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Executive Summary

Stormwater degrades the physical, chemical and biological integrity of Puget Sound and the lakes, streams, and rivers of its watershed.  Reducing the impact of stormwater on receiving waters has been notoriously difficult because stormwater is produced everywhere that the landscape has been developed; stormwater is episodic and its impact on the natural hydrology is difficult to reduce; and stormwater accumulates and transports the toxins, waste, and sediment associated with developed lands (NRC, 2009).  Under the Clean Water Act, discharge of stormwater by municipalities must be permitted.  In the state of Washington, monitoring is required as a condition of granting such permits.  In recent years, disagreements over permit monitoring requirements have motivated the permittees and the regulators to work together to find a more efficient, meaningful and scientifically-based approach to monitoring.

The Puget Sound region has been the locus of numerous widely-cited scientific studies designed to understand and reduce the effects of stormwater.  To move forward, we now need a strategic approach to monitoring and assessment that will yield greater certainty about stormwater impacts and benefits of management actions through focused prioritization, collaboration, standardization of data collection methods, and sharing of information.  The monitoring and assessment results must be closely linked to potential management and regulatory actions to ensure that a cycle of adaptive management is created and maintained.
The Puget Sound Stormwater Work Group (SWG) includes representatives from cities, counties, tribes, and state and federal agencies responsible for monitoring stormwater.  The SWG is charged with developing a regional stormwater monitoring and assessment strategy that will quantify the stormwater problem and evaluate the effectiveness of management activities.  This document represents the first steps in creating the strategy.  An implementation plan will follow, and needs to be completed in time to inform the next cycle of municipal stormwater permits.  

The SWG working across watershed and political boundaries to create a better, regional system to monitor the status and trends of water resources, identify the sources of contaminants and other stressors, and evaluate the effectiveness of management practices.  Three approaches have been comingled in the creation of this document:  
· Scientific inquiry serves as the foundation for the development of specific, testable hypothesis related to reducing the impact of stormwater throughout the Puget Sound basin.  

· Tenets of adaptive management have been adopted to ensure that the results of monitoring are used to inform management and policy decisions.  
· Development of the monitoring strategy has been an inclusive, transparent process with more than 200 people involved in vetting the assessment questions and the priority hypotheses to be addressed.  

The principles of an adative management framework include: defining the project team and goals, planning monitoring and actions, implementing monitoring and actions, analyzing data, and sharing learning, then returning to the first step to complete the cycle and begin anew.  For the first element of the adaptive management cycle we identified the participants and stakeholds and brought them together to articulate a shared vision around what is needed to reduce stormwater effects.  For the second task we have developed a monitoring plan to address and test selected hypotheses generated by the participants.  

The second step of the adaptive management framework also specifies that strategies should be linked to specific management actions. At this time, the actions are not yet integrated with the other elements of the monitoring plan.  The emphasis in this document is on outlining a plan to address specific hypotheses.  Other steps in the adaptive management cycle remain to be accomplished.  Implementation of actions and monitoring, step three, will be supported by the second part of this document to be completed in June 2010

This document is the first of two documents that will be delivered to the Puget Sound Partnership (the state agency charged with overseeing ecosystem recovery efforts) and the Washington State Department of Ecology (the state agency delegated with federal Clean Water Act implementation) in June 2010.  It describes the goals of future stormwater monitoring in the region, including priorities for data collection, analyses that will be performed, and ways the information will be used to inform management activities.  The second document will describe how the capacities of the region will be harnessed to take the necessary steps to successfully implement the strategy.

1 Introduction

1.1  Background and Context

Although many types of human activities threaten the health of the Puget Sound ecosystem, there is considerable agreement among regional scientists and community leaders that the alteration and loss of habitat and the ongoing input of pollution are the most immediate and pervasive threats to the ecosystem (Beyerlein et al., 2006, 2008; Puget Sound Partnership, 2008).  Surface water and stormwater runoff in urban and rural areas are now recognized as the primary transporters of toxic, nutrient, and pathogen pollutants to surface and groundwater resources throughout the Puget Sound basin (Ecology, 2007).  

Since the 1970s, numerous protective federal, state, and local regulations, land use planning tools, property acquisition, incentive programs, education and stewardship programs have been implemented to protect the environment and to minimize the adverse consequences of population growth and associated land cover changes.  Despite these efforts, human activities continue to alter and degrade habitat and water quality across the the Puget Sound basin, placing our ecosystem at increased risk from existing and future development. 
Stormwater management originated as a means to address local drainage and flooding problems.  The pollution carried by stormwater was not a primary driving factor in developing stormwater management programs and infrastructure until relatively recently.  Most institutional arrangements, political structures, and regulatory approaches for managing stormwater were also developed at local scales: drainage districts, cities, or counties were designed, funded and implemented programs to manage stormwater on a piecemeal basis along jurisdictional boundaries, by local fees and taxpayers.  These traditional institutions are insufficient to provide a holistic regional approach to solving the problem an ecosystem scale.  The cumulative, regional impacts of stormwater from multiple pollution sources at a Sound-wide scale have not been systematically addressed, and efforts have been scattered, opportunistic, and disconnected from the physical processes that sustain or degrade the water quality of Puget Sound.
Current water quality and stormwater management practices in the Puget Sound region are not anchored within an ecosystem approach, or are not well coordinated, and so they do not effectively address the ubiquitous nature and diffuse sources of pollutants in our freshwater and marine systems.  The region lacks a comprehensive, integrated stormwater strategy designed to preserve the ecological function of the whole of Puget Sound and reduce uncertainty around defining an effective stormwater monitoring program for Puget Sound.  Current stormwater management measures in Puget Sound fail to protect ecosystem processes because the measures were intended to protect individual pieces of the system, typically at the site scale, rather than the larger scale of the Puget Sound ecosystem.  The types and magnitude of threats vary in different places, but the entire region faces challenges from a growing human population and a changing climate that will exacerbate the many existing pressures to Puget Sound.  The rationale for a regional approach to monitoring and assessment is to provide information that leads to improvements in water quality throughout the Puget Sound basin by teaching us what management practices are most effective at reducing sources of pollutants and preventing their entry into the natural system.

A broad, comprehensive regional monitoring and assessment strategy are needed for Puget Sound.  This strategy will provide a the information about the relative magnitudes of the sources, inputs, and impacts of pollution into fresh and marine waters from all land uses and human activities that is necessary to adapt our management approaches.  To be successful, a regional strategy has to address the cumulative stormwater impacts on Puget Sound, while supporting, coordinating and building upon the work of local jurisdictions.  Local jurisdictions will continue to face local stormwater issues and to address local problems, but these jurisdictions also need to partner with state and federal agencies and each other to develop practical solutions and build on programs that work.  The region needs to better implement the current programs and regulations now, as well as strengthen efforts moving forward.
Principles of adaptive management structure our approach to support and evaluate alternative actions with scienctic monitoring and hypothesis testing.  This will include refining indicators, targets, and benchmarks as we better understand the relationships among ecosystem components and the impacts of stormwater on the Sound.  Part of this process requires identifying any new indicators and developing indicator indices.  Selection of the final set of indicators will be based on several factors, such as data availability, how well the set captures the full range of ecosystem functions, and the cost of monitoring and analysis. 

1.2  Purpose, Scope, and Timeline
The Puget Sound Partnership (PSP) and the Washington State Department of Ecology (Ecology) requested the SWG develop a “Stormwater Monitoring and Assesssment Strategy for Puget Sound” that provides meaningful information to guide efforts to protect and restore Puget Sound and the rivers and streams that feed it.  Specifically, PSP and Ecology requested a strategy that describes a recommended approach to:
· Assess the effects of stormwater on receiving waters and beneficial uses throughout the Puget Sound basin,
· Identify and characterize sources and loadings of pollutants in stormwater throughout the basin, and
· Evaluate the efficacy of management actions to prevent, reduce, or mitigate those sources and effects.
Because the stormwater problem in Puget Sound is so extensive and complex, this goal cannot be accomplished in one step.  It must embrace significant scientific uncertainties, and it will require an unprecedented level of interjurisdictional cooperation.  This document thus has a more limited scope, namely to frame the scope of the problem, define the scientific framework for moving forward, prioritize our efforts and describe the first steps toward achieving these goals.  The stakeholder process by which the Stormwater Work Group defined “the universe” of this problem and then narrowed that universe to an achievable starting point is defined in Appendix A.  The main body of this document describes the strategy, but not the process by which it was created.  A subsequent document will articulate the plan for defining the mechanics and coordination of implementing the strategy for the region.
Ecology also requested that the strategy include recommendations for allocating responsibilities for NPDES permittees with Clean Water Act responsibility for managing stormwater, specifically for the next cycle of municipal stormwater permits.  Those recommendations are not part of this document: following completion of the final strategy in early 2010, the SWG will begin developing an implementation plan (the “subsequent document” mentioned above).  The implementation plan will recommend roles for local jurisdictions, state and federal agencies, businesses, and others who are directly or indirectly responsible for managing stormwater or affected resources, to participate in implementing the strategy.  The permits are one of many tools for implementation.  The permits do not have to and ideally should not drive the strategy.
The final strategy and implementation plan will be delivered to PSP and Ecology in June 2010.  The process by which the SWG is approaching these tasks is detailed in Appendix A.  Our connections to other key efforts to recover Puget Sound and manage stormwater are described in Appendix B.
1.3  An Overarching Strategy

The effort to develop a regional monitoring strategy is ongoing.  The many groups interested in and responsible for collecting information about stormwater impacts in Puget Sound all agree that an overarching strategy is needed to ensure that the information is meaningful and useful for decision makers, prioritize the types of data to be collected, and coordinate the efforts of the multiple parties involved.  This document represents the first steps towards having such an ovearching strategy that the interested parties have participated in developing and can see themselves helping to implement. This monitoring strategy addresses the three-part mandate from PSP and Ecology:
The three types of monitoring included in the strategy are: 

1. Status and trends monitoring to assess the impacts of stormwater on beneficial uses throughout the region.  The strategy ties this monitoring to ongoing efforts in a way that fills gaps in knowledge and provides a more comprehensive regional understanding of the impacts of storwmater.

2. Efficacy studies to evaluate the extent to which the stormwater management practices implemented throughout the region are able to prevent, reduce, or mitigate those effects.  This strategy proposes an initial set of studies to be undertaken to evaluate key practices associated with major land use categories.

3. Source identification monitoring to identify, characterize, and quantify sources of pollution in stormwater and provide information about ways to reduce pollutant concentrations and loadings.  This strategy proposes a process by which the information routinely collected by local governments in managing their stormwater, and by others in diagnosing pollution problems, can be collected in a uniform manner and shared in a way that allows the data to inform a regional perspective and information/lessons learned to be transferred among locations.

Critical elements of the implementation plan for this strategy will be:

· Institutionalizing a process for getting buy-in from key policy makers.  We need assurance that the strategy will inform decision making and guide the allocation of resources to addressing problems caused by stormwater in the region.
· Establishing standard operating procedures, methods, and protocols for collecting, reporting, storing, and sharing the data collected.

· Identifying the capacities for monitoring in the region and providing incentives for parties to cooperate collaboratively.
Running steadily in the background behind the visible production of documents and the articulation of goals are the meetings and discussions and experiences of the people involved.  The ultimate success of a reginal monitoring program depends on cooperation of individuals and the agencies and groups they represent; therefore, we have tried to organize, involve and engage people in a way that is as inclusive and transparent as possible. 

The risk associated with any regional monitoring plan is that the complexity of the effort can overwhelm its purpose.  Our efforts to date provide an example: because a large number of professionals and stakeholder participated in workshops designed to identify the most important questions that a regional monitoring program should address, the process generated more questions about stormwater than we can answer in a reasonable time.  Similarly the list of actions proposed to reduce stormwater impact is also long.  Prioritizing which hypotheses to test and which actions to take is very difficult in the absence of more complete information; but if we wait until we know everything, or even ‘enough’, no action will ever be accomplished. In our case, the potential complexity associated with testing for what we don’t know, threatens to distract us from our purpose, which is to reduce the effects of stormwater. 

The actions needed to reduce the impacts of stormwater are currently addressed under PSP’s Action Agenda.  PSP is using an Open Standards model (Conservation Measures Partnership 2007) approach to adaptive management to frame and support implementation of the Action Agenda (PSP 2008).  Results from stormwater monitoring will be linked to specific objectives related to the reduction of stormwater runoff through permits, modification of land use practices, retrofits, incentives, and other mechanisms.
Making the connection across programs is a challenge, yet, to be successful, monitoring must support and inform actions.  At this point, how we will connect monitoring efforts to actions is somewhat unclear, because working together at this regional scale is a developing process.  In the meantime, this document addresses the first two steps of the adaptive management cycle for reduction of stormwater impacts: identifying the team members and developing a monitoring plan. 

1.4 Why Monitor?

Monitoring is a presumptive element of most stormwater management programs.  It can demonstrate compliance with regulations, identify sources and loadings of pollutants and characterize their effects on/in receiving waters, evaluate the effectiveness of stormwater control measures, and it can provide feedback to managers and the public about whether ecosystem improvements are occurring.  As an example, the types of monitoring typically contained in NPDES Phase I municipal permits include (1) wet weather outfall screening and monitoring (“source identification”), (2) dry weather outfall screening and monitoring (illicit discharge detection and elimination), (3) biological monitoring to determine stormwater impacts (“status and trends”), (4) ambient water quality monitoring (“characterization”), and (5) measuring the efficacy of stormwater control measures (“effectiveness”) (NRC, 2009).  The adaptive management framework presented below does not purport to describe every such type of stormwater monitoring, because some have existing statutorily requirements and others are responding to very local or site-specific needs.  Ideally, however, this framework should provide guidance on how even those proscribed or localized efforts can contribute to an increased, data-supported understanding of how stormwater affects receiving waters and what are the most effective, or most promising, stormwater management approaches.

The goal of this strategy is to help inform and guide, through existing and future monitoring programs, effective management of stormwater across the Puget Sound region.  It will achieve this by addressing three broadly recognized needs: (1) recommendations for the allocation of resources amongst different types of stormwater management practices in different locations across the landscape, (2) detailed feedback on the effectiveness of widely used practices, and (3) unbiased assessment of whether our actions are resulting in genuine progress towards regional conservation targets.  This goal requires a robust scientific framework to ensure that the work does not duplicate past efforts (i.e., monitoring for outcomes that are already well known), nor target issues of secondary importance while those of known (or at least strongly suspected) major influence languish for lack of resources.  Results from stormwater monitoring will be linked to specific objectives related to the reduction of stormwater runoff through permits, modification of land use practices, retrofits, incentives, and other mechanisms.
1.5 Purpose of this Document as an Adaptive Management Tool

“Adaptive implementation is, in fact, the application of the scientific method to decision making” (NRC 2001).
This document articulates a recommended strategy for stormwater monitoring across the Puget Sound region.  It explicitly invokes the principals of “adaptive management,” as first articulated over 30 years ago and more recently embraced through various conservation efforts worldwide.  Fundamental to this approach is the integration of “management” and “monitoring,” recognizing that any management action in the context of a complex ecological system is ultimately experimental, requiring feedback to make progress (see Figure 1).  This principal has been articulated in a variety of past ecosystem monitoring efforts, both regionally and nationally, and 
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Figure 2 The Adaptive Management Cycle (Open Standards Conservation, 2007)
they provide worthwhile lessons for the current strategy.  We have used these lessons to craft a robust conceptual framework in which to identify significant ecosystem threats from stormwater runoff; to stratify the landscape into major categories of land use and receiving water; and to articulate credible, testable hypotheses that can guide future monitoring efforts.  In a later section of this document, a subset of these hypotheses have been translated into concrete monitoring plans  that meet the necessary criteria for sensitivity, statistical power, and feasibility.  The intent of this document is not to define a comprehensive suite of stormwater monitoring actions, but rather to establish an overarching strategy for stormwater monitoring that will allow otherwise independent efforts or whole programs to contribute to our greater understanding and evaluation of progress.
A number of actions have been put forward by scientists and managers in the region.  Table 1 shows the “Near Term Actions” or top priorities for reduction of stormwater pollution that have been articulated in the Action Agenda to recover Puget Sound (PSP 2008), followed by management actions recommended by a group of 14 scientists, all having widely recognized expertise in stormwater in Puget Sound, in a letter to PSP (Beyerlein et al., 2008).
Table 1.
Priority actions to reduce the sources impact of stormwater (PSP 2008, and Beyerlein et al. 2008).  [AA=Action agenda; 14 sci=fourteen Puget Sound regional scientists.]
	Source 
	Action  

	AA
	Implement immediate remediation actions to address Hood Canal’s low dissolved oxygen concentrations through the Hood Canal Dissolved Oxygen Program. 

	AA
	Provide financial and technical assistance to cities and counties to implement NPDES Phase I and II permits, as well as Ecology for permit oversight and implementation. 

	AA
	Retrofit existing stormwater systems by: a) developing high-level criteria that can be used in 2009 to determine the highest priority areas around the Sound for stormwater retrofits; and b) implementing stormwater retrofit projects in the highest priority areas based upon these criteria to bring areas into compliance with current stormwater regulations. 

	AA
	Assist cities and counties in incorporating LID requirements for development and redevelopment into all stormwater codes. 

	AA
	Implement priority strategies and actions to address low dissolved oxygen in South Sound, targeted areas in the Whidbey Basin, and other vulnerable areas. 

	AA
	Implement NPDES industrial permits and Washington State Department of Transportation permits, including Ecology for permit oversight and implementation. 

	AA
	Implement private property stewardship, incentive, and technical assistant programs (e.g. Conservation Districts, WSU Extension, Washington Sea Grant, local government programs) that focus on reducing sources of water pollution, from commercial and non-commercial farms and other nonpoint sources, particularly in priority areas. 

	AA
	Continue to implement road maintenance and abandonment programs for federal, state (including trustlands), and private timber lands. 

	AA
	Develop and implement LID incentives. 

	14 sci
	Protect existing high-quality habitat, the “last best places” in the Puget Sound watershed

	14 sci
	Replant forests and restore wetlands and riparian environments throughout the Puget Sound watershed

	14 sci
	Control inputs of toxic consumer products at the local and/or state level

	14 sci
	Adopt LID as a mandatory element of state and local stormwater codes for new development

	14 sci
	Begin progressive retrofitting of developed areas (i.e., existing urban and suburban areas) to reduce their negative effects on Puget Sound and associated water bodies

	14 sci
	Integrate land-use codes and land-use decisions into an overall strategy for protection of Puget Sound

	14 sci
	Implement a program of adaptive management to ensure that clearly articulated assumptions about the response of the ecosystem to our management efforts can be tested, and our efforts subsequently modified for greatest effectiveness.


1.6 What is adaptive management?

Adaptive management, as first outlined by Holling (1978) and later revised, renamed, and recast by others (e.g., Walters 1986; Lee 1999), is a strategy for overcoming uncertain ecological outcomes associated with land-use and natural resource management actions by treating management activities as experimental components within the larger framework of a monitoring program (Ralph and Poole 2003).  Specific management decisions that affect ecological processes and functions are systematically evaluated in ways that affirm or refute expected outcomes. Uncertainty is embraced and serves as a focal point for more specific evaluations.  The process of adaptive implementation is iterative and continuous; new knowledge is actively incorporated into revised experiments, a practice best described as “learning while doing” (Lee 1999).  The key difference between this approach and other environmental management strategies that are often implemented is the application of scientific principles, such as hypotheses-testing, to explicitly define the relationships between policy decisions and their measured ecological outcomes.  Further, the adaptive implementation approach provides a means to understand and document these cause-and-effect relationships, as well as to evaluate alternative actions that may produce more desirable outcomes.  Examples of both successes and failures of this approach are offered in Appendix C; this approach is also embraced by the Open Standards Framework (Conservation Measures Partnership 2007) that is being pursued in parallel with this stormwater monitoring and assessment strategy by the Puget Sound Partnership.

Scientifically credible and relevant information can only be generated when the monitoring “experiments” are designed with clear hypotheses about the effects of proposed management prescriptions.  These hypotheses must be testable at multiple scales using available technology and methods (Conquest and Ralph 1998; Currens et al. 2000).  Hypotheses that cannot be tested, or only account for site-specific conditions, are not useful in considerations of cumulative effects.  

In order to retain clear linkages between key questions, hypotheses, and monitoring protocols, the monitoring framework must be designed before determining which goals and targets are appropriate (Ralph and Poole 2003) since appropriate goals should be outcomes of the effort, not a precondition; and the framework must explicitly tie stated hypotheses to the key ecological questions.  For example, in order to judge the relative capacity of rivers, lakes and marine waters to support “beneficial uses,” existing state regulatory programs for water quality typically use a suite of evaluation criteria that provide specific thresholds above (or below) which it is assumed that the water quality is “unacceptable.”  In this case, we have the water quality indicator, and we have a target value to judge acceptability.  But, until recently, we lacked a comprehensive monitoring design that provided a statistically valid program to characterize water quality across state waters.  Existing designs have also failed to provide clear insights into the ultimate and proximate causes when water-quality criteria are exceeded.  Thus the management objectives are stated, but the underlying assumptions and hypotheses are neither articulated nor systematically tested.  

Wagner (2006) asserts that [stormwater] regulatory programs often fail because they are designed in ways that ignore technological and scientific limitations.  “Science-based” does not simply mean the monitoring of status and trends followed by responding to imposed benchmarks and goals, but rather that scientific principles must be the foundation of regulatory program design, and that these programs must rely on scientific methods to demonstrate results.  Wagner suggests that regulations can still be designed despite incomplete or developing knowledge, but that gaps and limitations must be acknowledged and used to inform ongoing investigations.  His argument clearly echoes those of scientists who insist that monitoring experiments and testable hypotheses must frame management decisions and land-use objectives.  

While science can provide defensible and replicable insights regarding the ecological outcomes of management prescriptions, it can not offer absolute certainty.  Policy can be and should be informed by science but is ultimately based on a variety of considerations that are not always amenable to the spatial, temporal, and technological limitations of the scientific process (Van Cleave et al. 2004).  In addition, the time frame needed to generate statistically robust outcomes may not be responsive to the much shorter timeline of social and political pronouncments and decision-making.  These are an uncomfortable truths for agency managers and elected officials to acknowledge, and it commonly results funding decisions and public pronouncements using the “language” of science but not its substance.  This document seeks to avoid such a bifurcated outcome.

1.7  What is not adaptive management?  

In natural resource management, the following process traditionally dominates:  (1) a problem is identified and a cause is simultaneously assigned (e.g., “increased sediment inputs into a stream are negatively impacting salmonid survival”); (2) a solution or set of solutions is proposed (e.g., timber harvest is restricted and riparian buffer width is increased); (3) if the problem is not solved within an arbitrarily “reasonable” period of time (e.g., a few years) then a different solution is proposed (e.g., “augmented upland and riparian restoration must be implemented”).  Although simplified, even this outline displays its divergence from adaptive management and from the basic principles of the scientific process.  A problem is not the same as a well-defined key question, and management prescriptions are not hypotheses; thus the framework breaks down at an early point and the resulting process is destined to be perpetually reactive.
Recent efforts to build large, collaborative programs are commonly characterized by increasing stakeholder involvement, information sharing, outreach, and voluntary participation.  These reflect the movement to extend natural resource management decision-making processes beyond just technical experts in order to reflect evolving social values (Pahl-Wostl et al. 2007).  This shift implies “an adaptive co-management of social and ecological systems in which combines the dynamic learning of adaptive management with the linkage characteristics of cooperative management” (Berkes et al. 1998), but it does not require it—greater participation does not necessarily mean that true adaptive management is occurring, or that scientific principals are being applied to either the choice of management actions or their evaluation.  If successful, however, it also opens a path to achieving the best of both realms, namely scientific rigor with a broad base of community support.  This document reflects such an effort. 
2 Monitoring Framework
This section presents the monitoring scientific framework for the proposed Puget Sound stormwater monitoring and assessment strategy.  The framework will function within an adaptive management structure for stormwater management.  Our intent is that the monitoring and assessment be specifically designed to provide information necessary for stormwater and resource managers to allow for improved decision-making.
2.1 Conceptual Model of Stormwater Impacts
The scientific framework for understanding the effects of stormwater on the ecosystem of Puget Sound, and the various pathways by which those effects are transmitted, are fortunately rather well studied (e.g., Horner and May 1997, Booth et al. 2004, National Research Council 2009).  They are summarized by the following graphic (Figure 2), which characterizes the types of “threats” that should be considered, the pathways by which those threats are transmitted, and how the outcomes of our management efforts should be assessed.
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Figure 2. Conceptual model of the varied stressors resulting from human actions that alter biological conditions (modified from Booth et al. 2004 and Karr and Yoder 2004).

Management actions that seek to minimize or eliminate the effects of stormwater on downstream systems are addressing (whether knowingly or implicitly) the linkage(s) between land alteration (broadly called urbanization) and one or more of the five “water resource features” in the center of the diagram.  To be effective, those actions need to be applied in the right place(s) in the landscape, and they need to “work.”  Whether stated explicitly or not, what to do and where to do it are both hypotheses—and so their accuracy should be tested and their guidance modified, if and as needed.
Similarly, the integrated success of our various efforts to avoid impacts to water features can only be determined by evaluating the condition of integrating attributes, here designated the “biological endpoint.”  Other such integrators relating to human health and well-being have been suggested in the course of developing the plan for Puget Sound’s recovery; they would occupy the same conceptual position in this framework.

Within this broad conceptual framework, each element can be further deconstructed.  “Urbanization” itself is multidimensional, and it has been defined in many different ways (McIntyre et al., 2000). It may constitute industrial, retail, housing developments, or farms; an urbanized watershed may contain polluting or nonpolluting industries, many roads or only a sparse road network. The topography, soils, vegetation, and channel networks in an urban basin may be altered in ways that vary within the same category of urban development.  Across a single region, however, attributes of urbanization generally correlate with broad land-use categories, and so for purposes of outlining the overall scope of this adaptive management program we will structure the discussion using common land-use categories: agriculture, residential, commercial, and industrial.  “Forestry” is not included in this discussion, not because it isn’t also a land-use category but because the hydrologic response of a forested catchment does not typically include a significant component of what is commonly considered “stormwater” (see the box on p. __ in the introduction). 
Substantial differences exist even within each land-use category, however, that must be incorporated into the specifics of any stormwater-management approach (and the monitoring necessary to evaluate its effects).  Most prominent of these differences is between disturbed land, structures, and roads: each of these landscape elements contribute to stormwater but in very different ways, suggesting an alternative organizational structure to that of land use.  However, runoff from one such element (e.g., a rooftop) may be conveyed by the road network even as it comingles with additional wash-off from the road surface itself, suggesting no simple method (or rationale) for discrimination.  We therefore consider roads within the land uses that contain them, recognizing that they generate a particular set of stressors, may require targeted management alternatives, and pose specific monitoring needs.

Just as land alteration has multiple facets, so “water features” comprise a variety of aquatic environments in the Puget Sound region.  Not all of them are equally affected by urban stressors or stormwater runoff, and the pathways by which those stressors are expressed will vary with the nature of the receiving water (as well as with the nature of the stressor itself).  In keeping with common usage, the receiving waters for stormwater runoff in the Puget Sound region have been categorized in this document into seven categories (marine, nearshore, small streams, large rivers, lakes, groundwater, and wetlands), recognizing that their location, potential impacts, and sensitivity to those impacts will vary across the landscape.  

Thus, no single set of measured parameters or indicators should be expected to capture every potential combination of conditions expressed by even the (nominally) simple conceptual model of Figure 2.  Tabulating the various combinations of land use and receiving water, and identifying some of the major potential impacts from stormwater that are known to occur, displays some of the complexities (and the commonalities) that emerge from this perspective into the universe of stormwater impacts (2).

Whereas Table 1 outlines the currently understood range of stormwater effects on water resources and highlights some of the better known and most significant impacts, it is not a comprehensive catalog of those impacts.  However, the current understanding suggests that these are some of the most pervasive impacts and most threatened resources in the Puget Sound region, offering a framework in which to prioritize management (and monitoring) efforts.  It also can readily admit new information or evaluation efforts as they emerge, even though there is no effort to include them all here.  We also note is that non-stormwater-related impacts also associated with these land uses (e.g., shoreline armoring in the nearshore environment) are not included.

Table 2. 
A summary of current understanding of the most significant stormwater impacts to beneficial uses, categorized by receiving water and major land-use category.

	
	Agricultural
	Residential 
	Commercial
	Industrial

	Marine
	
	· toxics accumulation in food chain
	
	· toxics accumulation in food chain

	Nearshore
	· shellfish growing areas

· contact recreation


	· shellfish growing areas

· toxics accumulation in food chain

· contact recreation
	· shellfish growing areas; contact recreation
	· shellfish growing areas

· toxics accumulation in food chain

· contact recreation

	Small streams
	· benthic invertebrates; acute toxicity

· contact recreation

· physical habitat

· eutrophication
	· benthic invertebrates

· acute toxicity

· contact recreation

· physical habitat

· eutrophication

· flooding
	· benthic invertebrates

· acute toxicity

· physical habitat

· flooding
	· benthic invertebrates

· acute toxicity

· physical habitat

	Rivers
	
	
	
	· benthic invertebrates

	Lakes
	· contact recreation

· eutrophication

· benthic invertebrates
	· toxics accumulation in food chain

· contact recreation

· eutrophication

· benthic invertebrates

· drinking water
	
	 

	Groundwater
	· drinking water
	· drinking water
	· drinking water
	· drinking water

	Wetlands
	· physical habitat
	· physical habitat
	· physical habitat
	· physical habitat


2.2 Identifying the Scientific Information Needs of Stormwater Managers
The development of a regional, integrated stormwater monitoring and assessment strategy depends on the ability to articulate the type of information that would be useful to help stormwater and resource managers make better decisions.  These decisions may be related to small- or large-scale issues, and they may require large or small expenditures to implement.  In the first half of 2009, a series of meetings and workshops articulated a set of overarching “assessment questions” that captured the collective judgment of the most important types of information needed to help decision-makers.  These key assessment questions were used as the basis for developing the monitoring framework and are attached in full to the end of this document in Appendix D.
It is important to acknowledge that various monitoring efforts are already under way or completed that may partially answer some of the assessment questions listed in Appendix D.  To date, however, no coordinated, integrated program has been developed to ensure these questions are answered in a rational, prioritized, and comparable fashion.

The key assessment questions are summarized as follows:
1. Are we making progress in protecting or improving beneficial uses and biological resources from the impacts of stormwater runoff?

2. What is the effectiveness of specific stormwater management techniques, either individually or in combination, with regards to preventing harm from new development, retrofitting existing development, and controlling sources?
3. Where in the landscape are the sources of stormwater that impact beneficial uses?
The basic nature of these questions suggests that any scientific foundation for the region’s stormwater management strategy continues to have significant uncertainty, since we lack the resources to answer all questions immediately or to monitor all things in all places at all times.  Fortunately, both regional understanding and scientific literature suggest that we are not completely without prior guidance, and that existing efforts have not been utterly misguided.  Clearly articulating any continued uncertainties, however, should result in a much better targeted monitoring effort that provides genuine guidance for the region’s stormwater management.
While many of the existing stormwater monitoring efforts in the Puget Sound region are answering one or more of these assessment questions, this is not necessarily true for all such programs.  Within a framework for generating information to be used in an adaptive management process, some monitoring historically conducted may not be prioritized or even warranted.
2.3 Translating Assessment Questions into Monitoring Categories
Answering these key assessment questions requires interrelated categories of monitoring, a division that is commonly expressed by other ecosystem monitoring programs:
1. Status and trends, by which we mean an integrative assessment of whether our “endpoint” indicators (biological or other) are showing any consistent, statistically significant change over time;
2. Effectiveness, by which we mean the assessment of how well specific management actions or suites of actions reduce or eliminate the direct impacts of stormwater to receiving waters; and 

3. Source identification, by which we mean the determination of what specific stressors (be they physical, chemical, or biological; see Figure 2), emanating from which locations or from which element(s) of what specific land use(s), and affecting what specific types of receiving waters, are causing significant impacts to beneficial uses.
“Characterization monitoring” per se is not further considered on its own because, by definition, it has no basis in either hypothesis-testing or management adaptation.  Of course, “characterizing” the condition of a waterbody or an outflow discharge at a particular time and place is the product of any kind of monitoring—but once a purpose for the data has been articulated then the activity transcends such a simple description.  Until that time, however, the activity serves no articulated function and in fact the data may not be useful for any future (but as-yet unidentified) use.  For this reason, this framework strongly discourages any “characterization” monitoring efforts that have no clearly articulated role in either hypothesis-testing or systematic trend evaluation. As noted by NRC (2009, p. 508), “…monitoring under all three [NPDES] stormwater permits [municipal, industrial, and construction] is according to minimum requirements not founded in any particular objective or question.  It therefore produces data that cannot be applied to any question that may be of importance to guide management programs, and it is entirely unrelated to the effects being produced in the receiving waters.”
Characterization efforts have clearly been of use locally, for example, characterization of Lake Washington’s degraded water quality in the 1950s led to the formation of Metro to divert and treat sewage flowing into the lake.  This type of monitoring is best described as essential basic research, where there results might indeed be useful in a decision-making process, but at the outset is it is unknown how, or if, the results would be used.  
2.4 Attributes of Hypotheses for an Adaptive Management Program
A key element of any adaptive management strategy is the set of hypotheses that guide both the management actions and their associated monitoring.  Because these management actions are recognized as “experimental” (because in a complex system most outcome(s) cannot be predicted with absolute certainty), their selection must be guided by assumptions about what might happen, or what is expected to happen.  This defines the first attribute of a useful hypothesis: it is credible, typically because it is based on prior knowledge or scientific understanding of the system.  Indeed, some hypotheses may already be so well evaluated and understood (e.g., “Stormwater runoff from freeways carries measurably elevated concentrations of toxic pollutants”) that there is little point in framing them in this structure at all—as new monitoring programs to address such hypotheses are highly unlikely to result in new information or knowledge and would be perceived as an unwise expenditure of scarce monitoring resources.

The second attribute of a useful hypothesis stems from the scientific reality that any experiment, whether conducted in the laboratory or across the landscape, provides value only insofar as its outcomes are measured and the effects are distinguishable from the influence of other, unrelated factors.  Thus, the hypothesis that guides the experiment should not only be credible but also testable.  Otherwise, why bother making measurements at all?

Lastly, these actions and measurements and analyses do not occur in a vacuum.  In the present context, their purpose is to improve the management of stormwater and to reduce the associated impacts on the ecosystem of Puget Sound.  Thus, the final guiding principle for any hypothesis in an adaptive management framework must be that it is actionable—that different outcomes, as revealed by monitoring, could result in different management responses.  If no difference occurs, then clearly there is no scientific purpose to having made the effort in the first place.

2.5 Identifying Hypotheses for the Monitoring Categories
As described above, hypotheses used to guide the adaptive management strategy must be credible (though not already known), testable, and actionable.  These criteria were applied to develop an initial set of priority hypotheses for more rigorous development.  About 50 preliminary hypotheses were developed during development of the assessment questions (Appendix E).  These hypotheses were used as the starting point developing priority hypotheses.
As hypotheses have been developed, we have aligned them with the three categories of monitoring listed above, because these categories best reflect the underlying structure of the assessment questions and thus the broadly articulated stormwater-monitoring needs of the region.  Within each category, we turn to Table 2 for organizational guidance—which land uses, which receiving waters, and which impact(s) to beneficial uses are most likely to be most problematic, given our current scientific understanding?  We note that some aspects of the science of stormwater remain uncertain, and that monitoring could also help inform a research agenda to identify heretofore unrecognized stormwater impacts.  This type of monitoring can have great value but is explicitly not included in the current strategy.

As with most other programs, these perspectives suggest a framework that encompasses multiple, nested scales of monitoring, and thus similar scales for the hypotheses that will guide their implementation. The broadest scale of monitoring is that of the integrated effect of stormwater impacts and stormwater management on receiving waters.  Status and trends monitoring addresses these questions, and it also allows stormwater and resource managers to understand the benefit obtained from management investments.  This follows the horizontal dimension of Table 2, recognizing that impacts will differ by waterbody and will reflect multiple stressors and the effect of multiple management actions.  Individual conditions normally cannot be traced back to specific generators of pollution (NRC, 2009), and so identifying conditions at this scale requires a larger spatial scale over longer time frames, the essence of status-and-trends monitoring.  
If, indeed, status and trends monitoring (or long-standing prior knowledge) indicates that there are impacts on beneficial uses, a second (and relatively site-specific) scale is invoked, that of effectiveness monitoring:  which of our many stormwater-management actions achieve the greatest reduction in downstream impacts?  On the whole, these stormwater control measures, both structural and nonstructural, vary by land use—the measures suitable for a residential neighborhood will likely be impractical or ineffective (or both) in an industrial setting.  We therefore anticipate that most effectiveness monitoring will be stratified by land use, acknowledging that truly homogenous land uses are rare.  Nonetheless, exactly this organizational approach was used by the Nationwide Stormwater Quality Database which contains water-quality data from more than 8600 events and 100 municipalities throughout the country, of which 5800 events are associated with “homogeneous land uses.”  We see no basis to eschew the approach of this nationally recognized and funded effort in Puget Sound, and so we embrace the conceptual approach of land-use stratification for evaluating the effectiveness of our stormwater control measures.   

The finest scale of monitoring is that of source identification: what specific locations and which parts of the landscape generate stormwater of deleterious quantity and quality to cause impacts to beneficial uses, be they direct (i.e., chemical or physical) or indirect (i.e., biological and human health and well-being)?  This question is widely posed in stormwater management programs, and a number of existing monitoring programs seek to provide answers.  The science of stormwater suggests where the greatest attention is probably warranted (NRC 2009), namely a particular focus in all land uses on areas of well-connected impervious area (NRC 2009, p. 120, 231, 232), high vehicular traffic (NRC 2009, p. 232), and exposure to toxic chemicals (NRC 2009, p. 330).  More specific contaminants associated with particular land uses (or specific high-risk activities within particular land uses), such as pesticides draining off of agricultural lands, are also recognized problems even if their contribution to stormwater impacts may primarily be local.  Such concerns do not receive equal attention in this strategy document, but their inclusion in the recommended framework could readily occur at any future time.

At each scale of monitoring, the number of land uses, waterbodies, and potentially impared beneficial uses is very large; we believe that it is not possible to comprehensively monitor all combinations of water bodies, land uses, sourcse, and stormwater management actions at all times to fully address all of our information needs.  We also note that the mere fact of collecting data does not require (and often does not elicit) any specific management response.  Thus the simple enumeration of assessment questions, or a listing of the existing monitoring programs that presently generate regional or local data, do not define an “adaptive management framework.” 

The hypotheses initially generated during development of the assessment questions (Appendix E), provided the starting point for the development of the priority hypotheses for this document.  While it is unknown if there will be sufficient resources to address all of the identified priority hypotheses, this strategy endeavored to provide a comprehensive framework from which implementation plan could be developed.
2.6 Priority Hypotheses for Status and Trends Monitoring
Historically, the impacts of urbanization on receiving waters have been tested by comparing water quality to various sets of standards or guidelines.  However, to truly assess cumulative impacts, “[b]iological monitoring of waterbodies is critical to better understanding the cumulative impacts of urbanization on stream condition” (NRC 2009, p. 233).  To this end, hypotheses that address the integrated effects of stormwater-management actions on the biota of receiving waters are the recommended emphasis status-and-trends monitoring.  We recommend further narrowing of the initial scope to creeks and the nearshore environment, to support the recommended approach for source identification and effectiveness monitoring (above).  Specific hypotheses should identify which links between urbanization and impacted water resource features are being affected, as characterized on Figure 2, and how those influences are likely to be expressed in the biota.  Clearly, there are a vast number of unique combinations around which hypotheses could be constructed, and for which conditions could be monitored.  The challenge at this level of hypothesis-generation is to identify a more limited, tractable number of such combinations.  They must also each meet the test of being credible, testable, and actionable.
For the status and trends monitoring, we propose to prioritize those hypotheses that address those receiving-water impacts that are currently understood to be associated with stormwater (Table 2).  Small streams (or “creeks”) are an obvious choice, given the decades of research on them in the region, their recognized sensitivity to adjacent land-use activities, and their critical role (both direct and indirect) in the life history of anadromous salmon and other aquatic organisms.  We also recommend similar attention to the nearshore, because of the importance and sensitivity of this interface between land-based activities and Puget Sound, and its importance to both natural and human (especially food- and recreation-based) resources.
The proposed priority hypotheses for status and trends monitoring are:
1. “Flagship species” in small streams show improving population trends over time throughout the Puget Sound region in consort with increased and improved stormwater management efforts.
2. Bacteria levels in shellfish along the nearshore show decreasing trends over time throughout the Puget Sound region in consort with increased and improved stormwater management efforts.  (Alternately: Proximal land use is the strongest determinant of shellfish bed closures, whether due to toxic accumulations or fecal coliforms.)
3. Bioaccumulative toxic chemicals in sediment and biota show decreasing trends over time throughout the Puget Sound region in consort with increased and improved stormwater management efforts.
4. Instream biological metrics (e.g., B-IBI) show statistically significant trends in streams draining established residential land-use areas in Phase I jurisdictions with established public education programs.
In addition to proposed Status and Trends (S&T) study designs for small streams and nearshore environments, the Appendices to this document also describe proposed study designs for S&T monitoring in large rivers, lakes, and marine waters.  Monitoring in large rivers provides a direct measure pollutant loadings to Puget Sound over time.  This information can then be correlated with sediment quality and biological indicators both in the neareshore and marine waters.  Our experimental design for marine waters focus solely on biological indators for toxic contaminant bioaccumulation; we see no point in looking at any other indicator in this environment.  The rationale for including an experimental for lakes is provided in the opening section of the study design.  This may be overly ambitious, but we decided to present these study designs and let others which to prioritize.
2.7 Priority Hypotheses for Effectiveness Monitoring
One could imagine the desire to test the “effectiveness” of every implemented stormwater control measure at every location at which it occurred.  Clearly, this is neither feasible nor rational.  Instead, a series of priority hypotheses are proposed that would have programs designed to address each, acknowledging that additional hyptheses could be added over time.  To initiate this structure, effectiveness hypotheses are here divided grouped into three subcategories: (1) testing low-impact development (LID) techniqes to minimize impacts from future new development, (2) testing retrofit techniques to decrease impacts from the built environment, and (3) testing non-structural programmatic approaches used in stormwater programs.  
We do not recommend that these all be undertaken simultaneously, but rather that an implementation cycle be set up whereby these hypotheses all are tested in the next decade.  Some effectiveness monitoring is already being performed through the TAP-E protocol and current permit requirements.  In general, the experimental designs proposed in the Appendices for effectiveness monitoring have tried to move away from asking simply, “what level of pollutant and/or flow reductions do we see at end of pipe?”  Instead, our intent is to examine whether these pollutant reductions protect or improve beneficial uses in the the receiving water.  
The proposed priority hypotheses for testing the effectiveness of LID techniques to minimize impacts from new development are:
5. LID stormwater control measures implemented as the primary/sole method of flow control in a new residential development not only meet Western Washington Stormwater Manual requirements for flow control but also achieve a range of target values for ecohydrologic metrics (e.g., high-pulse counts, rate of change) that match the value of such parameters from undisturbed Puget Lowland catchments of similar size.

6. LID on infiltrative soils are more effective, and more cost-effective, at achieving measureable flow control and meeting flow control standards (relative to undeveloped conditions on the same soil) than LID on non-infiltrative soils. 
7. Infiltrative stormwater control measures for high-capacity roadways (e.g., freeways) on favorable sites achieve water-quality and water-quantity performance superior to that provided by stormwater ponds and/or vaults, and groundwater quality is not measurably compromised.
The proposed priority hypotheses for testing the effectiveness of retrofit techniques to decrease impacts from the built environment are:
8. Proprietary runoff-treatment systems achieve long-term reductions in pollutants commensurate with laboratory tests and presumptive regulatory performance.
9. Stormwater treatment retrofits in existing residential developments achieve long-term reductions in pollutants and meet water quality standards at the point of discharge.
10. Stormwater flow control retrofits in existing areas of high density urban development not only meet Western Washington Stormwater Manual requirements for flow control but also achieve a range of target values for ecohydrologic metrics (e.g., high-pulse counts, rate of change) that match the value of such parameters from undisturbed Puget Lowland catchments of similar size.
11. LID stormwater treatment retrofits adjacent to existing highways achieve long-term reductions in pollutants and meet water quality standards at the point of discharge.
The proposed priority hypotheses for testing the effectiveness of non-structural programmatic approaches used in stormwater programs are:
12. Intensive pollutant source control programs at industrial sites achieve long-term reductions in pollutants and meet water quality standards at the point of discharge. 
13. Intensive public educational outreach efforts related to pollution control in existing residential developments achieve long-term reductions in pollutants relative to residential developments not receiving commensurate outreach.
14. Enhanced enforcement of “good-housekeeping” practices at industrial sites achieves significant reduction in pollutant releases.

15. Full implementation of all recommended waste management best management practices from the Natural Resources Conservation Service at existing livestock/dairy farm sites achieve long-term reductions in pollutants and meet water quality standards at the point of discharge.
16. Street sweeping and other source control methods are more cost effective at reducing pollutants from existing developments than stormwater treatment retrofits.
2.8 Priority Hypotheses for Source Identification 

“Sources” could be investigated literally everywhere in the developed landscape; this approach, also, is neither feasible nor rational.  Instead, we recommend a targeted, hypothesis-driven effort based on the extent and severity of impacts suggested by the last several decades of study in the Puget Sound region and by existing and proposed status-and-trends monitoring programs, on the assumption that focusing on identifying sources where beneficial uses are known to be impacted will achieve more direct benefits to the region than a thinly spread effort with insufficient resources to justify any change in management approach.  
Again, we do not recommend that these studies all be undertaken simultaneously, but rather that an implementation cycle be set up whereby each hypothesis is tested in the next decade.  

The proposed priority hypotheses for source identification are:
17. The impact of existing mixed residential and commercial development on small streams is most strongly determined by the fraction of connected impervious surface and is largely expressed and traceable through physical flow alterations rather than changes in water chemistry.
18. Impacts on beneficial uses in the nearshore due to fecal coliform bacteria pollution can be traced to specific sources such as agricultural runoff, sewer cross-connections, failing septic systems, and urban runoff.
19. Toxic chemicals in runoff from visually identified high-risk industrial sites (Duke 2007, Duke and Augustenborg 2006; see also NRC 2009, p. 537, 554) contribute the majority of industrial-source pollutants.
20. Vehicle miles traveled is an adequate surrogate for estimating pollutant loads from residential land uses and can be used in place of detailed measurements everywhere to identify significant source areas.
3 Relationships Between the three Monitoring Categories
The following sections describe how the different types of monitoring designs would be related within an adaptive management framework. Information gathered under each category of monitoring can and should inform work under each of the other categories. The designs are given hierarchically, from the broadest and most general design to the most local site-specific designs. 

3.1 Status and Trends Monitoring Design
Status and trends monitoring designs are summarized below, and presented in detail in Appendix F.
3.1.1 Puget Sound-Wide Probabilistic Design

The first three priority hypotheses for status and trends monitoring are intended to allow for the detection of changes and trends over time of the status of beneficial uses impacted by stormwater.  The ultimate goal of this monitoring is to determine whether the component efforts at stormwater management are actually achieving the desired level of resource protection.  This monitoring is underlain by the fundamental hypothesis that our various management actions are “enough” to produce measurable ecosystem improvement (or avoid measurable ecosystem degradation).  Because of the integrative level at which these measurements commonly occur and the complexity of the ecological system, it is rare that a direct diagnosis of cause-and-effect can occur from this level of monitoring alone.  However, this monitoring can identify broad trends in key indicators for stormwater impacts, and thus provide a broad level of feedback on whether or not our management actions are “enough.”  
In general, a probabilistic survey design across the landscape, where a complete master list of possible sampling sites is generated and a random subset is then monitoried, would allow for the assessment of these key status and trends indicators across the Puget Sound region.  In 2009 the Washington State Department of Ecology began implemention such a program to assess stream habitat and watershed health (Ecology 2006).  Figure 3 shows an example of the sampling locations for probabilistic stream monitoring in the Puget Sound region.  Similarlarly, probabilistic designs could be developed for nearshore bacteria monitoring and toxic chemical accumulation in sediment and water.  This type of design allows for a quantitative understanding of the extent and magnitude of the impacts on beneficial uses across the multiple jurisdictions and projecst in the Puget Sound region.

EPA encourages states to adopt a probabilistic sampling design for the following reasons, some of which are relevant for an integrated stormwater monitoring plan as well. This type of monitoring design supports the reporting requirements of states and territories under the Clean Water Act (305b) and is more relevant for a state monitoring program. Nonetheless, it provides a starting point for integrating across smaller jurisdictions. 
· A probabilistic survey design is, by definition, integrated because it includes all possible sites in the sampling frame (Larsen et al. 2001; Stevens and Olsen 1999).
· The design is flexible because the same design can be expanded to increase sampling densities based on geographic area, land use or some other factor (Ode and Rehn 2005). 

· We can evaluate the magnitude of the problem, e.g., “50% of stream miles are failing to support their designated uses” (Urquhart 1998; Stevens and Olsen 2003). 

· The random nature of the design supports risk analysis to determine the most important drivers of degradation associated with stormwater (U.S. EPA 2006).

· The potential exists for agencies to support each other’s program by sharing the burden of data collection across projects (for example, Snohomish County might volunteer to sample the state’s random sites in their jurisdiction as part of their own probabilistic sampling design if the Department of Ecology would collect some additional water samples to characterize pollutant loadings upstream of Snohomish County).
To be truly comprehensive the status and trend monitoring program would address all receiving waters: streams, large rivers, lakes, groundwater and marine (including nearshore) and must be regional in scale. 
The types of information provided by a Puget Sound-wide probabilistic survey design include:
· The percentage of the Puget Sound region (e.g., stream miles, nearshore miles, sediment area) that is supporting its designated beneficial uses.
· The change in percentage of the region supporting its beneficial uses change after 5 years.
· Locations of possible “hot spots” for disturbance.
The types of information not provided by a Puget Sound-wide probabilistic survey design include:
· The percentage of each subregion (e.g., stream miles in each WRIA, nearshore miles within each action area, sediment area within each basin) that is supporting its designated beneficial uses, or the trends over time in changes to these percentages.  This information would not be available because the sampling density would not be sufficient to generate this information for each subregion. To evaluate trends within a subregion, a greater density of sampling point are need (see Subregion Probabilistic Design).
· The random nature of the design means that specific information about sites of interest cannot be addressed, e.g., sites with BMPs. Some sampling design need sites from specific locations to make comparisons and test for differences (see Effectiveness Monitoring Statistical Design).
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	Figure 3.   Probabilistic survey design for 2009 sampling of streams in the Puget Sound watershed (red dots) and example of a high density sampling design for Snohomish watershed (yellow dots). Both sets of point are derived from the same master sample.

	


3.1.2 Subregion Probabilistic Design
The use of a probabilistic design allows for the nesting of monitoring programs of different densities in a comparable manner.  Using the small streams example described above, the probabilistic survey design used can be scaled to different to smaller watersheds, basins, and subbasins by increasing the density of sampling sites. The density can also be increased according to other factors, e.g., stream size, land use, etc. Results from these areas of greater sampling effort can still be rolled up in the regional reporting. In short, one probabilistic survey can be nested within another. (See the yellow dots in 3 indicating an example of increased density for Snohomish watershed.)

The types of information provided by a subregion probabilistic survey design include:

· The percentage of the subregion (e.g., stream miles in each WRIA, nearshore miles within each action area, sediment area within each basin) that is supporting its designated beneficial uses.  
· The change in percentage of the subregion supporting its beneficial uses after 5 years.

· How areas with different land uses, e.g., urbanizing areas with LID construction vs. areas with predominantly existing residential, compare regarding their relationship to the supporting of beneficial uses.
· Identification of the greatest threats to water resources in the subregion and their relative risks.
The types of information not provided by a subregion probabilistic survey design include:
· Effectiveness of specific BMP treatments (see Effectiveness Monitoring Statistical Design).

· Identification of sources of pollutants and stressor diagnosis. (see Source Identification Design).
3.2 Effectiveness Monitoring Study Design

Effectiveness monitoring is intended to provide some assurance that the selected stormwater management approaches are functioning as anticipated and (at a more localized scale than is evaluated by status and trends monitoring) result in improvements in beneficial uses.  Information collected through effectiveness monitoring is useful to understand the cost-benefit, or perceived value, of various stormwater management approaches.  
The priority hypotheses for effectiveness monitoring are grouped into there subcategories addressing: (1) testing low-impact-development (LID) techniqes to minimize impacts from future new development, (2) testing retrofit techniques to decrease impacts from the built-environment, and (3) testing non-structural programmatic approaches used in stormwater programs.  Three example effectiveness monitoring study designs are presented in detail in Appendix G.
The objective of this monitoring is to evaluate the effectiveness of specific management actions in reducing known stormwater impacts to beneficial uses in receiving waters.  To be successful, effectiveness monitoring must be performed using clearly defined hypotheses that link the anticipated benefit from a management action to appropriate indicators for the stormwater impact.  This monitoring must also be performed over a relatively small spatial scale (e.g., site or catchment) to reduce influences from other actions or natural phenomena.  Reducing influences not related to the management action itself is necessary for a robust experimental design. A final component of this monitoring is the linkage to specific “land uses” and “outcomes”.  The linkage to land uses is important because stormwater management actions are typically very different for different land use types.  For example, a management action to mitigate stormwater impacts from residential land use would likely be inappropriate (or less effective) at mitigating stormwater impacts from agricultural land use.   The linkage to outcomes is important because goals for stormwater management actions are typically different for new and existing land use.  For example, the desired outcome for a management action that is applied to new land use would be to prevent any change relative to baseline conditions.  In contrast, the desired outcome for a management action that is applied to existing land use would be to reduce existing stormwater impacts to some (possibly predefined) extent.

The monitoring design for effectiveness monitoring requires a relatively small-scale focus.  Also required are treatment locations, where the stormwater management actions are applied.  For each treatment location, the monitoring design may include upstream/downstream monitoring, before/after monitoring, or treatment/control monitoring.  The selection of the appropriate approache is dependent on the specific hypotheses to be tested.
The types of information provided by the effectiveness monitoring design include:

· The amount of change in flow parameters or water quality parameters downstream relative to upstream of the stormwater management location, OR

· The amount of change in flow parameters or water quality parameters from before and after installation of the stormwater management action, OR

· The amount of difference in flow parameters or water quality parameters between a site receiving stormwater management action and a control site not receiving stormwater management action.
The types of information not provided by the effectiveness monitoring design include:
· Identification of sources of pollutants and stressor diagnosis. (see Source Identification Design).
· Cumulative impact of multiple stormwater management actions (see Status and Trends Monitoring Design).
3.3 Source Identification Study Design
It is recognized that the identification and elimination of pollutant sources is a key element of ongoing efforts to improve stormwater quality and the overall health of Puget Sound.  Under the current regulatory framework, pollutant source identification is largely conducted by local jurisdictions in accordance with requirements identified in Phase 1 and 2 municipal permits and by industry through the industrial NPDES permit.  These requirements include: 

· Inspections of pollutant generating sources at commercial, industrial, and multifamily properties to enforce implementation of required source control BMPs (Phase 1 permit).

· On-going program to detect and address non-stormwater discharges, spills, illicit connections, and illegal dumping into the municipal separate storm sewer system (Phase 1 and 2 permits).

· Identification of pollutant generating sources and required source control BMPs as part of the Stormwater Pollution Prevention Plan (SWPPP) development for all municipally owned or operated heavy equipment maintenance or storage yards and material storage facilities (Phase 1 and 2 permits) and for permitted industrial facilities.

Additional source identification activities occur outside of the regulatory framework via:

· Development of individual drainage basin planning approaches for managing flow and water quality.
· Using targeted monitoring of specific indicators of beneficial uses (such as fecal coliform bacteria in nearshore marine waters), to identify where beneficial uses are not met, followed by studies to identify sources of the pollutant.

In general, these activities are most appropriately undertaken by local jurisdictions because they have intimate knowledge of their respective land uses, receiving waters, and potential pollutant sources.  However, a goal of the regional Stormwater Monitoring and Assessment Strategy will be to provide data to local jurisdictions that will inform these existing source identification efforts.  Specifically, if the status and trends monitoring of small streams identifies stream segments that are more directly degraded by stormwater relative to others, this information will be provided to local jurisdictions who would implement more intensive investigations within associated upstream tributaries and stormwater conveyance systems to identify the specific source of the degradation.  These efforts would largely be undertaken under the regulatory framework already in place for diagnostic monitoring.

A key component of this approach is effective communication of monitoring results from status and trends monitoring of small streams to local jurisdictions tasked with the implementing source identification programs.  To that end, the implementation plan that is developed to accompany this strategy document should identify special reporting provisions to ensure this communication occurs. 
4 Additional Necessary Support tools
To successfully implement this strategy, other support tools and assessment approaches are needed.  To support this new, integrated monitoring system, local jurisdictions will need to work together with state and federal government agencies to develop and adopt new methods and infrastructure such as regional standardized operating protocols, data repositories, and regional conferences.
4.1 Standard Operating Procedures

To ensure data comparability across the multiple monitoring efforts, it is essential that a common set of standard operating procedures be developed and used throughout the region.  Ecology has funded the development of an initial set of standard operating procedures for stormwater monitoring, though many more have been identified for future development.  A list of standard operating procedures necessary for the monitoring and assessment strategy is provided in Appendix H.
4.2 Coordinated Information Management Systems
As highlighted in the introduction to this document, much of the information currently available on the status and health of Puget Sound has been collected by numerous agencies through preexisting monitoring programs; however, this information has generally not been coordinated or shared in a way that helps make good decisions.  Hence, the development of an integrated information management system is a recognized priority for the Stormwater Monitoring and Assessment Strategy for Puget Sound.  

When contemplating the need for an “information management” system, it should be recognized that this term has different meanings for different groups of people.  For example, scientists involved in the project may expect information management to be concerned primarily with the storage and retrieval of monitoring data, while the general public may expect information management to involve the compilation of technical reports and papers.  The Chesapeake Bay Monitoring Program used an “information pyramid” for describing these different information types (see Table 3). 
For the upper levels of the information pyramid, it is relatively straightforward to provide a centralized system for sharing information.  One idea would be a central regional monitoring program web site with many contributors posting analyses, graphics, documents, and other summarized information.  Each entry would be tagged to facilitate filtering and searching of information by users, and entries could take essentially any format needed.

Developing an intelligent system for sharing raw data of many different types is more challenging.  Table 4 lists the types of raw data that will likely be generated through the Stormwater Monitoring and Assessment Strategy for Puget Sound, and identifies an appropriate existing database, if applicable, that could be used to house these data.  For example, discrete water quality and toxicity data could be stored in the existing Ecology Environmental Information Management (EIM) system.  Because the EIM is already the regional repository for these types of data, it should remain so for data that will be collected through the Stormwater Monitoring and Assessment Strategy for Puget Sound.
Table 3.
Information pyramid from the Chesapeake Bay Program

	Position in Information Pyramid
	Information Type
	Examples

	Top
	Public Information
	Newspaper articles, press releases

	
	Documents
	Technical reports, publications

	
	Environmental Indicators
	Information summaries and trend analyses

	
	Analyzed Information
	Graphs and other analyses of data

	Base
	Data
	Raw data, processed and corrected data


There is no existing centralized database currently in existence for several other data types, including physical habitat and time series (e.g., continuous flow and temperature).  Under the implementation approach that is envisioned for the Stormwater Monitoring and Assessment Strategy for Puget Sound, these types of data would likely be collected by different jurisdictions; although, each jurisdiction would use a uniform set of Standard Operating Procedures for the associated monitoring.

Table  4.
Types of raw data that may be collected through the Stormwater Monitoring and Assessment Strategy for Puget Sound

	Collection Frequency
	Data Type
	Sample Locations
	Existing centralized database available?

	Discrete
	
	
	 

	 
	Grab or composite sample water quality data
	Streams, rivers, lakes, Puget Sound
	Yes, EIMa

	 
	Toxicity assays
	Streams, rivers
	Yes, EIMa

	 
	Benthic macroinvertebrate surveys
	Streams, rivers
	Yes, Puget Sound Benthos

	Continuous
	
	 
	 

	 
	Freshwater flow, level, temperature
	Streams, rivers stormwater systems, Puget Sound
	No

	 
	Continuous water quality data collected on moorings
	Puget Sound
	Being developed by NANOOSb

	 
	Meteorological time series
	Puget Sound watershed
	No

	a Environmental Information Management system (Department of Ecology)

	b Northwest Association of Networked Ocean Observing Systems


In general, there are two options for storing these disparate types of data: a decentralized or centralized approach.  Under a decentralized, approach local jurisdictions that collect these types of data would also independently manage the data within their own databases.  A decentralized approach has advantages in that 1) duplicated efforts can be avoided by using existing databases, and 2) most raw data management is performed by the people more familiar with the data (or the data collectors themselves).  For these reasons, a decentralized approach was selected for the Chesapeake Bay Program’s monitoring efforts which are similar to those for the Stormwater Monitoring and Assessment Strategy for Puget Sound.  With a decentralized approach, a centralized regional monitoring web site would need to be established to provide information on how to search for regional monitoring data within the other databases.

However, a centralized approach offers the following advantages over a decentralized approach:

· A standardized file structure can be established for each data type with links to other databases

· All the compiled monitoring data can be accessed and viewed via a common interface

· Standardized quality assurance checks can be incorporated into the system 

Due to these numerous advantages, this is the approach that was adopted for the Galveston Bay Regional Monitoring Program; it also the recommended approach for the Stormwater Monitoring and Assessment Strategy for Puget Sound.  

Implementation of a centralized approach for information management would specifically require the development of new databases to hold data types (e.g., time series) that currently cannot be incorporated into the EIM.   In addition, standardized data formats and input processes would need to be developed for local jurisdictions involved in the monitoring, as has been done with the EIM database.  The input processes would need to include detailed information on Meta data reporting requirements for each monitoring element.  Finally, standardized quality assurance review and reporting procedures would also need to be incorporated into this process.  

Ultimately, the development of this centralized information management system will facilitate the effective communication of monitoring results from the Stormwater Monitoring and Assessment Strategy for Puget Sound to the following stakeholders:

· Technical staff and management from Puget Sound Partnership 

· Technical staff and management from other state and federal agencies

· Technical staff and management from local jurisdictions

· Private industry

· Public interest groups

· General public
4.3 Stormwater Modeling System
It is anticipated that modeling will be an essential component of the Regional Stormwater Monitoring and Assessment Strategy.  Data obtained from implementation of this strategy will contribute to modeling efforts in one or more of the following ways:  
· Extrapolate and credibly transfer information obtained from localized monitoring efforts to larger scales or areas where monitoring does not take place, thereby extending the utility of the data to unmonitored areas.  
· Examine different future-oriented and hypothetical scenarios for stormwater management that cannot be directly monitored, and 
· Improve estimates of the origin and fate of contaminants in streams, interpretations of water quality patterns based on nonpoint and point pollution sources, and predictions of biota responses to water quality improvements or degradations.
4.4 Land Use and Land Cover Characterization

To identify sources and to allow for the extrapolation of effectiveness information to larger scales, it is necessary to have land use and land cover data for the region.  These data are typically presented in several categories that relate to different types of development.  A standardized system to routinely update this information across the Puget Sound region, and a model for projecting future land use and land cover is necessary for the implementation of the monitoring and assessment strategy.

4.5 Coordinated Regional Climate Data

Many different state and federal agencies, local jurisdictions, tribes, individuals, and businesses operate climate modeling systems throughout the Puget Sound region.  Some of these systems have been in operation continuously for many decades, while others are recently installed.  To allow for coordinated analysis of stormwater impacts, an agreed-upon set of climate data is important 
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What is “Stormwater”?


“Stormwater” is a term that is used widely in both scientific literature and regulatory documents. It is also used frequently throughout this report. Although all of these usages share much in common, there are important differences that benefit from an explicit discussion.


Most broadly, stormwater runoff is the water associated with a rain or snow storm that can be measured in a downstream river, stream, ditch, gutter, or pipe shortly after the precipitation has reached the ground. What constitutes “shortly” depends on the size of the watershed and the efficiency of the drainage system, and a number of techniques exist to precisely separate stormwater runoff from its more languid counterpart, “baseflow.” For small and highly urban watersheds, the interval between rainfall and measured stormwater discharges may be only a few minutes. For watersheds of many tens or hundreds of square miles, the lag between these two components of storm response may be hours or even a day.


From a regulatory perspective, stormwater must pass through some sort of engineered conveyance, be it a gutter, a pipe, or a concrete canal. If it simply runs over the ground surface, or soaks into the soil and soon reemerges as seeps into a nearby stream, it may be water generated by the storm but it is not regulated stormwater.


This report emphasizes the first, more hydrologically oriented definition. However, attention is focused mainly on that component of stormwater that emanates from those parts of a landscape that have been affected in some fashion by human activities (“urban stormwater”). Mostly this includes water that flows over the ground surface and is subsequently collected by natural channels or artificial conveyance systems, but it can also include water that has infiltrated into the ground but nonetheless reaches a stream channel relatively rapidly and that contributes to the increased stream discharge that commonly accompanies almost any rainfall event in a human-disturbed watershed.


Glossary definition


Stormwater: That portion of precipitation that does not naturally percolate into the ground or evaporate, but flows via overland flow, interflow, channels, or pipes into a defined surface water channel or a constructed infiltration facility. According to 40 C.F.R. § 122.26(b)(13), this includes stormwater runoff, snow melt runoff, and surface runoff and drainage.


From NRC, 2009.











