California Environmental Flows Framework to Determine Ecological Flow Needs. J. Front. Water . In review. 
 Yohannes, M. (2001). Environmental Sustainability and Regulation: Top-Down versus Bottom-Up Regulation. MPRA Paper 413. Munich. 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Stein, Zimmerman, Yarnell, Stanford, Lane, Taniguchi-Quan, Obester, Grantham, Lusardi and Sandoval-Solis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fenvs-09-769943-t001.jpg
Functional flow component

Fall pulse flow

Wet-season baseflows

Peak flow

Spring recession flows

Dry-season base flows

Flow metric

Fall pulse magnitude
Fall puse timing
Fal puise duration

Wet-season baseflow magnitude
Wet-season start timing
Wet-season duration

5-year peak flow magnitude
5-year peak flow duration
5-year peak flow frequency

Spring recession magnitude
Spring start timing

Spring duration

Spring rate of change

Dry-season baseflow
Dry-season start timing
Dry-season duration

Environmental
flow recommendations

62 (30-180) cfs
Oct 20 (Oct 7-Oct 28)
3 (2-7) days

324 (260-410) cfs.
Nov 13 (Nov 3-Nov 30)
168 (145-184) days

3,790 (3,000-4,800) ofs
3 (1-6) days
1 (1-3) event(s)

520 (300-980) cfs
Apr 28 (Apr 6-May 14)

50 (36-66) dlays

6 (3-10) % decline per day

2223 ¢fs
June 20 (June 5-July 7)
151 (121-183) days





OPS/images/fenvs-09-769943-g003.gif





OPS/images/fenvs-09-769943-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		The California Environmental Flows Framework: Meeting the Challenges of Developing a Large-Scale Environmental Flows Program		Introduction

		Guiding Principles for Developing the California Environmental Flows Framework		Functional Flows Approach

		Consistent Statewide Approach

		Tiered Structure

		Broad Applicability Across Programs

		Stakeholder-Driven Process





		California Environmental Flows Framework Development Process

		Overview of the California Environmental Flows Framework		CEFF Section A-Identify Ecological Flow Needs Based on Natural Functional Flows

		CEFF Section B-Refine Ecological Flow Needs for Components Requiring Additional Consideration

		CEFF Section C-Developing Environmental Flow Recommendations





		Looking Forward Toward Implementation

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Environmental Science

The California Environmental
Flows Framework: Meeting the
Challenges of Developing a

Large-Scale Environmental Flows
Program





OPS/images/fenvs-09-769943-g001.gif





OPS/images/fenvs-09-769943-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
'frontiers _
in Environmental Science





