Conceptual Plan for Ecological Flow Science
in the Water Census

I. Objective of the Water Census
The USGS Water Census has three distinct objectives, which mainly follow mandates in the SECURE Water Act (P.L. 111-11). The first is to provide a nationally consistent set of indicators that reflect each status and trend relating to the availability of water resources in the United States. This objective includes substantial work on improving our knowledge of water use throughout the United States. The second objective is to provide information and tools that allow users to better understand the flow requirements for ecological purposes. And the third objective is to report on areas of significant competition over water resources and the factors that have led to the competition. For the purposes of this paper, we will primarily be focused on explaining our conceptual design for the first objective. 
II. Role of Ecological Flow Science in the Water Census 
We begin our work on water availability through the use of a water budget. Water budgets are a way of accounting for the inputs, outputs, withdrawals, and changes in amount of water in each component of the water cycle. A critical part of any water budget is to quantify the uses of water within the ‘boundaries’ of the water budget. Historically, “uses” were limited to the “human uses” of water and focused solely on human needs. More recently, the focus has changed to include the ecosystem uses for water. Practitioners today have a need to assess ecological uses and the environmental flows required to maintain those uses, and prevent degradation of freshwater ecosystems. The "Brisbane Declaration" defines environmental flows as the quantity, timing, and quality of water flows required to sustain freshwater and estuarine ecosystems and the human livelihoods and well-being that depend on these ecosystems. For the purposes of this document, water flow is defined to include stream and river flows as well as variation in water levels in lakes, rivers, streams, and wetlands. It is recognized that variation in water levels can support distinct ecological values. The processes by which we determine the quantity and timing of water flows, and the variation in water levels in lakes, rivers, and wetlands required to sustain ecosystems is what we refer to ecological flow science. It is proposed that the Water Census has a distinct role to fulfill in ecological flow science. That role is to develop tools for evaluating relations between flow variability of stream and riverine systems and ecological functions. The steps we propose include: (1) building a national hydrologic foundation of baseline hydrographs or hydrologic statistics for all ungaged streams using statistical or rainfall-runoff flow modeling tools; (2) derive and serve a set of ecologically-relevant flow attributes that can be used to classify streams into distinctive regional and national flow regime types; (3) development of classification tools that allow environmental flow practitioners to evaluate a region of interest at the scale necessary for sound management; and 4) development of a user-driven and web-available hydrologic assessment tool that can compare natural and altered hydrologic regimes, and can be applied to any designated region.
III. Ecological Flow Science versus Ecological Flow Criteria

For the purposes of the Water Census, ecological flow science examines the response of ecological functions to hydrologic alteration. It defines the relationship that exists between water quantity and timing and the ecosystem. We want to draw a distinction between ecological flow science and the setting of ecologically-based flow criteria. Setting criteria is a policy and regulatory process, which requires society to set a value on ecological functions and establish requirements to protect those functions. The establishment of ecologically-based flow criteria is a role for water resource and wildlife managers and should involve gathering information and input from a wide group of involved stakeholders prior to developing a proposal for setting criteria. The Water Census will not propose or establish any ecologically-based flow criteria. Hopefully, as water resource and wildlife managers carry out this process, they are informed by ecological flow science. But the science is not the only consideration in the criteria development process. That process requires input of socio-economic factors, laws, regulations, policies, etc. The plan for the Water Census will define and limit its role as providing ecological flow science. It is our hope that Water Census products can ultimately inform resource managers in their efforts to wstablish ecologically-based flow criteria.
IV. Baseline Hydrographs  
The Water Census will make use the USGS streamgaging network, qualified flow records provided from other sources, coverages of basin characteristics and its statistical and deterministic modeling tools to provide an estimated daily hydrograph for all ungaged areas in the country. These will serve as the baseline hydrographs for ecological flow science. For estimates in ungaged areas the USGS will be conducting testing of various flow estimation models to determine the most accurate and efficient methods for these estimated. These tests will include both statistical and deterministic flow estimation models. Our currently state of knowledge has USGS recommending the use of the Sustainable Yield Estimator for developing the nationwide coverages. This is subject to further analysis. The Sustainable Yield Estimator is a statistical method which maximizes use of current record from watersheds with similar physical characteristics. The selected model will be used to estimate a daily hydrograph for all ungaged locations.
V. A National Classification of Streams into Hydroecological Types
A. Background / Overview 

Classification schemes are an important step in developing an understanding of how natural systems respond to changes associated with resource management actions. Hydrologic assessment at the state or watershed level has tended to focus on specific aspects of the hydrograph such as seasonality, flood behavior, or low-flow characteristics. More recently, there has been an emphasis on stream classification using a suite of "ecologically-relevant" hydrologic metrics that characterize the five major components of the flow regime – duration, magnitude, frequency, rate of change (rise and fall), and timing and seasonality of flow events. The absence of an updated national-scale stream classification for the US is an impediment to effective resource management. The derivation of hydrologically-based stream types or classes provides a foundation for discriminating differences in ecological character. The spatial context provided by a stream classification would provide stakeholders and environmental flow practitioners with a framework for developing meaningful relationships between hydrology and ecology and provide a baseline by which the response of aquatic assemblages to hydrologic alteration can be assessed. 
B. Data needs

Classification analysis requires streamflow data, digital watershed boundaries, and datasets characterizing human activities and natural features. Currently, there are about 7,400 streamgages measuring flow throughout the year. Of these streamgages, about 6,400 have complete water-year data for at least 10 years since 1990. Watershed boundaries have been delineated using GIS tools for most streamgages in the contiguous U.S. A variety of geospatial datasets are available to characterize human activities and natural features in watersheds. However, many of these datasets are available only for the conterminous U.S. 

C. Classification approach

Hydroecological classification is the process of systematically arranging streams and rivers into groups that are most similar with respect to characteristics of their flow regime. Classification should be an objective process that explicitly accounts for uncertainty, is readily interpretable by users, can be applied at multiple spatial scales, and provides meaningful stream types. Numerous approaches to classification have been developed and can use a variety of streamflow statistics in addition to physical and climatic properties of the contributing watershed to classify streams. One goal of the Water Census is to support classification based on user-defined selection criteria at spatial scales relevant to stakeholders. To achieve this goal, multiple classification approaches may be developed, applied, and compared for use in the national classification to accommodate a flexible, user-defined classification interface. The result will be a proposed classification system that may be used by stakeholders for their specific purposes.
D. Acquiring information

The first step in classifying streams is to define a set of reference (or "least disturbed") streamgages. Two common requirements for a reference site are: (1) a sufficiently long time period (> 10 yrs.) of streamflow data, and (2) a drainage basin that contains minimal human alteration of the hydrologic cycle. The Water Census would develop a set of unimpaired streamgages with limited hydrologic alteration and a period of streamflow record appropriate for estimating streamflow metrics. For stream reaches with no streamflow data or limited data, appropriate methods will be used to estimate flows and compare hydrologic similarity between the unimpaired streamflows or streamflow statistics at the respective stream reach and an unimpaired streamgage. 

VI. Development of User-Driven, Web-Available Hydrologic Assessment Tool
A. Ecologically relevant hydrologic metric calculation

Many tools have already been developed that allow users to generate a large suite of flow statistics for evaluating changes in the hydrologic regime. Many of these analytical tools can easily be employed or enhanced to provide a fully integrated suite of ecologically-relevant flow metrics accounting for all components of the flow regime at any gaged site. These flow metrics represent the analytical basis of hydroecological classification procedures and can be readily served for stream classification purposes as part of the Water Census. Once the building blocks of a national classification are in place, there is a series of analytical procedures that are needed to evaluate the consistency of the classification results, understand the level of uncertainty in class prediction, explore the mechanisms responsible for shaping broad-scale variation in flow regimes, and assign streams not part of the initial classification to a defined stream class.

B. Development of a flexible product 

Hydrologic information is essential to understanding ecological response to flow alteration; however, it is not always necessary to classify streams into specific types in order to evaluate flow alteration and ecological response. The Water Census will first and foremost serve a variety of streamflow metrics for stream reaches across the Nation. These data will be provided via the internet using a clickable national map interface to maximize access by stakeholders and environmental flow practitioners. The Water Census will also generate a series of fixed stream classifications for the Nation based on a variety of physical, climatic, hydrologic or ecologic variables, acknowledging that these fixed classifications address only a subset of important management questions. For example, a classification process to identify and group streams having similar hydrologic function may yield different results than a classification process to identify and group streams with similar capacities to sustain a particular ecologic function. For this reason, the primary challenge to the Water Census is to create a set of tools that are flexible enough to meet management goals at a variety of spatial (regional setting, political jurisdiction, watershed) and temporal scales relevant to a variety of users (e.g., stakeholder, scientist, water manager etc.). These tools can be designed to serve both a predetermined set of stream classes derived from a subset of existing baseline hydrographs and, alternatively, it can provide the user with the option of deriving a set of stream classes based on user-specified input.
VII. Defining Flow - Ecological Response Relationships
A. Background/overview 
An important challenge to the Water Census ecological flow science framework will be to provide the regional context and the hydroecological data necessary to allow users to model relationships between altered flow and ecological characteristics. Ideally, these relationship could be developed and expressed in a fully quantitative manner and can be empirically tested with existing and recently collected ecological field data. This approach may assume that ecological data are available for sites having data describing hydrologic alteration. This is not always the case and the capacity of the Water Census to serve ecological data simultaneously with hydrologic data is limited by the disparate and disaggregated nature of ecological data. This situation is changing, however, and the National Water Quality Assessment (NAWQA) program is currently developing a flexible data base (called BioData) that will have the capacity to integrate data from many sources (USGS, EPA, NPS, FWS, NOAA, USDA) and act as a retrieval hub (called BioShare) to publically serve ecological data. The Water Census can leverage the use of such a data base to provide stakeholders with a greater amount of ecological data and better support the development of predictive flow-ecology response models.
B. Mapping hydrologic alteration  
In general, hydrologic alteration at a streamgage is quantified by comparing the altered flow regime to the natural or minimally impacted ("least impaired") flow regime. Computation of flow regime metrics for impacted flow regimes is fairly straightforward. The greater obstacle in quantifying hydrologic alteration is the estimation of flow metrics that represent the natural flow regime. A number of options are available to environmental flow practitioners including the identification of reference sites or employing a flow modeling process to simulate least impaired flow conditions. In some areas of the country (for example, MA, NJ, KT, VA, GA) flow models have already been used successfully to generate baseline and altered flow information. Statistical approaches also have been applied in the US to estimate hydrologic metrics representing the natural flow regime. 
C. Linking key hydrologic indicators with ecological response 

Hydrologic and ecological data will be needed at a sufficiently fine resolution to match the scale of one or more processes that actually link flow alteration to ecological responses, but also at a sufficiently coarse resolution to be both manageable and integrative of local conditions. However, the actual scale of any particular analysis will depend on the ecological values in question. For this reason, data will be most useful when provided at nested scales, e.g., from river basins defined by drainage boundaries, to sub-basins, to individual watersheds. Data will also be needed at each resolution for geographic and geologic variables (e.g., land use and land cover, including impervious cover, dams, topographic variability, and even historic land use) known or expected to influence ecological responses to flow alteration. Data may be attainable by linking to other USGS programs, as well as to partner with programs such as the NFHA (National Fish Habitat Assessment), and will be essential for reducing uncertainty in flow-ecology relations.
D. Predicting ecological impacts of future flow alteration 
Long-term planning that considers the effects of climate change, planned water-development projects, build-out scenarios, or population growth is integral to managing water for ecological and human use. There are ongoing efforts within the USGS and numerous other federal agencies (e.g., EPA, NPS, NOAA, etc.) to understand how projected climate change information, downscaled for regions or basins of interest, can be used to predict changes in water availability. The Water Census will coordinate with partners and other agency programs to provide stakeholders with the information necessary to better understand the impacts of future flow alteration on water availability for ecological uses.
VIII. Integration of Ecological Use with other components of the Water Census 
A primary outcome of the Water Census will be quality information for informed adaptation and coordination of human infrastructure and natural resource planning and management for all future water needs. Ecological use of water is characterized as a new emerging demand; however, humans have long used dilution and wetlands to augment natural hydrological cycling of an ever diminishing resource. The Water Census aims to build a national-scale hydrological foundation for provision of value-added hydrologic information about ecological flow science in natural and managed systems. 
Ultimately, as ecological water uses are defined by water resource and wildlife managers, the Water Census may provide the capability to build these uses into the water budget tool, which is being provided as part of the National Indicators objective of the Water Census.

The Water Census will coordinate its efforts on ecological water uses with existing natural resource programs that are assessing and monitoring the ecological condition of aquatic habitat and aquatic communities. By coordinating with partners, the outcomes of Water Census activities will have very broad applications in planning and best management of human activities, and subsequent interactions with or effects on aquatic and terrestrial plants and animals, communities, and ecosystems. Current national aquatic habitat assessments such as the National Fish Habitat Assessment have assembled a body of information about existing data and ongoing efforts in these areas. Coordinating the Water Census with these or similar efforts will be an ongoing priority.  
