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5. Please use Word’s spell-check tool before submitting this document.
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A. Abstract and statement of innovation 
Global warming will bring an unprecedented series of changes to the freshwater and marine habitats occupied by salmon and resident fish species (ISAB 2007, Fig. 1). This has profound implications for existing and proposed water, habitat and fish management actions described in Columbia Basin’s sub-basin plans, which didn’t consider the impacts of global warming. How will the impacts of climate change be distributed over the landscape, across species and through time? What types of on-the-ground actions will be most cost-effective in dealing with these impacts? How will managers prioritize where and when to implement mitigative actions? If we don’t tackle these questions head on, we’ll lose fish species and/or waste money on ineffective actions.

This proposal addresses these tough questions, through an innovative approach with five attributes. First, we bridge across many disciplines to link together climate change scenarios, on-the ground actions (flow manipulation at dams, riparian vegetation management, controls on water use, hatchery supplementation) and fish responses. 

Second, we use advanced models, technologies and data that have been carefully developed over several years, and have proven on-the-ground biological benefits, yet have never been previously applied for this purpose in the Columbia Basin. 

Third, we’ve deliberately designed our linked tools and data to be transferable across the Basin for practical, on-the-ground decision making by managers of water, fish and forests, and revision of subbasin plans. We’ll employ workshops, users’ guides, presentations, and training sessions to involve and transfer these tools to managers.

Fourth, we directly tackle both the spatial and temporal dimensions of climate impacts and adaptation responses. Most analyses tend to be either in-depth investigations at a single site (showing variation over time) or simpler approaches with fewer data requirements applied across a broad region (showing spatial variation). We deliberately chose two case studies that permit us to explore both dimensions in a synergistic manner. Our Okanagan subbasin case study is led by ESSA Technologies of Vancouver BC and Fisheries and Oceans Canada in Nanaimo BC. It will apply linked climate-hydrologic-biologic and socio-economic models to examine variation over time in climate threats, (and the effectiveness of water, habitat and fish management actions), for a single fish population. This will increase managers’ understanding of what’s required to ensure long term persistence over all life history stages. Our Boise subbasin case study, led by the USFS Rocky Mountain Research Station in Boise ID, will use satellite data and vegetation-flow-temperature models to assess spatial variation in climate threats and adaptation potential, helping managers focus on the effectiveness and prioritization of riparian zone, forest, and fisheries management actions for multiple species across entire subbasins. 

Finally, our work will have very broad application, because our chosen pilot areas and tools allow us to address impacts to both anadromous and resident fish species, covering the whole spectrum from headwater to mainstem areas (i.e. sockeye and kokanee, with potential extensions to chinook and steelhead in the Okanagan; bull trout and rainbow trout in the Boise subbasin, with extensions to chinook salmon and steelhead in other areas). 

B. Technical and/or scientific background

B1. Relevance of climate change to salmonid ecology in streams and rivers. 

The recent assessment by the Intergovernmental Panel on Climate Change (IPCC 2007) communicated the strong scientific consensus that current warming is a reality mostly attributable to humans and that changes will adversely affect terrestrial, freshwater, and marine environments. Although only in the initial stages of climate change, 11 of the warmest years in the instrumental record have occurred within the last 12 (IPCC 2007). Further, the effects of the warming climate are already sufficiently pronounced that shifts in distributions and phenologies (timing of life history events) are apparent globally for a range of animal taxa (Parmesan and Yohe 2003; Root et al. 2003). Although case histories linking salmonid populations to long-term climate trends are relatively rare (but see Chatters et al. 1995; Finney et al. 2002; Mote et al. 2003), many studies now document significant trends in the physical processes that drive stream ecosystems in the Pacific Northwest, including: warmer air temperatures, declining snowpacks, altered precipitation, changing stream hydrology, increasing wildfire activity (Mote et al. 2005a; Regonda et al. 2005; Stewart et al. 2005; Westerling et al. 2006) and linked changes in geomorphological and ecological processes (Milner et al. 2007). These trends have been associated with a relatively modest warming of 0.6°C during the last 50 years—most global climate models suggest 2 – 4 times more warming will occur in the next 50 years (Leung et al. 2004; Mote et al. 2005b).  Changes in the Columbia River basin may well be higher than global averages (ISAB 2007).
Although most characteristics of stream systems will change in response to global warming (Carpenter 1992; Poff et al. 2002), flow and temperature adjustments will be rapid and could profoundly influence the distribution and productivity of salmonid populations. For salmonid fishes, these regimes have first-order effects on behavioral and physiologic responses at each life stage, which ultimately lead to population-level effects. Figure 1 illustrates the linkages between freshwater habitat drivers and mechanisms of salmon survival at each life stage. Generally speaking, climate change is predicted to result in earlier onset of spring snowmelt and peak flows, lower summer baseflows, and a tendency towards more transitional and rainfall dominated hydrographs (Lettenmaier and Gan 1990; Morrison et al. 2002; Merritt et al. 2006; Merritt and Alila 2004). A warming of stream environments is also expected due to convective heat exchange and inputs of warmer ground water (Stefan and Preud’homme 1993; Mohseni and Stefan 1999). In headwater areas where radiative inputs are controlled by riparian vegetation, warming could be enhanced and patchier than otherwise anticipated due to fires, debris flow events, roading, timbering, and other activities that open riparian canopies (Johnson 2003; Pettit and Naiman 2007). In the Okanagan River, adult sockeye returning to spawn stop migrating and drop back downstream and hold in cooler refuges (sometimes for 30 days) when they encounter water temperatures > 21(C (Hyatt et al. 2003). Prolonged migratory delays use up finite energy reserves, increase bioenergetic stress and susceptibility to disease, and ultimately reduce the abundance and viability of deposited eggs (MacDonald et al. 2000).
Environmental trends driven by a changing climate suggest a paradigm shift from a “dynamic equilibrium” to a “dynamic disequilibrium” where habitats and aquatic resources trend to an uncertain condition. Pacific salmon and trouts have adapted to past climate-induced environmental change (Chatters et al. 1995; Finney et al. 2002), but contemporary populations are often less resilient given depressed and fragmented population status. Understanding how, where, and when climate related changes will impinge on populations and the management issues and opportunities this presents will be key to proactive and effective conservation and management (Hyatt et al. 2003, Battin et al. 2007). 

B2. Implications for management. 
The magnitude of environmental change driven by a warming climate is not something that we can “fix” but rather something to which we must adapt. For this to occur, we need to first translate projected “global” changes to local landscapes so that we can predict how habitat networks will evolve and “on-the-ground” conservation activities can be directed most efficiently (Battin et al. 2007). Strategic thinking is required to effectively allocate limited resources.

The pervasive nature of the problem means that it will have to be addressed holistically, over the entire life cycle of fish populations from the headwaters to the ocean (Figure 1), and across the broad spatial scales of fish distributions. The logical way to get a handle on a wicked problem like this is to do some creative analyses on a pilot area, and examine the choices managers need to make concerning on-the-ground mitigative actions. Since the palette of adaptative actions (water, habitat, fish, forest management) will vary by subbasin, region, and management authority within a region, one can work outwards from these pilot locations to assess the opportunities for adaptation/mitigation in other parts of the Columbia Basin. Our proposal takes exactly this approach, working closely with managers at the beginning to consider the scope, and at the end to transfer our results and technologies for further application. 

Current best management practices and “business as usual” approaches may have insufficient adaptive scope to respond to future problems. These include both hard infrastructure such as dams and water distribution networks (Table 4), as well as softer decision rules / protocols for operating within this infrastructure (Table 5). Conditions in extreme years may push fish habitat and populations beyond the breaking point, made apparent during recent high temperature fish kills in the Klamath and Fraser Rivers (CDFG 2004, Cooke et al. 2004). We may need a radical shift in “best management practices”, particularly as many fish populations and institutions in the Columbia Basin have little resilience or flexibility for dealing with additional stresses. It will not be easy to find the best management practices that meet multiple objectives in a changed and variable climate. Understanding this problem requires new decision support tools to test action effectiveness across broad regions, over fish life history stages, and through time. In the next section we describe two sets of tools that can make significant practical contributions.
B3. Case histories. 

The Boise and Okanagan case studies were deliberately selected as complementary work, to tackle the spatial (Boise) and temporal (Okanagan) dimensions of climate impacts and adaptation responses. The combination will generate insights not feasible with two separate studies. We will bring these two dimensions together as we assess the feasibility of transferring each set of tools to other subbasins in the Columbia. FWMT-Okanagan provides a tool for adapting management of mainstem rivers for particular fish populations, while the USFS Boise tool supports adaptation in headwater areas across entire subbasins and potentially even broader regions. In our technology transfer effort, we will examine opportunities for transferring these tools to other subbasins in the Columbia Basin, based on feedback from managers. These two pilot studies build on extensive existing research, providing substantial ‘multiplier’ value for the requested funds. 

B3-1. Adapting to climate change in a mainstem area – Okanagan case study. 
In the Okanagan River and its associated valley bottom lakes (Figure 2), resident and anadromous fishes have been the focus of important harvest activities by human populations for thousands of years. However, after little more than a century of intensive agriculture and urban development, sockeye salmon (Oncorhynchus nerka) are the last remaining population of several species of sea-going salmonids (sockeye, chinook, coho, chum and steelhead salmon) that once supported seasonal food-fisheries (e.g. at Okanagan Falls) by aboriginal peoples in the Okanagan valley. Although not currently listed as endangered, annual returns of sockeye to the Okanagan River are frequently insufficient to support even modest levels of harvest by aboriginal peoples (Hyatt and Rankin 1999). Okanagan salmonid populations like many others located at the southern end of their range exhibit a time-weighted trend of declining numbers over the past 50 years (Hyatt et al. 2001). Similarly, until their recent dramatic decline (1980s), “landlocked” kokanee (O. nerka) in Okanagan Lake supported an important sport fishery (Ashley and Shepherd 1995) valued at more than a million dollars annually. Given their biological, social, economic and cultural significance, Okanagan L. kokanee and Okanagan R. sockeye salmon are the subjects of several significant stock and habitat restoration initiatives.

Several decades of study have documented how seasonal variations in water temperatures and flows affect sockeye salmon in both the river and lake segments of the Okanagan subbasin (reviewed in Alexander and Hyatt, eds., 2005; Alexander et al. 2005). We now quantitatively understand how wet year high flows cause adult spawning migration and egg scour (Hourston et al. 1954, Summit 2002); how cool Similkameen River summer flows reduce pre-spawn mortality during adult upstream migration in the Okanagan River from the Wells Dam pool to Osoyoos Lake (Hyatt and Stockwell, 2003); how reductions in flows during the incubation period can desiccate eggs and alevins; and how Okanagan River inflows can in some years mitigate the high temperature / low oxygen squeeze on sockeye fry rearing in Osoyoos Lake (Hyatt et al. 2007, in review).
Annual production variations for both Okanagan Lake kokanee and Okanagan River sockeye salmon are influenced significantly by water regulation decisions at a series of low head dams built and operated to meet flood control, fisheries and other water use objectives (Hourston et al 1954). The Canada-BC, Okanagan Basin Water Agreement (OBWA) of the early 1970s recognized that water management decisions influence fish production because of their effects on: (1) seasonal water level variations at Okanagan Lake beaches where kokanee spawn, (2) discharge, water level and flows downstream in both natural and channelized sections of the Okanagan River where sockeye salmon spawn, and (3) water quality of the lake rearing-habitats of both sockeye and kokanee. Consequently, specific provisions of the OBWA focused on the maintenance of lake and river discharge levels that were adjusted seasonally to protect the productive capacity of various life history stages of sockeye and kokanee salmon throughout the system. A review by Bull (1999) suggested that between 1983-1998 water management decisions frequently departed from compliance with seasonal lake elevation and river discharge levels recommended by the OBWA. 
Discussions with “front-line” fisheries and water managers indicated that difficulties in maintaining compliance were related to the complexity of balancing fisheries, flood control and water allocation benefits throughout the year. This complexity was exacerbated by uncertainties in four factors: 1) annual and seasonal water supplies; 2) the exact timing of sockeye and kokanee life history events (spawning, egg incubation etc…) that control their vulnerability in a particular year to losses from flood-and-scour or drought-and-desiccation processes; 3) the magnitude of fisheries losses associated with deviations from recommended lake level or river flow ranges (e.g. during flood or drought conditions); and 4) the social and economic impacts of maintaining “fish friendly” lake elevation and river discharge levels. 

During 2001, the Canadian Okanagan Basin Technical Working Group (COBTWG) initiated a Fish and Water Management Tools (FWMT) project (Hyatt et al 2001). The project’s purpose was to develop a set of quantitative, decision-support models to reduce the above four uncertainties, and improve the basis for water management decisions that influence fish production. The resultant FWMT System provides a multi-user, gaming environment based on a set of five integrated biophysical models (Figure 3). FWMT is accessed through standard web-browser technology from a common server at several locations by a consortium of natural resource managers representing private industry, First Nations, federal and provincial interests, who collaboratively converge on water management decisions that balance multiple objectives. FWMT supports analyses in an operational-mode on real-time data (Hyatt and Bull 2006), in a retrospective-mode on historical data (Hyatt and Alexander 2005) or in a prospective-mode on simulated future data (this study). 
In operational mode, FWMT accesses “real-time” data on Okanagan Lake and River elevations, water temperature and discharge that are automatically uploaded into a database through satellite links on a daily basis. Retrospective analyses indicate that routine operational use of FWMT by fish-and-water managers increases Okanagan sockeye smolt production by an average of 50 %, without significantly increasing socioeconomic losses associated with other water use interests (Hyatt and Alexander 2005). Fisheries and water managers have enthusiastically adopted FWMT due to its ease of use, integration of multiple ecosystem objectives and documented biological benefits (Alexander et al. 2006; B. Symonds, pers. comm.). During 2003-07 FWMT was applied to predict the consequences of seasonal water management decisions for kokanee production in Okanagan Lake, sockeye production in the Okanagan River and Osoyoos Lake, and damage and economic losses to urban and agricultural lands under flood or drought conditions. The collaborative development and use of FWMT has increased cooperation among government agencies, First Nations, industry and local communities in fish and water management decisions. 

The future, however, may be more challenging. Global warming is expected to bring the Okanagan warmer winters, smaller snow packs, increased peak but decreased total inflow, longer growing seasons, higher evapotranspiration, and increased forest pest outbreaks and fires (Merritt et al. 2006, Neale 2005, Cohen and Neale 2003, Nelitz et al. 2007b). Such changes are likely to occur throughout much of the Interior Columbia Basin. Hence, it is extremely important to develop broadly-transferable, practical water management tools for maintaining salmon survival under these conditions, and to determine just what actions will be required.

We will examine the potential for using various water management strategies (e.g. changes in dam operations, improved agricultural and domestic water use practices) to help anadromous and resident salmon in the Okanagan survive the double whammy of population growth and climate change. This analysis will primarily use FWMT, but also other analytical tools (see section E).
B3-2. Adapting to climate change in a headwater area – Boise River basin case study.

Most headwater systems occur above flow regulation structures. In these areas, options for mitigating climate change effects on stream flows and temperatures are often limited to protection and restoration of channels and riparian and hillslope vegetation. In this case study, we focus on the 5700 km2 Boise River basin in southwest Idaho (Figure 4) and examine anticipated effects of climate change on networks of thermally suitable habitat. 

The Boise River basin is topographically complex, high elevation (1000 – 2500 m), mostly public ownership, and supports a range of land-uses, including: timber harvest, mining, grazing, and recreation. Annual precipitation averages 40 cm and falls primarily as snow, although summer thunderstorms also occur (Rieman and McIntyre 1995). Hillslope vegetation grades from rangelands interspersed with mixed conifer and Ponderosa pine (Pinus ponderosa) forest at low elevations to subalpine fir (Abies lasiocarpa) at high elevation. Riparian species consist primarily of willows (Salix spp.), mixed conifers, cottonwood and aspen (Populus spp.), alder (Alnus spp.), and birch (Betula spp.). Fire activity was relatively limited during the 20th century, but increased dramatically in the 1990s and several fires have now burned a substantial portion of the basin (Dunham et al. 2007). Even more frequent large fires are anticipated with a changing climate.
Focal species in the Boise subbasin plan are bull trout (Salvelinus confluentus), which is a federally listed threatened species, kokanee (Oncorhynchus nerka), redband trout (O. mykiss gairdneri), and rainbow trout (O. mykiss). The basin provided historical habitat for spring/summer Chinook salmon (O. tshawytscha) and steelhead (anadromous rainbow trout) before access was blocked by construction of Arrowrock Dam in 1912 (Pratt et al. 2001). Limiting factors in the subbasin plan include channel alteration from dredging and road building activities that have reduced or eliminated riparian shading, fish passage impediments that fragment populations, high water temperatures, and water quality issues related to stream temperature and dissolved oxygen levels. Additional details are available at www.cbfwa.org/sotr and www.nwcouncil.org/fw/subbasinplanning/boise/ plan/MgmtPlan.pdf.
RMRS scientists have compiled a wealth of knowledge on salmonids, the spatial ecology of these fishes, and physical processes relevant to habitat formation from an ongoing research program started within the Boise River subbasin during the 1990s (www.fs.fed.us/rm/boise). Recently, RMRS scientists have compiled an extensive temperature database that encompasses >700 records at 519 unique stream sites sampled over 15 years (Figure 5). This project offers the opportunity to build on a strong foundation of previous work and structure data collection efforts in other areas.

These data are being used to parameterize a new class of spatial autoregressive statistical models that account for stream distance and flow direction (Petersen et al. 2006; Ver Hoef 2007). These models can estimate relationships between a response variable and process-based covariates, make predictions at unsampled locations, and predict an average or total for a stream or a stream segment. By accounting for the networked structure of streams, the models generally yield the most accurate parameter estimates available from empirical data and overcome issues of statistical independence. Other innovative attributes of the Boise stream temperature models are inclusion of dynamic climate covariates derived from local weather and flow gauging stations and use of remote sensing imagery to quantify changes in solar radiation attributable to the effects of fire on riparian shading (Isaak et al. in prep.; Luce et al. in review). Covariates representative of geomorphic features that affect stream temperatures are derived entirely from GIS-based digital elevation models (1). 

Yi = bo + b1(solar radiation) + b2(air temperature) + b3(streamflow) + b4 -bx(geomorphic features(e.g., valley confinement, elevation, drainage density, glaciation, etc.)) + ei
(1)

Reliance on remote sensing and GIS technologies make the modeling approach readily adaptable to other subbasins—most of which have networks of thermograph data available—and could serve as a foundation to assessment of temperature issues across the Columbia River basin.

C. Rationale and significance to the Council’s Fish and Wildlife Program 
C1. Subbasin Plans and BPA-funded Projects. The NPCC led an intensive process to develop plans for each of the 62 subbasins, leading to recommended actions to restore habitats, and associated fish and wildlife populations. While tremendous progress was made, many questions remain. First, there isn’t enough money to implement all of the recommended actions - how should actions be prioritized over space and time? Second, which actions are likely to be most cost-effective in maintaining habitats and fish populations under a changed climatic regime? This proposed project would provide substantial progress on both of these difficult questions on a basin-wide scale, as well as specific insights for the Okanagan and Boise subbasins. This is essential information for the NPPC, CBFWA and BPA in setting funding priorities for on-the-ground actions. The recent ISAB climate change report recommends that each subbasin plan develop strategies to address climate change impacts (ISAB 2007, pg. 95); our proposal is a major step in fulfilling that recommendation.
Limiting factors discussed in the Okanagan and Boise sub-basin plans are summarized in Table 1. Our tools and results would help managers in these two subbasins understand how climate change could affect management actions under five of the six major categories of limiting factors (i.e. flow, passage impediments, instream habitat, riparian habitat, and water quality). Our findings would be relevant to many other subbasins, as the limiting factors present in our two chosen subbasins are common elsewhere (CBFWA 2006).
C2. Consistency with Emerging NPCC Priorities. This project will help the NPCC adapt to climate change, as recommended by the ISAB in their recent climate change report (ISAB 2007, pgs. 90-97). Earlier Council documents say very little about climate change, although it has clearly emerged as a regional issue (ISAB 2007). One exception is that in February 2005, the Council released The Fifth Northwest Electric Power and Conservation Plan (NPCC 2005-7). Appendix N of this Plan discusses the impacts of climate change on power generation, flood control, water temperature, fisheries, irrigation and recreation. In short, an already difficult multi-objective balancing act is going to become more challenging. Appendix N had only a cursory examination of possible mitigative actions (pg. N-28 in NPCC 2005-7). Our proposed project will help the Council and regional managers better understand and mitigate temperature and fisheries impacts of climate change, through a variety of water, fish and forest management actions. The tools we develop, apply and transfer in this project could in future be linked to other tools (e.g. power generation) to make difficult tradeoffs in deciding on-the-ground actions.

This proposed project provides insights at broad, regional scales. In March 2006, the Council released its “Draft Guidance for Developing Monitoring and Evaluation as a Program Element in the Fish and Wildlife Program” (NPCC 2006-4). In October 2006, the Council presented its recommendations to BPA for Fish and Wildlife Project Funding for Fiscal Years 2007 through 2009 (NPCC 2006). In both of these documents, the Council noted that it intends to shift efforts away from project-level M&E projects and towards broader regional projects to evaluate the overall program effectiveness of on-the-ground habitat activities, improvements in habitat attributes and trends in fish and wildlife populations and habitat conditions. This proposal supports this emerging priority, since it provides the opportunity to develop and transfer easily applicable tools for subbasin scale exploration of future habitat conditions and fisheries impacts under altered climatic regimes, and the appropriate subbasin scale prioritization of mitigation and restoration actions. Furthermore the indicators generated from the Boise study (e.g. miles of streams with suitable temperatures for different fish species) may be useful to the NPCC as high-level indicators of the future attainment of subbasin and provincial scale objectives. 

D. Relationships to other projects

D1. Okanagan Subbasin. The Okanagan FWMT decision support system was developed under the authority of the three party (Fisheries and Oceans Canada, BC Ministry of Environment, Okanagan Nation Alliance) Canadian Okanagan Basin Technical Working Group with funding from Douglas County Public Utility District (DCPUD) No. 1 in Washington State. Applying FWMT in operational mode supports DCPUD objectives of promoting a net increase in sockeye salmon production above the recent historic average, and mitigating for mortality at Wells Dam. 
The proposed project would create collateral benefits for several other projects: 1) a multiyear project employing hatchery origin outplants of sockeye fry to restore an extirpated population of sockeye salmon to Skaha Lake on the Okanagan mainstem (feasibility study supported by BPA Project #2000001300 from 2001 to 2003, and experimental introductions currently supported by Grant and Chelan PUDs); 2) habitat restoration objectives specified by the Okanagan Subbasin Plan (BPA Project #200722400); 3) the ongoing Okanagan Basin Monitoring and Evaluation Program (OBMEP – BPA Project #200302200); 4) habitat restoration projects for resident kokanee and trout populations; and 5) various other BPA-funded projects in the Okanagan subbasin (Table 2). 
This project will be helpful to the International Joint Commission and the Osoyoos Lake Board of Control, who are interested in applying FWMT to investigate/resolve water and lake level fish-and-water management issues for ESA listed Upper Columbia steelhead salmon. Finally, this project will help reciprocal exchanges of data under the U.S.-Canada Pacific Salmon Treaty, OBMEP, and CSMEP. All of the groups identified here have expressed moderate to acute concern for potential climate change impacts on production variations, conservation and restoration of anadromous and resident salmon throughout the Columbia Basin. Our proposed project would help to preserve the effectiveness of past Council, BPA and other investments in salmon protection and restoration.

D2. Boise Subbasin. The Boise and Sawtooth National Forests, Idaho Fish and Game, the Bureau of Reclamation and RMRS have collaborated on broad assessments of the distribution and status of bull trout across the Boise River subbasin. The species is also a Management Indicator Species for many national forests. As a result, forest biologists are actively engaged in numerous, on-the-ground efforts to address factors that fragment, or otherwise decrease the resilience of bull trout and other native fishes. These activities include removal or modification of road culverts and protection or restoration of riparian vegetation to ameliorate thermal barriers. Trout Unlimited, the Boise National Forest, and RMRS are collaborating to restore the floodplain and thermally suitable habitat along Mores Creek (tributary to the Boise River; BPA proposal #200721000 - unfunded), which was dredged during the first half of the 20th century. Riparian areas remain largely unvegetated and stream temperatures are sufficiently warm that thermal barriers to salmonids occur.

Interactions with forest biologists suggest a keen interested in the results of our proposed research and the implications it would have for prioritization of restoration activities (J. Chatel - Sawtooth National Forest, Mike Kellett - Boise National Forests, Shelley Spalding, Wade Fredenberg – USFWS, personal communications). The management issues being addressed are of general concern across many subbasins in the Pacific Northwest and the application of stream temperature models to anticipate climate effects should have broad utility to assess threats, assets, and priorities related to temperature management. Our project could help managers decide where restoration is feasible.

E. Proposal objectives, work elements, methods, and monitoring and evaluation

1
Objective: Study scoping and management input 
Work element #1: Technical scoping of analyses 
Methods: We will hold a 2.5 day meeting in Seattle WA among the lead investigators to: thoroughly review analytical methods in both case studies; establish common climate scenario and other data inputs to allow cross-comparison of results; brainstorm model forms and syntheses to help fish and wildlife managers; finalize a list of invited managers to provide study input (see Table 3); review potential methods of technology transfer (Objective 6); and refine the study plan and schedule. We have chosen Seattle as our meeting location both for its convenience, and also to enable our team to meet with the Climate Impacts Group at the University of Washington.
Work element #2: Management input to study design 
Methods: There is already considerable interest in our proposed study from managers in both the Okanagan and Boise regions. We wish to increase their awareness of climate change issues and receive their guidance, so that our results and tools are of maximum relevance and use. To this end, we will hold one 1-day meeting of managers from the Boise subbasin (in Boise ID), and a similar meeting in the Okanagan subbasins (in either Penticton BC or Oroville WA) to: present our study plan; review the key questions and management actions that we propose to address; get feedback; and outline proposed technology transfer. We will respond to suggestions, considering what can be accomplished within time and resources of this study. To maintain the integration and basinwide potential of our project, we will ensure that lead investigators from both case studies are present at both meetings, though the tools to be implemented in the local case study will receive a much stronger emphasis. 

After meeting with managers, our study team will revise the study design and work plan to reflect their input. We’ll distribute a brief synopsis of the work plan, and recognize all who participated.

2
Objective: Compile future climate scenarios for use in case studies projecting effects on salmonids 
Work element #1: Acquire standardized set of downscaled GCM predictions for hydrology and air temperature.
Methods: Projected minimum and maximum daily temperatures, as well as precipitation estimates are available from various sources for the Columbia Sub-basins of interest (i.e. Okanagan and Boise sub-basins). For example, the Climate Impacts Group at the University of Washington and the Canadian Institute for Climate Studies at the University of Victoria (CICS) have analyzed the climate response for the Pacific Northwest simulated by several climate models. These simulations were prepared by climate modeling centers worldwide for the Fourth IPCC Assessement. Downscaled, future climate conditions are available as outputs from several models that have been used by researchers in western North America including: Hadcm3, Echam5, CCSM3, and PCM1 (CCSM3 is the successor to both the NCAR CSM and DOE PCM), CNRM_CM3, CSIRO_MK3 Miroc_3.2, IPSL_CM4, CGCM_3.1, and GISS_ER. Summary statistics for many of these models, downscaled to the geographic areas of interest, are provided at www.cses.washington.edu/data/ipccar4/ and www.cics.uvic.ca/scenarios/. 
From these, we will consider a “middle of the road” simulation scenario, (e.g. ECHAM5 SRES A2 ), a lowest warming scenario (e.g. GISS_ER B1) and a maximum warming scenario (e.g. IPSL CM4 A2). Model results for these scenarios have been downscaled as daily 1/8-degree data for the Pacific Northwest to create daily and monthly-mean data for both air temperature and precipitation (e.g. Figure 6). We will consult with the Climate Impacts Group on selecting the most appropriate GCM outputs for our purposes, and determine the limitations and caveats associated with these outputs. Our intent is to focus on the 30-year scenario developed by the Climate Impact Group for 2030 to 2050 (in Mote et al. 2005b).
We will convert future daily mean air temperatures to corresponding temperatures for aquatic habitats via application of air-to-water seasonal linear regression (Pilgrim et al. 1998) or logistic regression (Mohseni et al. 1998) models, as we have done previously in both the Boise and Okanagan subbasins (e.g. Hyatt and Stockwell 2003, Stockwell et al. 2001, Isaak et al., in preparation). We will transform downscaled future precipitation data to daily or seasonal discharge values through application of existing models (e.g. the UBC Watershed Model , Quick 1995, Snover et al. 2003, Merritt et al. 2006) to estimate daily surface streamflow under alternative climate scenarios, accounting for changes in the form of precipitation, evapotranspiration and soil moisture effects. We have already completed some exploratory work to generate future streamflows with the UBC Watershed Model from downscaled 2050 projections of precipitation and snow-pack accumulation (based on the HadCM3 model, A2 emission scenario; Hyatt et al., in preparation). These exploratory analyses incorporated results from a socio-economic model developed at the University of British Columbia, the Okanagan Sustainable Water Resources Model (OSWRM). OSWRM projects the impacts on in-stream flows of different assumptions about population growth, housing densities and water demand management strategies (e.g. agricultural irrigation efficiency, water metering and pricing, public education; Langsdale et al. 2007a, 2007b). 
3A Objective: Quantify effects of climate change on thermal habitat, seasonal streamflow, and salmon life history events in the Okanangan subbasin.
Work element #1: Evaluate effects assuming current trends in population growth and water use continue. 
Methods: Consistent with Figure 1, we will use a life history approach to explore the potential impacts of climate change on Okanagan sockeye and kokanee, using a suite of analytical tools: 1) FWMT for impacts on egg, fry and smolt life history stages, including juvenile rearing stresses (Hyatt et al. 2007 in review); 2) the OK Sockeye life history model (Peters and Marmorek 2003) for adult spawning; 3) analyses of upstream migration (Hyatt et al. 2003); and 4) analyses of the effects of ocean temperatures on smolt-to-adult return rates (Hyatt, in preparation).
The core of this work will be applying FWMT prospectively to water and temperature scenarios for 2030 to 2050, as generated under Objective 2, assuming “business as usual” human water use patterns. We will then compare sockeye and kokanee production outcomes in 2030-2050 with previous retrospective analyses for the period 1978-1992 (Hyatt and Alexander 2005), both with and without the use of FWMT. Differences in fish production between historic and future conditions will be taken as evidence of the magnitude of climate change impacts.  We are fortunate to have secured the time of a fish-and-water manager already experienced in using FWMT for retrospective, real time and prospective simulations (Ms. Margot Stockwell of DFO). The other tools described above will be used in supplementary analyses to assess the impacts of climate change on other life history stages.
3B Objective: Quantify effects of climate change on thermal habitat in the Boise sub-basin. 
Work element #1: Compile thermal criteria for study species.

Methods: A subset of the species currently or historically occupying the Boise River will be selected for modeling. Relevant literature will be reviewed to determine suitable spawning and rearing temperatures. Three species are good candidates, given a range of preferred stream habitats and their importance for recovery planning. Bull trout are a listed species, are among the most thermally sensitive of native fishes in the Pacific Northwest (Selong et al. 2001), have populations that are often fragmented by confinement to headwater reaches (Dunham et al. 2003), and are predicted to decline dramatically with exposure to a warming climate (Rieman et al., in review). Additionally, bull trout are well studied within the Boise River and extensive data exist to validate model predictions (Dunham et al. 1999; Whitely et al. 2006). Rainbow trout are also well studied within the Boise (Rosenberger and Dunham 2005; Dunham et al. 2007), but are more thermally tolerant and could experience both range extensions and contractions, depending on local conditions (Zoellick 1999). Chinook salmon, although extirpated from the Boise, have intermediate thermal tolerances (Richter and Kolmes 2005), and generally use larger streams that may respond differently to climate warming than smaller streams occupied by other species. We will also make use of ongoing work in British Columbia on fish population and community responses to temperature (Nelitz 2004, Nelitz et al. in press).

Work element #2: Predict the distribution of thermally suitable habitats associated with different climate scenarios.

Methods: Summer stream temperature attributes (e.g., mean and maximum temperatures, length of growing season) will be predicted for several climate scenarios and compared to current conditions using the stream temperature models developed for the Boise River (Isaak et al., in prep.). Climate scenarios will assess the relative effects of changes in: 1) summer air temperatures, 2) summer streamflows , 3) fire severity and extent, and 4) combinations of 1 - 3.

Projected changes in air temperatures, precipitation and flow will be obtained from downscaled GCM models (Objective 2) and used as input to the stream temperature models. To approximate the fire scenario, an “end-member” riparian vegetation state will be constructed that represents a burned landscape. Under climate change, extreme wildfires are anticipated to increase in frequency and extent (McKenzie et al. 2004;Westerling et al. 2006). Local scale effects will depend on fuels, terrain, wind, and the subsequent influence of convective storms (Finney 1998; Miller et al. 2003), which may or may not buffer the effects on individual reaches of stream. To simulate realistic fire effects, we will perform spatial simulations of fire severity on unburned portions of the Boise River basin using the fire weather and the severity maps from recent fires to characterize the spatial structure of individual and multiple events. This will characterize the patterns, spatial scales, and magnitudes of vegetation change possible in the future. The simulated burn pattern will be used to estimate solar radiation inputs for stream temperature models validated with existing measures of riparian vegetation and radiation (Luce et al., in review).

Once climate and fire effects are quantified, stream temperatures for each scenario will be predicted for individual grid cells on a stream networks of the Boise River derived from a 10-m digital elevation model using TauDEM (Tarboton 2004). After initial temperature predictions, these networks will be clipped to exclude areas where geomorphology renders habitats inaccessible or unsuitable for each species (e.g., contributing area/stream size, channel gradient, confinement). For example, previous analyses from the Boise subbasin suggest that bull trout rarely occupy streams with baseflow wetted widths smaller than 2m, which requires about 500ha of contributing area (Dunham and Rieman 1999). Similarly, bull trout densities decline in steep stream segments and rarely occur in or above areas with gradients > 15%, which may represent migration barriers. From these clipped networks, the grid cells with predicted temperatures that meet lifestage- and species-specific thermal criteria will be extracted to provide final distributions of thermally suitable habitats. 

Work element #3: Quantify biological impacts of thermal habitat change

Methods: The total stream area and stream kilometers that are thermally suitable for each species will be summarized for baseline and climate scenarios 1 – 4 described in Objective 3B, Work element 2. These summaries will describe absolute changes in thermally suitable habitat, but may not adequately characterize changes in habitat geometry, which pertains to the size or patchiness of suitable habitat areas and their connectivity. Measures of habitat geometry are often more ecologically relevant than absolute measures of habitat and can be good descriptors of landscape suitability for individual species (Hanski 1994; Moilanen and Hanski 1998). Habitat fragmentation resulting from climate change could aggravate the loss of populations beyond that expected from the proportional loss of thermally suitable habitat area (Rieman et al., In review). To consider this effect we will describe the size-distribution and connectivity of thermally suitable but discrete stream habitats. Connectivity among these habitat patches will be quantified using a network-scale metric (modified from Moilanen and Nieminen 2002) that performed well in earlier analyses of Chinook salmon (Isaak et al. 2007) and bull trout habitat (Rieman, unpublished data). Critical values of connectivity and local patch size for persistence of local populations will be estimated using an “incidence function” (Calabrese and Fagan 2004; Dreschsler et al. 2003) and existing data on species occurrence (e.g. Dunham and Rieman 1999). Local patch size and connectivity values associated with individual thermal patches will be summarized for each climate scenario to describe the distribution of habitats and populations that are secure or vulnerable to anticipated climate change. 

4A Objective: Simulate mitigation strategies to reduce the risks of climate change in the Okanagan subbasin.
Work element #1: Apply tools to compare salmon production outcomes under “business as usual” and “conservation-intensive” management.
Methods: We will use FWMT (together with the OSWRM water use model and the OK Sockeye life history model) on the same set of climate scenarios described under Objective 2, but with conservation options such as: increasing water storage; increasing water conservation; reducing water demand; manipulating riparian, channel or lacustrine habitat to effect changes in water temperature and oxygen content (e.g. through hypolimnetic aeration of Osoyoos Lake rearing habitat) or seasonal flows. We will describe the relative effectiveness of different water, fish and habitat conservation actions in mitigating climate change impacts, and maintaining the viability of salmon populations. 
4B Objective: Simulate mitigation strategies to reduce risks of climate change in the Boise subbasin. 
Work element #1: Predict the effects of riparian management on distributions of thermal habitats.

Methods: The burned end-member riparian vegetation state (Objective 3B, Work-element 2), combined with downscaled projections of air temperature and streamflow changes (scenarios 1 and 2 above) will be used to represent a worst case climate change scenario. With this as a baseline, the potential for different riparian mitigation strategies to reduce climate effects on stream temperatures will be examined. Potential mitigation strategies include: fuel management and fire suppression to reduce riparian fire spread and severity and active afforestation of riparian stands and meadows. In other basins, flow augmentation may also be possible (i.e. ISAB 2007), but will not be considered directly in the pilot analysis. We will represent the first two strategies with three more model scenarios: 1) partial fire suppression – a burned end-member with 25% of the riparian zone retained in unburned condition. The 25% will be clumped to represent fuel treatment projects that reduce local severity; 2) complete fire suppression – a return to pre-fire and undisturbed vegetation in all riparian areas (satellite imagery from the 1980s will be used to estimate); and 3) aggressive afforestation – all riparian areas are assigned the maximum vegetation shading possible given stream width, representing an intensive effort to enhance riparian cover and reduce stream temperature. 

Work element#2: Quantify the biological benefits of different riparian management options. 

Methods: As described above (Objective 3B, Work-element 3), the biological benefits of riparian management will be assessed by calculating the stream kilometers suitable for individual species, the size-distribution of discrete thermal patches, and connectivity among patches.

5A Objective: Explore implications of objectives 3 and 4 for restoration activities in the Okanangan subbasin. 
Work element #1: Characterize management options for the Okanagan subbasin. 

Methods: The ISAB recently recommended re-examining subbasin plans in light of the potential impacts of climate change (ISAB 2007, pg. 95). The Okanagan subbasin plan (KWA et al. 2004) is a very thorough 702 page document. Some of the many management strategies and actions discussed therein are very consistent with adaptations to climate change (e.g. reducing summer water temperatures for all species to remove the Okanagan River from 303(d) listing, improving temperatures and flows in tributaries to provide cool input to the mainstem Okanagan River and thermal refugia). However, the subbasin planners did not have sufficient time to assess the quantitative magnitude of recommended actions (e.g. how much more flow is required to reduce summer temperatures?), nor their feasibility and effectiveness. Our analyses will supplement the excellent work done by the subbasin planners, allowing quantitative comparisons of the actions most critical for salmon survival vs. those that are currently being implemented or proposed, and highlight what other incentives, regulations or actions are required to truly sustain sockeye salmon and other fish populations over the next century (Tables 4 and 5).

5B Objective: Explore implications of objectives 3 and 4 for restoration activities in the Boise subbasin.
Work element #1: Characterize management options for Boise subbasin streams. 
Methods: Knowledge regarding where riparian mitigation strategies could ameliorate climate change effects on stream temperatures will be crucial for prioritizing habitat restoration activities in headwater areas. Using the information from Objective 4B, stream segments will be classified and mapped according to where mitigation efforts are: 1) likely to have no effect on stream temperatures; 2) unlikely to sufficiently mitigate temperature changes and retain species of concern; and 3) likely to effectively mitigate temperature change. For example, because wider streams are affected less by riparian shading, we expect that larger streams will not respond strongly to mitigation affecting shade. Similarly, lower elevation streams, with warmer groundwater inputs, may not be sufficiently cooled by increased shading to make up for increased average annual temperatures. This knowledge will also be useful for decision making on a range of other restoration activities, including where stream barrier removal/installation could benefit native species, non-native species eradication efforts, and channel/habitat improvement projects (Fausch et al. 2006). 

6 Objective: Use technology transfer to disseminate information and methods to extend application.
Work element #1: Document and present results for both scientists and managers, and conduct a training workshop to extend findings across the Columbia Basin

Methods: We will develop a technology transfer strategy that includes six elements: 1) a 1-page flyer to advertise the results of our study and invite managers throughout the Columbia Basin to a conference / training session; 2) the development of training materials; 3) a half-day conference session and 1-day training workshop to present our findings and demonstrate / transfer the tools to interested managers; 4) a short summary for the NPPC and CBFWA websites, with links to more detailed materials at ESSA and USFS websites; 5) a short article for Fisheries; and 6) a final project report, composed of more detailed publications for peer-reviewed journals. The conference and training session would occur towards the end of our project, in late 2008 or early 2009, at a broader meeting that brings together managers from across the Columbia Basin (e.g. an AFS conference, or one of the science conferences being considered by the NPPC). The training materials would build on the existing FWMT training guide (Alexander et al. 2006). 
The success of this project will ultimately be determined by the number of Columbia Basin managers who make better decisions through application of our study’s results and tools, subsequent improvements in on-the-ground management actions, and consequent biological benefits that help fish populations persist and thrive in a warming world. Because the transfer of results and tools to managers is so critical, we have dedicated fully one third of the project budget and schedule to this task. However, if proposal reviewers are less supportive of this objective, we would be willing to consider modifications to our proposal. 
F. Facilities and equipment 

The Boise Aquatic Sciences Lab - Rocky Mountain Research Station maintain permanent office space and associated administrative assistance and services (i.e., copying, mailing) in Boise, Idaho (www.fs.fed.us/rm/boise/). The Boise Lab will provide all necessary computer hardware (pc, laser printer, modem) and software for word processing, database management, internet access, electronic mail, data analysis, file management, and GIS plotting. The research environment at the RMRS is very interactive and has a long history of collaboration with scientists and managers from other agencies and academic institutions to accomplish research projects on a variety of topics in aquatic ecology and conservation.

We propose to have two subcontracts with associated personnel: ESSA Technologies (www.essa.com ) and the Science Branch of the Pacific Biological Station of Fisheries and Oceans Canada (www.pac.dfo-mpo.gc.ca/sci/pbs/), for that portion of the work involving the Okanagan.
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H. Key personnel

The principal investigators will be Drs. Dan Isaak (postdoctoral fisheries scientist), Charles Luce (research hydrologist), and Bruce Rieman (fisheries research scientist) of the U.S. Forest Service Rocky Mountain Research Station in Boise Idaho, Dr. Kim Hyatt of Fisheries and Oceans Canada (fisheries research scientist), and Mr. David Marmorek of ESSA Technologies Ltd (aquatic ecologist and lead facilitator). Specialized technical assistance will be provided by: Mr. Clint Alexander (modeling lead, FWMT tool, technical facilitator), Mr. Marc Nelitz (senior biologist, advisor on adaptation strategies) and Ms. Katherine Wieckowski (biologist; data synthesis, research, report writing, modeling) of ESSA Technologies Ltd., and Ms. Margot Stockwell (biologist; run FWMT and adaptation strategies), Ms. Stacey Langsdale (socio-economic modeler) and Mr. Howard Stiff (climate modeler) of Fisheries and Oceans Canada, and Mr. Dave Nagel (GIS analyst) of the US Forest Service.  Resumes for the primary personnel are attached.
Charles H. Luce, Ph.D.
(technical contact, 200 hours of allotted time (cost-share contribution))

Charles Luce is a research hydrologist with the U.S. Forest Service, Rocky Mountain Research Station in Boise, Idaho. He is a Team Leader for a group of hydrologists, geomorphologists, and aquatic ecologists studying watershed processes and their interactions with terrestrial disturbances and aquatic biota. The missions of the team are to provide science for conserving endangered fish populations in the context of land and water management in western landscapes. He has a background in energy balances applied to snowpacks, hydrologic effects of fires, hydrologic and geomorphic effects of forest roads, and interactions of physical hydrology with aquatic ecology. 
Education

Ph.D. Civil Engineering, Utah State University, 2000

M.S. Forest Hydrology, University of Washington, 1990

B.S. Forest Management, University of Washington
1986, Magna Cum Laude
Employment

1991-Present:
Research Hydrologist/Team Leader USDA Forest Service Rocky Mountain Research Station, Boise, ID

1989-1991:
District Hydrologist, Siskiyou National Forest, Powers, Oregon. 
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Luce, C.H. and B. Rieman. 2006. Landscape scale effects of Fuel Management or Fire on water resources: The Future of Cumulative Effects Analysis?. In, Elliot, W.J. and Audin, L.J., (Eds.). DRAFT Cumulative Watershed Effects of Fuels Management in the Western United States. [Online]. Available: forest.moscowfsl.wsu.edu/engr/cwe/
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Luce, C. H. and D.G. Tarboton. 2004. “The Application of Depletion Curves for Parameterization of Subgrid Variability of Snow”, Hydrological Processes, 18: 1409-1422. 
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Bisson, P.A., B.E. Rieman, C.H. Luce, P.F. Hessburg, D.C. Lee, J.L. Kershner, G.H. Reeves, and R.E. Gresswell. 2003. "Fire and aquatic ecosystems of the western USA: current knowledge and key questions." Forest Ecology and Management 178 (1-2): 213-229.
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Dan Isaak, Ph.D.
(principal investigator, project manager, 300 hours of allotted time (cost-share contribution))

Dan Isaak is a postdoctoral fisheries biologist with the US Forest Service, Rocky Mountain Research Station in Boise, ID. He functions as a scientist on a team of interdisciplinary collaborators investigating fish population dynamics, habitat relationships, and factors influencing persistence. The mission of the team is to provide new information and techniques for understanding, conserving, and restoring fish populations and critical habitats across the western US. He has extensive experience with salmonids in western landscapes (www.fs.fed.us/rm/boise/) and technical expertise in the areas of patch-based incidence functions, synchrony analysis, path analysis/structural equation modeling, spatial autoregressive techniques, and traditional parametric analyses.

Project Duties: Contract administration and project coordination. Assist in analyses, co-author reports, manuscripts, and presentations of study results. 
Education:

Ph.D., Zoology and Physiology, University of Wyoming, 1995-2001.

M.S., Fisheries Resources, University of Idaho, 1992-1994.

B.S., Wildlife and Fisheries Sciences, South Dakota State University, 1987-1991.

Recent Employment

2005-present:
Postdoctoral Fisheries Biologist, US Forest Service.

2001-present:
Postdoctoral Research Fellow, University of Idaho

Recent Publications:

Rieman, B.E., D.J. Isaak, S. Adams, D. Horan, D. Nagel, C. Luce, and D. Myers. In Review. Spatial variation in anticipated climate change effects on bull trout habitats across the interior Columbia River Basin. Transactions of the American Fisheries Society.

Isaak, D.J., R.F. Thurow, B.E. Rieman, and J.B. Dunham. 2007. Relative roles of habitat quality, size, and connectivity in Chinook salmon use of spawning patches. Ecological Applications 17: 352-364.
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Isaak, D.J., and R.F. Thurow. 2006. Network-scale spatial and temporal variation in Chinook salmon redd distributions: patterns inferred from spatially continuous replicate surveys. Canadian Journal of Fisheries and Aquatic Sciences 63:285-296.

Isaak, D.J., and W.A. Hubert. 2004. Nonlinear response of trout abundance to summer stream temperatures across a thermally diverse montane landscape. Transactions of the American Fisheries Society 133:1254-1259.

Isaak, D.J., and W.A. Hubert. 2001. A hypothesis about factors that affect maximum summer stream temperatures across montane landscapes. Journal of the American Water Resources Association 37:351-366.

Bruce Rieman, Ph.D.
(technical contact, 80 hours of allotted time (cost-share contribution))

Bruce Rieman is a Fisheries Research Scientist with the U.S. Forest Service, Rocky Mountain Research Station in Boise, Idaho with over 30 years of experience in research and management. He is currently the Team Leader for a group of scientists investigating fish population dynamics, habitat relationships, and factors influencing persistence. The mission of the team is to provide new information and techniques for understanding, conserving, and restoring fish populations and critical habitats in the Intermountain West. He has extensive experience with salmonids and other species (see www.fs.fed.us/rm/boise). He has authored over 120 technical publications on fishes, fisheries, and conservation management in the Intermountain and Pacific Northwest.

Education:

BS: Zoology, University of Idaho 1973

M.S. Fisheries Management, University of Idaho 1976

Ph.D. Forestry, Wildlife and Range Sciences, University of Idaho 1987

Employment:

1976-1992:
Fisheries Research Biologist, Principal Research Biologist, Idaho Department of Fish and Game, Oregon Dept. Fish and Wildlife

1992-date:
Research Fishery Scientist, Team Leader/Project Leader, U.S. Forest Service Rocky Mountain Research Station, Boise Forestry Sciences Laboratory

Recent Awards:

American Fisheries Society President’s Fishery Conservation Award 2005, for advancing understanding of fishes and fisheries management in the Columbia River Basin.

Robert L. Kendall Award for Best Paper in the Transactions of the American Fisheries Society 2004. 

Recent Publications:

Fausch, K., Rieman, B., Young, M., Dunham, J. 2006. Strategies for conserving native salmonid populations at risk from nonnative invasions: tradeoffs in using barriers to upstream movement. USDA Forest Service, Rocky Mountain Research Station, GTR-RM-174. Fort Collins, CO.

Reeves, G., Bisson, P., Rieman, B., Benda, L. 2006. Post-Fire Logging in Riparian Areas. Conservation Biology 20:994-1004.

Rieman, B.E. , Dunham, J.D., Clayton, J. 2006. Emerging concepts for management of river ecosystems and challenges to applied integration of physical and biological sciences in the Pacific Northwest. Journal of River Basin Management 4(2):85-97.

Rieman, B.E., Peterson, J.T., Myers, D.L. 2006. Have brook trout displaced bull trout along longitudinal gradients in central Idaho streams? Canadian Journal of Fisheries and Aquatic Sciences. 63:63-78.

Rieman, B.E., D. Isaak, S. Adams, D. Horan, D. Nagel, and C. Luce. In Review. Spatial variation in anticipated climate change effects on bull trout habitats across the Interior Columbia River basin. Submitted to Transactions of the American Fisheries Society.
Dave Nagel

(technical contact, 160 hours allotted time (cost-share contribution))
Primary expertise includes spatial analysis, modeling, and remote sensing for hydrologic, geomorphic, and aquatics applictions.  Specialties include vegetation mapping, stream temperature modeling, and landslide potential modeling.

Education

M.S. Environmental Monitoring, University of Wisconsin – Madison, Institute of Environmental Studies, 1995.

B.S., Resource Development, Michigan State University, College of Agriculture and Natural Resources, 1986.  

Professional Experience

GIS and Remote Sensing Analyst, USDA Forest Service, PNW Research Station, Seattle Forestry Sciences Lab, FERA Team.  Seattle, WA.  8/99 - 2/02.

Senior Analyst, Remote Sensing and GIS, Earth Information Systems Corporation (EISYS, Inc.).  Fort Collins, CO.  6/97 to 8/99.

Image Processing and GIS Analyst, Wisconsin Department of Natural Resources, Madison, WI.  1/94 to 6/97. 

Research Assistant, Environmental Remote Sensing Center, University of Wisconsin-Madison.  Madison, WI.  9/91 to 5/94.

GIS and Remote Sensing Project Manager/Specialist, Earth Resources Data Analysis Systems (ERDAS, Inc.).  Atlanta, GA. 10/86 to 8/91.

Recent Presentations

Nagel, D. 2007. Comparison of Two Models for Identifying Low Gradient, Unconfined Streams and Valley Bottom Extent, In Support of Stream Temperature Modeling Associated with Fire Effects. FS/BLM Geospatial 2007, Portland, OR.  Poster presentation, May 7-11.

Nagel, D., J. Buffington, and D. Isaak. 2006. Comparison of Methods for Estimating Stream Channel Gradient Using GIS. The 21st Annual Northwest GIS Users’ Conference and Training, Spokane, WA, September 13-15.
Nagel, D. 2005.  Estimating Valley Confinement with DEM Data to Support Cutthroat Trout Research. 2005 Resource Management Tools and Geospatial Conference, Phoenix, Arizona, April 18 – 22.

Nagel, D., C. Luce, and B. Gutiérrez Teira. 2004.  Use of Thematic Mapper Satellite Imagery, Hemispherical Canopy Photography, and Digital Stream Lines to Predict Stream Shading in the Boise River Basin.  The 19th Annual Northwest GIS Users Conference, Sun Valley, Idaho, September 26-29.

Nagel, D., C. Luce, J. King, B. Rieman and J. Dunham. 2003.  Debris Flow Mapping Through Time, Data Management using ArcGIS and Implications for Fish Research. FS Geospatial ’03, Colorado Springs, CO.  Conference presentation, April, 2003.

Kim D. Hyatt, Ph.D.

(principal investigator, project manager, 308 hours of allotted time (cost-share contribution))

Kim Hyatt is a Research Scientist at Fisheries and Oceans Canada, Pacific Biological Station. He directs the Salmon in Regional Ecosystems Program in the Stock Assessment Division. Among his research objectives is the investigation of options for developing reference points to manage wild salmon populations to meet ecosystem maintenance objectives specified by Canada’s Oceans Act, the federal Species at Risk Act and Wild Salmon Policy of Fisheries and Oceans Canada. He is serving as the principal investigator in a multiyear project to develop biophysical models to improve decisions that fisheries and water managers make to satisfy competing objectives involving fish production, flood control, agricultural and municipal water use in British Columbia’s Okanagan valley. 
Education
B.Sc. in Biology 1971, University of Windsor.

Ph.D. in Zoology and Resource Ecology 1980, University of British Columbia.

Employment

1980-present:
Adjunct faculty positions at the University of British Columbia Institute of Resources Environment and Sustainability and the University of New Brunswick in the Department of Biological Sciences.

1980-present:
Research Scientist, Fisheries and Oceans Canada, Science Branch, Stock Assessment Division, Pacific Biological Station, Nanaimo, B.C.
Publications:

Hyatt, K.D. 2007. BC Fisheries and Climate Change. Contributed section to the BC Chapter of the National Climate Change Assessment Report (in press).

Cohen, S., D. Nielsen and K. D. Hyatt. 2007. Climate Change Impacts in the Okanagan Valley. Contributed section to the BC Chapter of the National Climate Change Assessment Report (in press).

Hyatt, K.D., M.M. Stockwell and D.P. Rankin. 2003. Impact and adaptation responses of Okanagan River sockeye salmon (Oncorhynchus nerka) to climate variation and change effects during freshwater migration: Stock restoration and fisheries management implications. Can. Water Resources Journal 28: 689-711.

Johannes, M.R.S., K.D. Hyatt, J.K. Cleland, L. Hanslit and M.M. Stockwell. 2002. Assembly of map-based stream narratives to facilitate stakeholder involvement in watershed management. J. Amer. Wat. Res. Assoc. 38: 555-562.

Hyatt, K.D. and M.M. Stockwell. 2003. Analysis of seasonal thermal regimes of Okanagan Lake kokanee and Okanagan River sockeye salmon habitats for the Fish and Water Management Tools (FWMT) Project. Canadian Manuscript Report of Fisheries and Aquatic Sciences, No.2618. 
David R. Marmorek, M.Sc.
(principal investigator, project manager, lead facilitator – 146 hours of allocated time)

Post-Secondary Education

M.Sc. Zoology, University of British Columbia, 1983.

B.E.S. (Honors), Man-Environment Studies and Mathematics, University of Waterloo, 1975.

Employment:

1981 – now
Systems Ecologist (1981), Director (1983) and President (2002), ESSA Technologies Ltd.
1991 - now
Adjunct Professor, School of Resource and Environment Management, Simon Fraser University.

Relevant Experience and Publications

2002-2005: Led the development of modeling, monitoring and evaluation programs in the Columbia Basin (multi-watershed innovative project 2003-04; CSMEP 2003-2006; Okanagan Basin 2002-now) and the Trinity River Basin (2004-2005) 

1998-2000: Developed experimental designs for AM experiments to understand how flow affects whitefish in the Canadian Columbia River, and fall chinook in Clear Creek, CA
1995-2000: Coordinated fisheries scientists and peer reviewers in decision analyses of endangered Columbia River salmon (PATH: Plan for Analyzing and Testing Hypotheses)

1982-1995: Developed experimental designs and models for a series of major projects in Canada and the US concerned with watershed restoration and monitoring related to acidic deposition

1993-1995: Guided research, monitoring and modeling activities to restore salmonid populations in Kennedy Lake BC, working with natives, fish agencies, industry, and the community
1991-1993: Developed experimental designs for the Fraser River Basin Assessment Program, and the EPA’s Environmental Monitoring and Assessment Program

Alexander, C.A.D., C.N. Peters, D.R. Marmorek and P. Higgins. 2006. A decision analysis of flow management experiments for Columbia River mountain whitefish (Prosopium williamsoni) management. Can. J. Fish. Aquat. Sci. 63: 1142-1156.
Marmorek, D.R., I.J. Parnell, M. Porter, C. Pinkham, C.A.D. Alexander, C.N. Peters, J. Hubble, C.M. Paulsen and T.R. Fisher. 2004. A multiple watershed approach to assessing the effects of habitat restoration actions on anadromous and resident fish populations. Prepared by ESSA Technologies Ltd., Vancouver, B.C. for Bonneville Power Administration, Portland, OR. 420 pp.
Peters, C.N. and Marmorek, D.R. 2001. Application of decision analysis to evaluate recovery actions for threatened Snake River spring and summer chinook salmon (Oncorhynchus tshawytscha). Can. J. Fish. Aquat. Sci. 58(12):2431-2446. www.nrc.ca/cgi-bin/cisti/ journals/rp/rp2_tocs_e?cjfas_cjfas12-01_58 
Marmorek, David R. and Calvin Peters. 2001. Finding a PATH towards scientific collaboration: insights from the Columbia River Basin. Conservation Ecology 5(2): 8. www.consecol.org/vol5/iss2/art8 

Korman, J., D.R. Marmorek, G. Lacroix, P.G. Amiro, J.A. Ritter, W.D. Watt, R.E. Cutting, D.C.E. Robinson. 1994. Development and evaluation of a biological model to assess regional scale effects of acidification on Atlantic salmon. Can. J. Fish. Aquat. Sci. 51:662-680.

Clint A.D. Alexander, M.R.M.
(Modelling lead, FWMT tool, technical facilitator – 243 hours of allocated time)

Clint Alexander is a consultant working on the application of systems methodology to a wide range of multi-objective water and resource management problems in aquatic ecosystems. Specialize in the use of quantitative methods that permit the clear identification and credible accounting of key uncertainties. The focal problems for these methods have been large-scale watershed restoration programs and socioeconomic/biological trade-off evaluations related to operational modifications at dams and reservoirs in Western North America. 
Education

Master of Resource and Environmental Management, Simon Fraser University, BC (1999).
B.Sc., The University of British Columbia, Vancouver, BC (1995). Major: Applied Ecology.

Technical Summary

Quantitative Analysis: decision/risk analysis, adaptive management (AM), Monte Carlo simulation, multiple accounts analysis, weight of evidence analysis.

Statistics: survey design, classical and Bayesian statistics, computer intensive methods (Bootstrap), parameter estimation. S‑Plus, Systat, Excel.

Employment

1997‑present
Team Leader / Technical Architect, ESSA Technologies Ltd., Kelowna, BC

1996‑1997
Principal Researcher (contract position), Canadian Department of Fisheries and Oceans, Burnaby, BC.

1995
Research Assistant / Technician 2, The University of British Columbia Fisheries Centre, Vancouver, BC.

Publications

Alexander, C.A.D and K.A. Robson. 2007. Okanagan Basin Water Supply & Demand Study II: User Needs Assessment, Final Report. Prepared by ESSA Technologies Ltd., Vancouver, BC for the Okanagan Basin Water Board., Coldstream BC. 36 pp.
Alexander, C.A.D., C.N. Peters, D.R. Marmorek and P. Higgins. 2006. A decision analysis of flow management experiments for Columbia River mountain whitefish (Prosopium williamsoni) management. Can. J. Fish. Aquat. Sci. 63: 1142-1156.
Alexander, C.A.D. and K. Hyatt, eds. 2005. The Okanagan Fish/Water Management Tool (OKFWM): Record of Design (v.1.0.001). Prepared for Canadian Okanagan Basin Technical Working Group, Kamloops, BC. 157 pp.

Alexander, C.A.D., Symonds, B. and K. Hyatt, eds. 2005. The Okanagan Fish/Water Management Tool (v.1.0.001): Guidelines for Apprentice Water Managers. Prepared for Canadian Okanagan Basin Technical Working Group, Kamloops, BC. 114 pp. 

Hyatt, K. and C.A.D. Alexander. 2005. The Okanagan Fish-Water Management (OKFWM) Tool: Results of a 25 year retrospective analysis. Prepared for Canadian Okanagan Basin Technical Working Group, Kamloops, BC. 23 pp.
Marc A. Nelitz, M.R.M.
(senior biologist, advisor on adaptation strategies – 30 hours of allocated time)

Education

Master of Resource Management (Fisheries Science and Mgmt), Simon Fraser University, 2004

Bachelor of Science (Ecology and Env. Biology), University of British Columbia, 1996

Professional Experience

2004 - present
Systems Ecologist, ESSA Technologies Ltd., Vancouver, BC.

2002 - 2004
Research Assistant, School of Resource and Environmental Management, Simon Fraser University, Burnaby, BC.

1998 - 2001
Environmental Biologist, ARC Environmental Ltd., Kamloops, BC.

1999
Wildlife Technician, Applied Ecosystem Management, Hinton, AB

1997
Wildlife Technician, Ministry of Forests, Kamloops, BC.

Relevant Experience and Publications

2006-2007: Lead development of a report summarizing innovative engineering and governance-oriented strategies that could be used to help salmon survive the anticipated impacts of climate change on freshwater habitats.
2006-2007: Worked with government agencies and academics to develop a decision-making framework for designating “Temperature Sensitive Streams” in British Columbia.
2006-2007: Developed a scoping document and workplan to detail the feasibility, impacts, and benefits of restoring Pacific salmon to the Canadian portion of the upper Columbia River beyond Chief Joseph and Grand Coulee dams.
Nelitz, M., C.A.D. Alexander, and K. Wieckowski. 2007. Helping Pacific salmon survive the impacts of climate change on freshwater habitats: Case study perspectives from the Okanagan, Quesnel, Nicola, Cowichan, Nass, and Englishman River watersheds. Final report prepared by ESSA Technologies Ltd., Vancouver, B.C. for Pacific Fisheries Resource Conservation Council, Vancouver, B.C. 56 pp.

Nelitz, M., K. Wieckowski, D. Pickard, K. Pawley, and D.R. Marmorek. 2007. Helping Pacific salmon survive the impacts of climate change on freshwater habitats: Pursuing proactive and reactive adaptation strategies. Final report prepared by ESSA Technologies Ltd., Vancouver, B.C. for Pacific Fisheries Resource Conservation Council, Vancouver, B.C. 58 pp + appendices.

Nelitz, M., M. Porter, and D. Marmorek. 2007. Scoping document to assess the Feasibility, Impacts, and Benefits (FIBs) of restoring anadromous salmon to the Canadian reaches of the upper Columbia River. Report prepared by ESSA Technologies Ltd., Vancouver, BC to the Canadian Columbia River Inter-tribal Fishery Commission (CCRIFC), Cranbrook, BC. 74 pp.

Nelitz, M.A., E.A. MacIsaac, and R.M. Peterman. 2007. A science-based approach for identifying temperature-sensitive streams for rainbow trout. North American Journal of Fisheries Management. 27: 405–424.

Perrin, C.J., K.J. Hall, D. Marmorek, M. Nelitz, and P. Troffe. 2007. Potential risk of change in water quality in the Coquitlam Reservoir from re-introduction of sockeye salmon. Report prepared by Limnotek Research and Development Inc. and ESSA Technologies for Bridge Coastal Fish and Wildlife Restoration Program. 99 p.
Katherine Wieckowski, B.Sc.
(Biologist, data synthesis, research, report writing, modelling – 307.5 hours of allocated time)

Education

MRM Fisheries (candidate), Simon Fraser University, 2004 - Present. Thesis topic: A comparative analysis of two fleet dynamic models: which is the better predictor of effort?

B.Sc., Biology and International Development Studies (with distinction), McGill University, 2003. Focus on marine biology, ecology, and sustainable development.

Smithsonian Institute for Tropical Research, McGill University, 2003. Field semester in Panama focusing on the ecology and socio-economic characteristics of Latin America.

Canadian Field Studies in Africa, McGill University, 2001. Field semester in Kenya focusing on conservation biology and sustainable development.

Employment
2006 – now
Independent Contractor (2006), Systems Ecologist (2007), ESSA Technologies 

2005 - 2006
Marine Biologist, Jacques Whitford

2003 – 2004
Executive Assistant and Lab Coordinator, Neuroscience Research Unit, University of Montreal
2003
Field Biologist, Parque Natural Metropolitano, Panama

2002
Research Assistant, Project Seahorse: Advancing Marine Conservation, Portugal
Relevant Experience and Publications

2004-Present: Developed a comparative framework for evaluating two different methods of modeling fisherman behavior and the spatial distribution of fishing effort.

2006-2007: Investigated different policy, management, and habitat enhancement mechanisms that could help salmon to survive climate change.   
2005-2006: Worked on several environmental impact assessments for oil and gas developments in the marine environment off the coast of B.C.

2003: Developed an experimental design for sampling amphibian populations and initiated a long-term monitoring program to document population trends with the intention of the using amphibians as an indicator of ecosystem health in Parque Natural Metropolitano in Panama City. 
2002: Conducted field work collecting behavioral and abundance data for seahorse populations in southern Portugal.
Nelitz, M., K. Wieckowski, D. Pickard, K. Pawley, and D.R. Marmorek. 2007. Helping Pacific salmon survive the impacts of climate change on freshwater habitats: Pursuing proactive and reactive adaptation strategies. Prepared for Pacific Fisheries Resource Conservation Council, Vancouver, B.C. by ESSA Technologies Ltd., Vancouver, BC. 99pp.
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Figure 1.
Conceptual diagram illustrating the linkages among freshwater physical habitat factors altered by climate change (e.g., water flows and temperatures), the freshwater biological mechanisms affecting salmon survival, and the related linkages to specific life stages. Source: Nelitz et al. 2007. 
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Figure 2.
Okanagan subbasin, topography and general hydrology. Source: Okanagan Subbasin Plan (KWA et al. 2004, pg. 8)
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Figure 3.
The FWMT System is a coupled set of 5 biophysical models of key relationships (among climate, water, fish & property) used to predict the consequences of water mgt. decisions (e.g. damage to “property” or losses of fish production due to seasonal flood or drought). FWMT may be used to explore water management decision impacts associated with variations in water supply, climate & fish population traits for one or more years in the Okanagan River and valley bottom lakes.
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Figure 4.
Shaded relief model of the Boise River basin in southwest Idaho.
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Figure 5.
Distribution of fires and thermograph locations since 1992 in the Boise River basin.
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Figure 6.
Downscaled distribution of precipitation for the 2040s. Source: University of Washington Climate Impacts Group. www.cses.washington.edu/data/ipccar4/index.html
Table 1.
Summary of factors limiting fish production in the Okanagan and Boise subbasins. Factors directly addressed by the tools described in this proposal are underlined. Factors which could be addressed (as tools described in this proposal are applied to other subbasins) are shown in italics. Sources: CBFWA State of the Resource Report, Okanagan and Boise Subbasin Plans.

	Limiting 
Factor Type
	Type Description
	Okanagan Sub-basin Limiting Factors
	Boise Sub-basin Limiting Factors

	Flows
	Reduce production area and contribute to elevated temperatures
	Lack of flow functions as a barrier in streams throughout the subbasin limiting immigration and emigration. 
	Reservoir operations impact bull trout and kokanee. Fluctuating water levels hamper the survival of kokanee in the reservoir and may impact migrating bull trout. The timing and magnitude of water flows (releases) can be detrimental to focal species. High flows, from dam releases, following redband trout redd construction lead to scouring losses.

	Instream Habitat
	Cobble size/embeddedness, lack of large woody debris, etc. impair survival & reproduction
	Lack of habitat diversity, lack of prespawn holding areas, and large woody debris.
	Dredging activities have altered channel form and substrate throughout the subbasin. Large woody debris is lacking throughout the subbasin as is habitat complexity.

	Passage Impediments
	Dams, culverts, elevated water temperatures prevent necessary migration
	Irrigation diversion dams and culverts create fish passage barriers throughout the subbasin.
	Lack of connectivity, due to barriers, is a significant concern for bull trout populations throughout the subbasins. 

	Predation
	Reduces available spawners and harvest opportunity
	Introductions of non-native predator fishes as well as an increase in populations of indigenous predator fish species, and the immigration of diving birds are limiting survival of juvenile salmonids. 
	Brook trout are abundant in areas of the subbasin and are a hybridization and competition threat to bull trout.

	Riparian Habitat
	Lack of riparian vegetation contributes to elevated temperatures, turbidity, etc.
	Lost floodplain connectivity. Channel modifications have led to increased lateral erosion that creates large areas of sand and silt substrate. Cattle grazing threatens riparian function and groundwater inputs 
	Road construction has reduced habitat and created a loss of connectivity to the floodplains.

	Water Quality
	Includes temperature, dissolved oxygen, turbidity, pollutants, gas supersaturation
	High temperature, low dissolved oxygen, and sedimentation create problems throughout the subbasin.
	Altered sediment and increased temperatures impact ecosystems in the Pikes Fork and Bear River. In the South Fork Boise, Boise-Mores, Lower Boise, S. Fork Payette, M. Fork Payette, N. Fork Payette, Mainstem Payette, and Weiser, there are sediment-impaired streams. Stormwater inputs and nutrient loading limit fish populations in the Lower Boise.


Table 2.
Related BPA projects in the Okanagan Sub-basin. For a more complete list (including PSMFC projects) see: www.cbfwa.org/sotr/geographicprojects.cfm?provinceid=2&subbasinid=10 
	1.
Project 29016 - Return of Okanagan Sockeye Salmon to their historic range. 
Abstract: Plan, engineer and construct fish passage past dams. Screen the irrigation intake associated with the first dam. Monitor increase in fish production.

2.
Project 29017 - Prepare a Master Plan for Protecting and Restoring Salmon Habitat in Okanagan River
Abstract: Prepare a Master Plan to guide the protection and restoration of sockeye salmon habitat in the Canadian portion of Okanagan River.

3.
Project 200001300 - Evaluate An Experimental Re-introduction of Sockeye Salmon into Skaha Lake
Abstract: Evaluation of an experimental re-introduction of sockeye salmon into Skaha Lake in the Okanagan River Basin. Assess risks benefits, formulate hypotheses, develop an experimental design and analytical tools.
4.
Project 200302200 - Design and Conduct Monitoring and Evaluation Associated With Reestablishment of Okanagan Basin Natural Production
Abstract: The CCT are currently proposing and implementing a focused array of salmon and steelhead propagation initiatives in an effort to rebuild anadromous, naturally-produced salmon runs and increase harvest opportunities. An M&E program is necessary.
5.
Project 19604200 – Restore and Enhance Anadromous Fish Populations and Habitat in Salmon Creek.
Abstract: This project is directed at reconnecting a productive tributary of the Okanagan River, Salmon Creek. This project involves a 12-year water lease with the Okanagan Irrigation District and construction of a low flow channel within the lower reach.
6.
Project 200000100 – Improvement of Anadromous Fish Habitat and Passage in Omak Creek
Abstract: The Tribe proposes continuing habitat rehabilitation efforts to decrease sediment loads and improve passage for anadromous steelhead and salmon. In addition, monitoring and evaluation efforts will assess effectiveness of ongoing activities.


Table 3.
List of fish and wildlife management agencies and other organizations with an interest in this study, whom we would invite both to the scoping meeting under work element 1B, and the technology transfer meeting / workshop under work element 5A.

	Okanagan
	Boise

	Okanagan Basin Technical Working Group (BC Ministry of Environment, Department of Fisheries and Oceans, Okanagan Nation Alliance, Colville Confederated Tribes)

Subbasin Plan Developers (KWA Ecological Sciences, Colville Confederated Tribes, Okanagan County, Okanagan Nation Alliance, USFS, USBR, Washington Department of Ecology, US Fish and Wildlife Service)

PUDs involved in Water Management (Douglas, Chelan, Grant)

Washington Department of Fish and Wildlife

NOAA Fisheries

Northwest Power and Conservation Council

City of Kelowna Water Management

Okanagan Basin Water Board
Okanagan Water Stewardship Council

Okanagan Basin Water Board & Okanagan Water Stewardship Council

BC Regional Districts: North Okanagan (Vernon area); Central Okanagan (Kelowna area); Okanagan-Similkameen (Penticton/Oliver/Osoyoos area)

International Joint Commission Board of Control

BC Ministry of Environment Water Stewardship Division 
	US Forest Service, Boise National Forest

US Forest Service, Sawtooth National Forest

US Forest Service, Payette National Forest

US Geological Survey

Bureau of Reclamation

Shoshone-Bannock Tribes

Idaho Department of Fish and Game

Idaho Water Users Association

Owyhee County Natural Resources Committee

Idaho Association of Soil Conservation Districts

Bureau of Land Management

US Fish and Wildlife Service

Idaho Farm Bureau Federation

Treasure Valley Soil and Water Conservation District

Idaho Department of Environmental Quality

Boise State University

University of Idaho

The Wilderness Society

Trout Unlimited

Idaho Department of Water Resources


Table 4.
Description of hard infrastructure strategies (i.e., engineering / technology oriented approaches) that could be used to reduce the impacts of climate change on salmon. Source: Nelitz et al. 2007b.
	Strategy
	Description

	Transplant stocks or species
	Transplant stocks or species to take advantage of differences in physiological characteristics (e.g., temperature tolerance).

	Reintroduce salmon to extirpated areas
	Reintroduce salmon to areas where they have been extirpated (e.g., due to barriers to fish passage).

	Introduce salmon to new areas
	Introduce salmon into regions where they were previously unable to survive, but with changing climate may be suitable (e.g., streams that were previously too cold or were not accessible)

	Conserve pristine habitats
	Conserve habitats that currently support or could support salmon.

	Implement low impact irrigation practices
	Implement irrigation practices that minimize water loss and direct impacts on fish due to entrainment.

	Recycle water in industry
	Implement technologies to increase industrial water use efficiency.

	Install water meters
	Measure individual water consumption.

	Build additional storage capacity
	Build storage capacity, thereby providing a greater ability to manipulate instream flows (e.g., timing, volume, temperature).

	Divert water from other locations
	Diversions across or within basins can be used to enhance water flows and decrease water temperatures at a recipient location. This action could be associated with decreased water flows and possible increases in temperature at the donor location.

	Improve water infiltration
	Reverse negative impacts of forest harvesting and urban development on surface water runoff / water yields, which can adversely affect hydrologic regimes for salmon.

	Manage water storage
	Manage the timing and volume of water releases to meet salmon habitat requirements (i.e., establish environmental flow regimes).

	Release cold water
	Use cold water releases from lakes or reservoirs to reduce water temperatures.

	Manipulate surface water / groundwater interactions
	Use groundwater injection to cool surface waters, thereby moderating temperatures and providing flows in rearing channels.

	Transport fish manually
	In locations where flows are excessively low, spawners can be captured and trucked to upstream spawning areas.

	Improve fish passage
	Fish passage devices can improve survival of adults migrating upstream to spawning areas, and juveniles outmigrating to the ocean.

	Implement low impact forestry practices
	Use forestry practices that minimize impacts on watersheds.

	Implement low impact grazing practices
	Use cattle grazing practices that minimize impacts on rivers and riparian zones.

	Engineer streams
	Engineer streams to create artificial habitats that replace lost or degraded rearing habitats. 

	Enhance instream habitat
	Use large woody debris (LWD), boulders, or gravel to improve fish habitat and compensate for the loss of habitat complexity.

	Enrich streams / lakes with nutrients
	Add inorganic nitrogen and phosphorous to freshwater environments by using artificial fertilizers or hatchery salmon carcasses.

	Enhance production with hatcheries
	Use hatcheries to aid conservation of depressed salmon stocks or enhance catch for fisheries.

	Create off-channel habitat
	Create side channel spawning and rearing habitats.

	Create deep pools
	Dig deep pools for adult holding, or juvenile rearing, thereby providing thermal refuges.

	Clean gravels
	Remove silt and sand from spawning gravels, both of which reduce egg survival.

	Restore connectivity
	Restore connectivity to high-quality fish habitats by removing perched culverts or other artificial obstructions.

	Restore slope stability
	Restore slope stability to prevent slides, erosion, and/or sediment deposition in streams.

	Restore riparian ecosystems
	Restore riparian zones that contribute sources of large woody debris and help maintain cool stream temperatures.

	Move dykes back from rivers
	Setting dykes back allows rivers to meander naturally, restoring connectivity of the river channel to the flood plain.


Table 5.
Description of soft infrastructure strategies (i.e., legal, regulatory, policy, or management oriented approaches) to reduce the impacts of climate change on salmon. Modified from Nelitz et al. 2007b.
	Strategy
	Description

	Compensate for unavoidable / non-mitigated impacts
	Implement policies to ensure protection, restoration, or compensation for losses to habitats due to development activities, or other climate-induced changes in habitats (e.g. 
Examples: (i) Habitat compensation as specified by No Net Loss requirement for the Management of Fish Habitat; (ii) No Net Loss of Wetlands as applied to US Army Corps of Engineer projects; (iii) Mitigation / compensation banking.

	Require effective operating licenses
	Require operating licenses that specify best management practices, rates of resource use, or desired environmental outcomes associated with resource use activities.

Examples: (i) Water licenses that specify practices / outcomes for surface water users; (ii) Stream flow protection licenses for community-based organizations; (iii) Habitat-related license surcharges; (iv) Water licenses regulating groundwater extraction, research, and monitoring as applied in Ontario.

	Use demand-side management tools and pricing signals
	Ensure resource consumption better reflects true costs by accounting for environment externalities.

Examples: (i) Water use fees (e.g., water metering and pricing); (ii) removal of water subsidies, (iii) Water cap and trade system (e.g., groundwater pumping credits for trading such as the system for the Edwards Aquifer in Texas) ; (iv) Remove energy subsidies.

	Provide financial incentives
	Encourage good behavior by providing financial incentives supporting actions that benefit salmon habitats.

Examples: (i) Conservation bonuses (e.g., covenants / easements) for protection of land and salmon habitats; (ii) Differential tax rates. 

	Provide financial disincentives
	Discourage actions having impacts on salmon habitats by imposing financial penalties to individuals pursuing destructive behaviour.

Examples: (i) Fines for damage to fish habitat or listed species; (ii) Collection of municipal taxes for water management initiatives; (iii) Tax penalties for ecologically-destructive forms of land use.

	Implement results-based management
	Specify desirable management targets or environmental standards which must be met when undertaking development having impacts on salmon and their habitats.

Examples: (i) Water quality guidelines for temperature; (ii) Hard caps on the number of water licenses or rate of water extraction; (iii) Total maximum daily loads (US Environmental Protection Agency).

	Implement prescription-based management
	Establish Best Management Practices or Codes of Practice associated with development having impacts on salmon and their habitats.

Examples: (i) regulatory review in a risk management framework, (ii) Instream flow guidelines for Independent Power Producers; (iii) Standards and Best Practices for Instream Works, Agricultural Drainage, Riparian Setbacks. 

	Designate environmental aspects for special management considerations
	Designate environmental aspects (e.g., species / habitats) requiring special management considerations. Special management considerations could then application of prescription or results based management procedures. 

Examples: (i) Species / habitat listings; (ESA, SARA) (ii) Designation of Fisheries Sensitive Watersheds or Temperature Sensitive Streams; (iii) Local bylaws protecting riparian areas 

	Develop a water budget
	Use water budgets to constrain amount consumed by each user group.
Examples: (i) Accounting for surface water – groundwater interactions to identify availability of water supplies for groundwater withdrawal.

	Entrench ecosystem rights to water
	A clear recognition of ecosystem rights to water in government policies is fundamental to ensuring healthy communities and freshwater ecosystems (salmon and other freshwater reliant species) into the future.

Examples: (i) South Africa’s national Water Act guarantees basic human and ecosystem needs for water.

	Recognize Aboriginal rights to water and salmon
	Court actions by First Nations in Canada and Tribes in the U.S. have lead to the recognition of Aboriginal rights to water and salmon. 

Examples: (i) Restoration of flows for salmon and other fish species (e.g., Trinity River, California).

	Adjust fisheries management practices
	Adjust management procedures / harvest rates which have direct effects on salmon mortality.

Examples: (i) River specific exclusive ownership rights, with cooperative ownership; (ii) Individual Transferable Quotas with harvesters allocated a fixed share of allowable catch.
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FWMT Decision Support System (Hyatt and Bull 2006)
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