

Chapter 2.3: Water For Ecological Needs 
{ Draft }
2.3.1.  Introduction
Statement of goals and purpose  The goal of the National Water Census (NWC) will be to provide spatially extensive, updatable, and web-accessible information to support assessments of water availability to meet ecological needs. This section of the National Water Census (NWC) document will outline steps needed to develop tools for evaluating relations between flow variability of stream and riverine systems and ecological functions. These steps include: (1) building a national hydrologic foundation of baseline hydrographs or hydrologic statistics for all ungaged streams in the conterminous US using statistical or rainfall-runoff flow modeling tools (for example, Leavesley, 2005; Kennen and others, 2008; Carlisle and others, 2009; Archfield and others, 2009); (2) deriving and serving a set of ecologically-relevant flow attributes that can be used to classify streams into distinctive regional and national flow regime types (for example, Poff, 1996; Olden and Poff, 2003; Kennard and others, 2009b); (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 (for example, Henriksen et al. 2006, Pusey and others, 2009, respectively) that can compare natural and altered hydrologic regimes, and can be applied to any designated region or "practical management unit" (Arthington et al. 2006). Combined with data describing ecological condition, the NWC tools for evaluating flow alteration can be used to develop integrative, holistic, flow-ecological response relationships for a range of function and spatial scales of freshwater ecosystems. The purpose is to support informed decision making at local and regional scales. This will involve coordination among stakeholders and state and government agencies to define socially and environmentally acceptable endpoints.
Ecological needs Water is necessary to sustain freshwater ecosystems and the services (e.g., fisheries, recreation, and tourism) that they provide to people. A comprehensive understanding of how water availability influence the ability of a watershed, river, riparian, and estuarine ecosystems to provide those services, is the basis for informed water management including decisions about allocating water among various users. Because of equity issues when allocating water among various users, there is a societal need to assess ecological uses and the environmental flows required to maintain those uses, and prevent degradation of freshwater ecosystems. The "Brisbane Declaration" (http://www.riverfoundation.org.au/images/stories/pdfs /bnedeclaration.pdf) 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. This document, which was signed by 57 countries from around the world, reinforces the urgent need for a global consensus to protect rivers and address the growing crisis of poor water management.
Addressing ecological needs in a national water census Existing methodologies, such as the IFIM (Instream Flow Incremental Methodology; Bovee et al. 1988; Stalnaker et al., 1995), are available for detailed analyses of flow alteration effects on ecological resources in particular river reaches. Data provided through the NWC will be useful to these applications, but the greater value will be to river basin and regional management issues. For example, the NWC could provide hydrological and ecological data appropriate for identifying portions of river basins with least- and most-altered ecological function, for predicting ecological consequences of alternative water allocations within and across river basins, or for setting regional instream or ecological flow standards. A recent synthesis of current hydroecological methodologies (Poff et al., 2009) has provided a scientific framework, the Ecological Limits of Hydrologic Alteration (ELOHA), for supporting ecological flow needs at spatially-extensive scales. It is intended that information provided through the NWC will support implementation of ELOHA-like environmental flow assessment nationwide, as well as future developments and refinements of regional-scale environmental flow methodologies.
Implementation challenge The products from the Ecological Water Use component of the NWC will be needed by a broad and diverse set of participants in water allocation decisions. These include state water management agencies, federal water project operators, Native American tribes, water and power utilities, irrigation districts, municipal and industrial users, other water rights holders, water development interests, non-governmental organizations working on protection and restoration of river ecosystems, fish and wildlife managers, and water quality regulators. Information provided by the NWC will also be needed by water users in planning for future needs under a changing climate, by states and river-basin commissions in administering water allocation decisions, by operators of federal facilities such as dams and distribution systems, and by the public in understanding the tradeoffs of water allocation alternatives. The challenge, then, is to develop information on ecological use of water that is sufficiently generalized for different applications particularly at the scale of large watersheds, river basins or entire states, with enough specificity to draw reasonable conclusions about the ecological consequences of different water allocation options.

The goal of NWC will be to provide data and tools that can be used to develop scientifically defensible models of ecological response to flow alteration (see reviews by Bunn and Arthington, 2002; Acreman and Dunbar, 2004; Poff and Zimmerman, 2009). A challenge in developing robust, general relations between flow and ecological conditions is accounting for inherent variability in sensitivity of different ecological components to multiple stressors, across varying types of river and streams. Classifying stream types for analyses helps account for that variability and thus provides a framework for assessing hydrological alteration.

2.3.2 National Classification of Streams into Hydroecological Types
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 (for example, 7Q10; Annear and others, 2002). 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 (for example, Olden and Poff, 2003; Kennen and others, 2007, 2009; Kennard and others, 2009b). Despite the pioneering work of Poff (1996), 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 (Poff and others, 1997). 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 (Pusey and others, 2009). 
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 (Appendix 1) 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. The majority of these boundaries have not been reviewed; however, preliminary evaluations indicate that most (about 90%) of the boundaries are reasonably accurate. 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. (Appendix 2). 
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 (Pusey et al. 2009). 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 (see Gordon, 1999; Everett and others, 2001) 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 NWC 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. 
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. This task will leverage several USGS streamgage and geospatial datasets (see Falcone et al., 2009 , in press) which have already identified a set of unimpaired streamgages across the United States (for example, Carlisle et al. 2009). These datasets will be further refined and enhanced to 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 developed (for example, statistical or rainfall-runoff models that simulate stream flow) to estimate hydrologic similarity between the unimpaired streamflows or streamflow statistics at the respective stream reach and an unimpaired streamgage. 
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 (for example, the Indicators of Hydrologic Alteration (Richter and others, 1996), the Hydrologic Assessment Tool (HAT) within the Hydroecological Integrity Process (Henriksen and others, 2006), the River Analysis Package (http://www.toolkit.net.au/rap), and StreamStats)). 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 applied for stream classification as part of the NWC. 
Classification model training and development 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 (see Appendix 3 for additional details).
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 (e.g., Carlisle et al. 2009, Kennen et al. 2009, in press). The NWC 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 NWC 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 NWC 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. The latter would take significantly more resources and time to develop (see Appendix 4 for a more detailed explanation of proposed NWC tools).
2.3.3 Defining Flow - Ecological Response Relationships
Background/overview An important challenge to the NWC ecological use 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 (see Arthington and others, 2006). 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 NWC 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 NWC can leverage the use of such a data base to provide stakeholders with greater connectivity between hydrologic and ecological data and better support the development of predictive flow-ecology response models. 
Theoretical framework Biogeography represents the general framework for the NWC because it broadly encapsulates aspects of the river basin or network including size, characteristics, distance, isolation, physiography, typography, ecoregion (http://www.feow.org), land cover, and hierarchy. This framework is necessary because geospatial and environmental data (for example, topography, surficial geology, vegetative cover, and climate) can be important discriminators of flow-regime types and can assist with interpretation of hydrological classification. An understanding of geographic patterns in natural flow-regime characteristics also provides insight into designing field research aimed at investigating flow-ecology relationships in more detail. For evaluation at the regional scale, it is also useful to account for some of the dominant environmental factors that can provide a context for interpreting ecological responses to flow alteration and thus for guiding development of flow management rules (Poff and others, 2009). 
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 (see earlier section on “Ecologically relevant hydrologic metric calculation”). 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 (Appendix 4). 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 (see Carlisle et al. 2009). 
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 (e.g., defined physiographic discontinuities), 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 on these covariates may be attainable by linking to other USGS programs (see section on data needs above), 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.

Ecological data appropriate for developing flow-ecology relations are collected by a variety of USGS programs, federal and State agencies, and others. One challenge will be identifying those ecological variables that are most likely to vary measurably in response to flow alteration, and that are of substantial societal interest. Indices related to biological integrity, habitat quality, and physical and chemical water quality have been used in recent analyses, and conceivably could be aggregated into databases from the diverse programs and agencies that have collected these data. Future analyses are likely to focus directly on key ecological processes, including community resilience, nutrient retention, productivity and carbon storage. The NWC should provide a framework for future synthesis of ecological data series to derive measures for temporally dynamic variables.
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 NWC 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.  
2.3.4 Integration of Ecological Use with other components of the Water Census

Sharing of information (general framework). A primary outcome of the NWC 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 NWC aims to build a national-scale hydrological foundation for provision of value-added, comprehensive hydrologic information about both consumptive and ecological water use and availability in natural and managed systems. 

The quantity and quality of water is indisputably linked to habitat condition and therefore ecological health. The NWC will coordinate its data collection, modeling, and indicators of ecological demands and uses with existing natural resource programs that are assessing and monitoring the ecological condition of aquatic habitat and aquatic communities. The nature of these indicators and the scale of the data and assessments will determine their applicability to natural resource management and decision making. By coordinating with partners, the outcomes of NWC 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. Harmonization of the NWC with these or similar efforts will provide the opportunity for syntheses to determine explicit relations between hydrological alterations and changes in ecological functions that in themselves can affect water quality or quantity.  

Coordination with internal programs and their external partners will form the basis for collaborative collection, analysis or synthesis of biological and ecological information to augment the hydrological foundation of the NWC. Previous efforts have already assembled a body of literature about aquatic habitat condition variables that, at similar spatial and temporal scales, can maximize the applicability of hydrologic data to ecosystems level management approaches and development of adaptive management approaches and strategies to protect and conserve the ecological functions of the nation’s waters in the face of local human competition and encroachment and external stressors like long-term regional- or larger scale hydrologic changes.

Variables important to ecological function and health can be made available to augment classical hydrological assessments and monitoring, to provide a comprehensive analysis of the ecological use of water nationwide. These may include single attributes including nutrients, light, single indicator species, water temperatures, oxygen levels, and more complex measures including channel morphology, hydraulic habitat, connectivity and aquatic community structure (Appendix 5). This information is available from a wide variety of partner agencies and organizations that already collaborate with the USGS on a wide range of science issues. 
Appendices

Appendix 1. Map of active USGS streamgages with at least 10 years of recent streamflow data.

[image: image1.jpg]



Appendix 2. List of nationally available spatial data sets for assisting with stream classification and identification of human alteration to the landscape.

Geospatial data

Drainage basin boundaries

Land cover: National Land Cover Dataset (NLCD92, NLCD01)

Reservoirs: National Inventory of Dams (NID)

Channel modification: National Hydrography Dataset (NHDPlus)

Pollution discharges: National Pollutant Discharge Elimination System (NPDES)

Various modifications affecting flow: USGS Annual Data Report (ADR)

Population: US Census

Water withdrawals: USGS water use datasets

Climate: Parameter-elevation Regressions on Independent Slopes Model (PRISM)

Terrain: National Elevation Database (NED), NEDPlus

Soils: State Soil Geographic Database (STATSGO), Soil Survey Geographic Database (SSURGO)

Regions: Omernik ecoregions

Geology: Generalized Geologic Map of the Conterminous United States

Hydrography: National Hydrography Dataset (NHDPlus)

Appendix 3. Analytical details on Classification Model Training and Development

Numerous methods have been developed for validating the consistency of the classification results, understanding the level of uncertainty in class prediction, exploring the mechanisms responsible for shaping broad-scale variation in flow regimes, and assigning streams to a stream class/type that were not part of a national classification effort. This section will touch on just a few approaches in a more detail. The adjusted Rand index (Hubert & Arabie, 1985), for example, has been shown to be a reliable method for measuring cluster recovery (for example, Steinley, 2004) and was used successfully in a continental -and regional-scale classification of Australia (that is, Kennard et al. 2009). An approach commonly used to explore the broad-scale mechanisms that shape flow variability is analysis of similarities (ANOSIM; Clarke and Gorley, 2006). ANOSIM is extremely useful for comparing the geospatial and environmental characteristics of stream gauges across flow-regime classes and statistical significance can be assessed using a random permutation test (for example, a Monte-Carlo test). Classification and regression tree models (CART, Breiman et al., 1984) can then be used to predict the stream class membership of each stream gauge using each set of environmental data and can identify those environmental variables important in discriminating among homogeneous groups of stream gauges. Once classification procedures are finalized and a stream types are identified, linear discriminant-function analyses (DFA) can be used to find parsimonious models that best separates the means of stream types (for example, intermittent, perennial runoff, and perennial groundwater) in multivariate space represented by a subset of significant streamflow indices. This discriminant approach is an alternative for identifying the class of streams in a river basin, state, region, or political jurisdiction of interest, that was not included in the initial stream classification.
Appendix 4. Product development for the National Water Census.
Although a variety of approaches are used to evaluate relationships between flow alteration and stream ecosystem health, the process typically involves all or some of the following five steps. 

(1) Defining reference conditions: Reference (i.e., least disturbed) conditions are defined by flows measured at streamgages whose drainage basins are relatively unaffected by human influences such as urban development or reservoir storage. Reference conditions may exist throughout the historical record measured at a streamgage or during a specific time period prior to an event such as dam construction. 

(2) River classification: The flow regime metrics for reference sites (calculated in step 1) will be used to classify the sites into similar river types, such as arid intermittent streams or snowmelt- dominated streams.

(3) Computing flow alteration: Flow alteration is computed by comparing the flow regime at a non-reference site to a reference flow regime. The reference flow regime can be based on reference sites of the same river type as the non-reference site. This method requires that a classification procedure based on watershed characteristics be developed to determine the river type of the non-reference site. The reference flow regime also can be estimated from process-based or statistical models; this approach does not require that the river type of the non-reference site be known.

(4) Modeling reference and non-reference flow conditions at ungaged sites: Process-based and statistical models can be used to estimate both reference and non-reference flow regimes at ungaged stream sites. This is a valuable approach particularly for sites with measured biological data but no flow information.

(5) Establishing linkages between flow alteration and ecosystem impairment: This final and most important step is done by scientists and managers within their study regions or jurisdictions. 

The National Water Census (NWC) will produce datasets, analysis tools, and maps that comprise the end product or information needed for the completion of the aforementioned individual steps.

National databases

a) Flow statistics, digital basin boundaries, and basin characteristics of active USGS streamgages: The statistics will include a variety of hydrologic metrics that characterize the flow regime. The basin characteristics will describe the natural features and human activities in the watersheds.

b) Reference sites: A subset of all active streamgages will be selected basin on objective criteria to produce a list of streamgages with least disturbed basins.

c) River types: A classification of all reference sites in the contiguous U.S. into river types. The classification also will be done on a regional basis (e.g., within all ecoregions).

d) Flow alteration: The severity of flow alteration will be determined for non-reference USGS streamgages that have sufficient flow record.

Web-based analysis tools

a) A tool that produces a list of reference sites based on user-defined selection criteria: The user will be able to choose sites based on location, period of flow record, and basin characteristics.

b) A tool that classifies streams into types or classes based on predetermined classification process derived from a subset of hydrologic metrics. The user will be able to identify specific stream types in an area of interest resulting from a specified period of record. 

c) A tool that classifies streams into river types based on user-defined selection criteria: The user will be able to customize the classification by selecting sites based on location, period of flow record, and basin characteristics. In addition, the user will be able choose specific flow metrics to be used in the classification.

d) A tool that computes flow alteration at non-reference sites: The user will be able to choose among several options for estimating the natural flow regime. These options will include methods that rely on statistical and process-based models and approaches that define the natural flow regime by identifying reference sites of particular river types. Other options could include the ability to evaluate hydrologic trends and compare and contrast differences between natural and altered hydrographs.
Interactive web-based map viewer 

The viewer will allow the user to explore maps and graphs displaying the national databases mentioned above and the results from the analysis tools. The map viewer will be simple and responsive with zoom, pan, query and download functionality. 

Appendix 5. List of scientific information available from a wide variety of agencies that collaborate with the USGS.
Ecological attributes of aquatic habitat:


Sufficient water at specific life history-based spatial and temporal scales


Vegetation and debris (watershed, riparian, riverine habitat)


Nutrient sources and sinks (e.g. marine derived nutrients, sediment, turn 
over)


Natural barriers and in-channel habitat


Hydraulic habitat


Species diversity


Biogeochemical flux

Relevant products of ecological use assessments under different hydrologic alteration regimes:


Aquatic community dynamics models and projections


Biogeochemical flux models 


Aquatic invasive species trajectories


Sustainability Indices for aquatic species or habitats


Biological/ecological risk assessments for different water management alternatives

Expected outcomes of consideration of ecological use in the National Water Census:


Planning for future water use in all human infrastructure activities


Advanced understanding of ecosystems services of water


Advance ecosystem management for adaptation to global and climate change


Inform policy and decision making for competing water uses
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