RESEARCH PLAN

VOLUME  II

IMPLEMENTING THE RESEARCH REQUIRED TO ANSWER THE TEN KEY QUESTIONS

In this volume, we break the major questions into smaller answerable units, and then describe the approach being undertaken by NWFSC to address these questions.   In addition to providing a sketch of the actual research in which we are engaged (or hope to engage in the future), we provide some sense of the challenges that need to be overcome if we are to succeed.  Each of ten areas also are provided with some seminal scientific references in case the reader wants to probe deeper.

I.   How can we identify the requirements for viability in a salmonid ESU so that we can provide quantitative goals for recovery?
The concept of population viability is essential to any recovery scenario that is expected to be sustainable in the long term.  The Viable Salmonid Populations document (McElhany et al. 2000) develops a framework for evaluating viability of natural populations and larger conservation units (such as ESUs).  Parameters for evaluating population and ESU viability identified by the VSP document provide a means of organizing key research questions related to salmon recovery goals.

Population Identification

Population viability analysis requires identification of demographically independent units.  We know we may make mistakes when identifying management units.
This leads to a key research question:  What are the consequences for population viability analysis of making a mistake in defining the population unit(s)?  What type of mistakes are the most likely and which have the most serious consequences?


Approach:  This question can be addressed by modeling and computer simulation.  Simulations can evaluate general scenarios to identify types of errors that may have significant consequences. In addition, modeling alternative ways of clustering real data into "populations" will provide insight into the practical consequences of making different types of mistakes in population identification.  Results should help focus additional research (e.g., How best to integrate diverse types of information relevant to population identification?) on efforts to minimize the likelihood of making mistakes with the most serious consequences.

Spatial Structure

Spatial structure can affect extinction risk in ways that are not apparent from short-term observations of abundance and productivity.  Key research question:  What are the demographic and genetic consequences of dispersal among salmon subpopulations?  

Approach:   Modifying existing metapopulation models to accommodate life history and migration patterns typical of salmon is necessary to link the rich body of evolutionary/ecological theory to the realities of salmon metapopulations.  Unfortunately, these models demand estimates of a large number of parameters that are difficult to measure.  Fortunately, molecular genetic techniques can now provide detailed information about fine scale movement of individuals through space and time.  Careful attention to experimental design of these logistically challenging empirical studies has the potential to yield rich dividends in terms of new insights.

Population Abundance and Trends

Data on population abundance and trends are at the core of all viability analyses and will play a central role in population recovery criteria.  Age-structured salmon populations have complex dynamic processes that require innovative modifications to existing theory and models.  
Key research question:  How can we evaluate viability of systems that include a composite of natural and hatchery-produced fish?  


Approach:  Assuming that hatchery fish are adequately marked so that they can be distinguished from wild fish, the key uncertainty becomes evaluating the relative reproductive success of naturally spawning hatchery fish.  Molecular genetic techniques can now address this question quantitatively.  A series of studies need to be undertaken with different species and locations.  Results of these studies can be combined with recent theoretical work on genetic load in captive populations to provide a robust framework for predicting reductions in fitness associated with various types of supplementation programs.  These results, in turn, can be incorporated into viability models that take into account the potential demographic boost from hatchery supplementation and possible increases in productivity resulting from management actions (e.g., habitat restoration; reduction in harvest).  The result could lead to the most comprehensive means to date of assessing the overall effects of integrated management actions on the prospects for salmon recovery.

Within ESU Diversity and long-term viability 

Within- and between-population diversity are hypothesized to contribute to sustainability of populations and larger conservation units by a) allowing utilization of a wide range of habitats; b) buffering short-term environmental fluctuations; and c) providing genetic resources to respond to long-term environmental changes.  The magnitude of this effect is, however, unknown.  Key research question:  To what extent does life history and/or habitat diversity increase sustainability of a population or larger conservation unit?


Approach:  The effects of diversity on sustainability probably cannot be seen in time frames commensurate with experimental manipulation.  Three approaches, however, can provide some insight into this challenging issue.  1) Historical meta-analysis.  Examine record of historical extinctions and determine whether loss of life history diversity is correlated with loss of ecological/habitat types.  A strong correlation would be consistent with the hypothesis that conserving habitat diversity is a key to maintaining life history diversity.  2) Characterize the relationship between life history diversity, genetic diversity, and productivity for salmon populations.  Use of highly polymorphic molecular markers to identify relationships among individuals in the wild will be a key component of this research. 3) Model a pair of populations exposed to different selective regimes but linked by migration.  Results will indicate the range of key parameter values (migration rate; selective differential; time scale of environmental fluctuation) that can be expected to lead to longer persistence time of the two-population unit.

Special challenges

Some of the research described above involves fieldwork that is logistically challenging, expensive, and may require many years to yield results.  The modeling efforts must strike a balance between overcomplexity and oversimplification.
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II.   Is salmon harvest compatible with recovery of ESA listed populations?

NMFS has legal mandates under the Magnuson-Stevens Fishery Conservation and Management Act of 1976 and under Treaty Trust responsibilities to allow harvest of healthy salmon populations.  While listed populations are not targeted for harvest, some amount of indirect harvest occurs when listed fish are co-mingled with abundant and healthy populations.   If harvest can be sufficiently selective, impacts can be minimized to the extent that our listed species are not put at risk, yet our healthy populations are fished.  Hence,  “selective fisheries” have been instituted in response to recovery needs for ESA listed populations.  In partiuclar, a directed harvest on healthy populations is allowed, while a small indirect mortality on ESA listed populations may also be allowed.  

A key biological issue in selective fisheries is the magnitude of incidental mortality suffered by fish that are caught and released. Fishery managers have a long history of estimating incidental mortality (NRC 1999, NRC 1994, Bendock and Alexandersdottir 1993, Rowse 1990, Rowse and Marshall 1989, Wertheimer 1988, Wertheimer et al. 1989, Butler and Loeffel 1972).  Many of these studies have involved catching and holding fish for one to four days and observing the mortality rates, or interviewing fishermen.  They have widely varying results that have been confounded by the factors of handling and holding the fish.  Rates of long-term delayed and sublethal mortalities remain a mystery.  Hence, some fishery managers have begun looking for ‘better’, more effective ways to catch the target species or population while substantially reducing or eliminating contact with the populations being conserved. 

The following questions must be addressed if harvest of healthy populations is to continue without imperiling our listed stocks: 

1) Are the current indirect exploitation rates on ESA listed salmon populations limiting recovery of those threatened populations?  

2) Can selective harvest gear be developed to allow harvest of hatchery and/or healthy stocks?

3) Can we better estimate incidental mortality rates in selective fisheries?   

Our plan for answering these questions contains the following critical elements:

1) Incorporating risk assessment and viability analyses into an analytical model to assess the impact of various harvest levels on the recovery of depressed stocks.

2) Developing selective harvest techniques will require research on gear development and technology.  Methods include testing modern versions of traps, fish wheels or other gear that do not kill or seriously harm fish.  Testing should include determining the efficacy of the gear, the ability to fish with the gear in specified locations, i.e. ocean, pre-terminal, or terminal areas, and the associated incidental mortalities. 

3) To gain better estimates of incidental mortality rates we should design and conduct studies that incorporate short term, long term and delayed mortalities.  We need to eliminate complications that result from holding fish after capture and excessive handling.  We also need to determine what sublethal effects of catch and release may be, including reduced fecundity, egg viability, or spawning success.  Studies of incidental mortality rates should be part of any new gear and fishery development.

Instituting selective harvest involves significant political, economical, social and biological concerns.  Current high production of hatchery stocks is already causing concerns about those stocks straying and breeding with natural populations.  Thus addressing harvest questions is inherently linked to the hatchery question posed in this plan. 
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III.  To what extent do hydropower operations contribute to the declining population trends evident in many salmon populations, and how can we quantify the benefits of major alterations in hydropower operations?   

Using PIT-tag technology (Prentice et al. 1990), NWFSC researchers have estimated that direct survival of juvenile salmonids migrating downstream through the Snake River and lower Columbia River hydropower system has improved over the last 25 years to a level as high or higher than it was in the mid- to late 1960s when only four mainstem dams existed and stocks were at healthy levels (Williams et al. in press).  Further, NWFSC researchers have estimated that recent upstream survival rates through dams for adult chinook salmon and steelhead are approximately 75-85%, levels considered likely within the range of adult survival prior to dam construction (NWFSC 2000).  Much of the observed improvement in direct survival of migrating salmonids since construction of the last four mainstem dams on the Snake and Columbia Rivers can be attributed to hydrosystem configuration and operational measures implemented specifically to reduce mortality.  These measures include:

· Water management - management of river flows and system storage to improve salmonid passage and survival

· Juvenile salmonid transportation - collection and barge transportation of salmonids to avoid mortality at mainstem hydroelectric dams and in reservoirs

· Juvenile salmonid passage - configuration and operational actions at hydroelectric dams and in reservoirs to improve survival

· Juvenile salmonid reservoir survival - operations and active management of salmonid predators to improve survival

· Adult salmonid passage - configuration and operational actions at hydroelectric dams and in reservoirs to improve survival

· Water quality - monitoring and improvement in total dissolved gas levels and water temperatures 

· Fish facility operations and maintenance - construction, operation, maintenance, and improvement of fish passage facilities at hydroelectric dams

However, despite the apparent improvement in direct survival, wild stocks of salmonids have not recovered to levels that existed in the 1960s.  Indices of survival (e.g., smolt-to-adult return rates) that decreased with dam construction in the 1970s have remained low.  We have acquired a good understanding of many of the direct effects of hydrosystem operations on inriver salmonid survival, yet there continues to be unexplained, significant mortality that cannot be attributed to specific causal factors.  There are a number of hypotheses to explain this mortality, but of particular concern are potential delayed or indirect effects due to hydrosystem operations that may affect survival outside the freshwater migratory corridor (the estuarine and ocean phases) or the reproductive success of upstream migrating adults.  

Therefore, our challenge with regard to determining the effects of hydrosystem operations on salmon populations is to develop the appropriate scientific hypotheses, study designs, and technologies necessary to conduct research to address two areas of concern:

Direct Effects:  With respect to currently proposed (2000 FCRPS Biological Opinion/Basinwide Salmon Recovery Strategy) or other hydrosystem operational measures, how can means to further improve direct survival of salmonids migrating through the hydropower system be identified and the benefits quantified?

The seven hydrosystem operational measures listed above parallel those included in the 2000 FCRPS Biological Opinion and Basinwide Salmon Recovery Strategy.  Continued evaluation of each of these hydrosystem operational measures to further improve direct, inriver survival is necessary.  As with past research in these areas, studies to identify where improvements can be made will likely require identification of specific individuals during both downstream and upstream migrational phases.  Continued development, refinement, and application of PIT-tag technology, radiotelemetry, hydroacoustics, and other methods of remotely detecting, identifying, and tracking individuals and groups of fish throughout multiple life-history stages will be necessary.

Indirect Effects:  How can we identify and quantify indirect or delayed effects of hydrosystem operations on salmonid survival and fitness?

The hypothesis that indirect or delayed mortality results from passage through the hydrosystem is the most critical uncertainty regarding the effects of hydrosystem operations on salmonid survival.  Specifically, to what extent do variables of passage through the hydrosystem environment (including passage history, transportation, flow, and migration timing) alter the survival and fitness of juvenile salmonids as they migrate to the estuary and ocean, and the survival and reproductive success of adult salmonids as they move upstream.  

To address this uncertainty, it will be necessary to conduct studies linking 1) conditions during the juvenile salmonid rearing phase to subsequent survival and fitness during the migratory phase, 2) variable conditions during the juvenile migratory phase to differences in estuarine and ocean survival, and 3) upstream passage history of adults to differences in pre-spawning mortality and spawning success.  As with direct-effect studies, much of this research will rely on current and developing technology that allows the remote detection, identification, and tracking of individual fish.  The success of ongoing research to design, test, and install PIT-tag detection systems for adult salmonids at Columbia and Snake River dams is critical, as are improvements to the juvenile salmonid PIT-tag detection systems and the development and application of remote surveillance technology for estuarine and marine environments.      
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IV. To what extent do hatchery operations of any kind contribute to or mitigate the risk of extinction faced by wild salmon populations? 


Pacific salmon are unique among species under ESA protection in having large-scale hatchery programs that co-occur in time and space with listed natural populations.  There is evidence that hatchery programs can have both positive and negative effects on natural populations, but low inferential power currently hinders our ability to predict the nature or magnitude of these effects that will occur in any specific situation (NCR 1996, Brannon et al. 1998, Waples 1999). Although the production capabilities of hatcheries and their sustainable fisheries contributions are well established, it is not clear whether it is possible for hatchery and natural production to be successfully integrated to conserve natural population vigor and structure and allow sustainable fisheries.  In order to assess both the positive and negative effects of hatcheries on wild salmon populations, two key questions regarding hatcheries and natural populations must be resolved:

Is it possible to produce juvenile fish from hatcheries that can contribute to increased natural productivity and aid in recovery of listed populations?

What are the impacts of releases of hatchery fish on the viability of wild salmon populations?

To address these questions, the comprehensive research plan must contain the following elements:

1.  We must accurately measure the relative fitness of hatchery fish and their descendants when they spawn in the wild.  The relative fitness of wild-spawning hatchery fish is a key uncertainty that limits our ability to assess both the risks and benefits of hatchery programs.  In order to predict the genetic consequences of hatchery production for wild populations, it is also essential to obtain empirical estimates of the rate of deleterious genetic change in artificially propagated populations of salmon.  It is equally important to obtain estimates of the rate at which domesticated populations can readapt to the wild environment.  One powerful method of obtaining these estimates is to use highly polymorphic genetic markers to keep track of individual fish and their descendants in natural and hatchery environments over several generations.

2.  We must rigorously evaluate whether modifying hatchery rearing and release practices will lead to improved hatchery fish that mimic wild fish quality and fitness.  Enriched hatchery rearing environments (NATURES) are being incorporated into tests of supplementation throughout the Pacific Northwest (Maynard et al. 1996, Flagg et al. 2000a).  However, to date, most of the work to improve the quality of hatchery fish has been conducted on pilot scales in test tanks and raceways. Large, production-scale studies are required in all aspects of Hatchery Reform strategies to fully develop and validate the concept and determine consequences for lifetime fitness.

3.  We must quickly develop and apply better models of phenotypic and genetic evolution in hatchery influenced populations.  These models must be able to translate measurable attributes of natural and hatchery populations (e.g., phenotypic and genetic covariance and rates of gene flow between populations in different environments) into reasonable predictions about future fitness. Developing these models is important because at the moment salmon managers are making decisions about artificial propagation without clear quantitative predictions regarding the possible consequences.

4.  We need to characterize the genetic consequences of inbreeding within and interbreeding between salmon populations.  This work is important because a key uncertainty surrounding hatchery planning is which broodstocks to use for specific purposes.  For example, there has been a real push to use "locally derived" broodstocks for supplementation programs, but there is uncertainty regarding the genetic definition of "local".  Almost no research in this area has been attempted for anadromous salmon populations, and quantitative information about the consequences of inbreeding and outbreeding depression in salmon is necessary for predicting the effects of hatchery practices on natural salmon populations.

5.  We must develop and apply methods for addressing ecological risks of associated with artificial propagation programs.  Potential ecological impacts will vary in relation to specific hatchery operations and specific characteristics of the receiving habitat (Flagg et al. 2000b).  The initial approach should focus on density dependent interactions on target and non-target species within the tributary basin.  Additional studies could focus on interactions in the freshwater rearing environment, migration corridor, estuary, near shore and ocean habitats, although these become increasingly complex and logistically challenging. We need to study direct interactions such as displacement, agonistic interactions, competition for food and space,  as well as subtler effects involving, disease transmission, pied piper effects, attraction or saturation of predators, and contribution of hatchery strays to stream productivity. 

Experiments designed to measure and mitigate effects of hatcheries are particularly difficult to design and control because ecological and genetic effects may take years to quantify in the context of a constantly changing environment.  The key will be to design and implement experiments in a comprehensive manner using and evaluating technologies that increase our ability to measure, quantify, or evaluate changes in hatchery and natural populations.
Flagg, T. A., D. J. Maynard, and C.V.W. Mahnken.  2000a.  Conservation hatcheries.  Encyclopedia of Aquaculture, J. Wiley and Sons, p.174-176.

Maynard, D. J., T. A. Flagg, C.V.W. Mahnken, and S. L. Schroder.  1996.  Natural rearing technologies for increasing postrelease survival of hatchery-reared salmon.  Bull. Natl. Res. Inst. Aquacult., Suppl. 2:71-77.

National Research Council (NRC).  1996.  Upstream: salmon and society in the Pacific Northwest.  National Academy Press, Washington, D.C., 452 p.

Waples, R. S.  1999.  Dispelling some myths about hatcheries.  Fisheries 24(2)12-21.

V. Can we establish explicit links between salmon productivity and habitat attributes that can be protected or restored via management actions?

Although salmonids are among the most thoroughly studied fishes, we have a relatively poor understanding of the linkage between salmon production and freshwater and estuarine habitats.  To adequately develop rational recovery and restoration strategies for listed salmon species it is important that we understand the degree to which freshwater and estuarine habitats affect abundance and population growth of salmonids (Beechie et al. 1999).  Scientific information is required in three main areas before we can determine the consequences of various management actions.  These research needs should be addressed simultaneously rather than independently and can be phrased as three basic questions.

Three Key Questions

· What is the relationship between habitat attributes at various scales and salmonid production?

· What is the effect of human induced habitat changes on salmonid populations?

· What are effective restoration strategies for restoring degraded habitat and what is the quantitative effect on fish abundance?
Methods for Analysis
In order to predict responses of fish populations to watershed and habitat changes (whether natural or human induced), we must quantify how fishes use stream and river habitats.   To some extent this research will entail simple a description of patterns of habitat use, and delineation of local effects in a mechanistic framework (e.g., how exactly do specific local stream attributes alter fish behavior, preferences, and growth).   This descriptive information must be supplemented with assessments of population responses to different watershed conditions.  In particular, experiments at a variety of scales (watershed, reach, site) are needed to quantify the effects of anthropogenic disturbance (e.g.logging, grazing, urbanization, water withdrawal, water pollution).  We currently lack quantitative estimates of the influence of these and other human induced changes in habitat quality on fish production and fitness.  By treating management actions as experiments, we should be able to develop assessments of salmon production in response to habitat alterations.  This will require appropriate “before-and-after” monitoring with paired control sites that are not altered.

In addition to changes in habitat forming processses and physical habitat, human activities degrade water quality.  Pesticide applications, mining practices, urban and industrial discharges, and other activities contribute to the widespread contamination of salmon habitat.  Common pesticides can substantially disrupt the biological fitness of salmon at concentrations found in the environment. Research is needed to determine how water quality affects the fitness and survival of Pacific salmon.  This will involve the development and use of sensitive, and biologically meaningful, toxicological endpoints.  In addition, evaluation of the sublethal impacts of contaminant mixtures is needed.

The increased emphasis on restoring salmonid habitats has resulted in many projects being implemented with a poor understanding of their effect on salmonid abundance and fitness. However, it is often unclear how watershed level restoration or individual site-specific actions might contribute to recovery of salmon stocks.  In part, this stems from limited information on the effectiveness of various habitat restoration and enhancement techniques (Reeves et al. 1991, Frissell and Nawa 1992, Chapman 1996). In addition, projects are often implemented in watersheds or stream reaches which are either of low production potential or poorly suited for treatment (restoration).  Therefore, research is needed to determine where restoration of specific habitat forming processes or habitat characteristics will have the greatest benefits to salmonid production and fitness, and  which restoration actions are effective at restoring salmon habitats and production. Results from research on habitat production models will allow us to determine those watersheds with the highest potential for salmon production and restoration.  

Challenges and Difficulties to Overcome

Fish production models at a variety of scales are needed to meet varying management needs. Landscape-scale models can illustrate broad relationships among landscape characteristics, land use, and salmon abundance. More detailed life-stage models for salmonids may provide greater insight into the effects of specific habitat changes and restoration actions. Extensive field research and data collection on fish use and survival in different habitat types, and under different ecosystem conditions or management regimes are needed to develop these models.  Ideally, hypothesis on land-use and restoration requires watershed-wide experiments where specific land use practices are altered in an attempt to improve watershed processes, habitat characteristics, or water quality. By carefully managing the application of restoration actions (e.g., making sure that road restoration is focused in a way that we have control and treatment watersheds), we can evaluate the effectiveness of restoration techniques at restoring habitat conditions, water quality, or fish populations. 
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VI.  Global climate change is upon us.  Should our strategies for salmon recovery take climate change into account?  

 The North Pacific experiences dramatic shifts in climate on a 30-40 year frequency, caused by eastward-westward jumps in the location of the Aleutian Low in winter.  Shifts occurred in 1923, 1947 and most recently, in the winter of 1976/1977.   One dramatic effect of these shifts (called regime shifts) is large changes in biological productivity in the Subarctic Pacific/Gulf of Alaska and California Current.  Moreover these changes have opposite sign -- when productivity is high in the north (Gulf of Alaska) it is low in the south (California Current), and vice versa.   Since 1977 zooplankton biomass of the California Current has declined by nearly an order of magnitude (Roemmich and McGowan 1995) whereas zooplankton biomass of the Gulf of Alaska has increased at least two fold (Brodeur and Ware 1992). During the previous regime of 1947-1977, zooplankton biomass and salmonid stocks were relatively low in Alaskan waters but relatively high in the California Current.  On top of these cyclic changes in ocean conditions, we now have to also consider the possibility of more permanent and more dramatic changes brought about by global warming.  Recent IPPC analyses suggest global warming is proceeding at twice the rate previously anticipated with average mean increases of 9-11 degrees F expected by the year 2100.  Clearly, all resource management must attend to the implications of this change; however, threatened and endangered species are most vulnerable to rapid environmental change (because of potentially depleted genetic variation and fewer populations).

Key Questions:

1.What features of climatic cycles and trends have the greatest influence on salmonid survival and via what mechanisms?

2. In order to accommodate severe environmental change, do we need more subpopulations of salmon than we might otherwise require? and do we need to provide for especially large amounts of life history diversity and migration?

3. Climate change does not influence species in isolation.  Can we anticipate impacts of climate change on species with which salmonids interact that might in turn profoundly alter salmon population dynamics?

Methods: 

Four approaches are suggested.  One is that of retrospective analysis of historical data in order to seek correlations between coho and chinook growth and survival in relation to environmental factors. The second approach is to continue field programs recently initiated by NWFSC scientists in order to comprehensively characterize oceanic ecosystems in a manner pertinent to salmonids and other fishery resources .  One such program is a sampling study initiated off Newport in 1996.  Hydrography, nutrients, chlorophyll and zooplankton are measured at five stations along a transect line at fortnightly  intervals.  This work is currently funded by the U.S.GLOBEC program.  A second program is a long-term study of distribution and abundance of zooplankton, salmon and predatory fishes along eight transect lines spanning La Push WA south to Newport OR. This work began in 1998 with Bonneville Power funding.  Third, by better understanding how salmon fit into species food webs, we may be able to anticipate indirect effects of environmental change on salmon as a result of impacts on other species (see question VII for an expanded discussion).  A final line of inquiry (which has not yet been initiated) concerns a mapping of life history diversity onto environmental space in a way that allows predictions to be made about which life history types might be favored by different future environmental scenarios.  We must be especially attuned to the possibility that freshwater habitats that are currently highly productive may shift to low inherent productivity (and vice versa) if climate change alters hydrology or surrounding vegetation as much as some scientists expect.

Special Challenges. Poor understanding of salmon ecology in marine waters has greatly hampered our ability to understand how climate variations may affect salmonid production.  Long term studies of distribution, abundance, food habits and predator-prey relations in relation to oceanographic conditions are needed to fully appreciate the ways that climate variations affect salmon.  
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VII.  How do ocean and estuarine conditions and the “4-H” risk factors interact and potentially constrain opportunities for recovery?

Throughout the 1960's and early 1970's, the states and Federal government embarked upon large scale releases of salmonids to mitigate losses of fishes due to construction of dams.  Initially, this strategy worked well.  However beginning in the late 1970's, despite continued high levels of artificial propagation, returns of hatchery-produced salmon began to decline.  Returns of wild fish have also declined, leading to the listing of several wild stocks as threatened or endangered.  In 1996, the harvest of coho was halted, and still, numbers declined.  Then, beginning in 1999, coho and chinook numbers began to increase and coho stocks are now showing signs of recovery.  In 2000, coho survival returned to levels not seen since 1990.  What factors can be invoked to explain the long-term decline observed from 1977-1998?  And how do we explain the sudden positive reversal in coho and chinook numbers in 1999 and 2000?

Key Research Needs:  The period 1977 through 1998 was characterized by low ocean productivity (Roemmich and McGowan 1995).  It was also during this period that the disturbing declines in coho survival occurred.  Although oceanographic studies have shown correlation between salmon growth and/or survival and ocean conditions (Hare et al. 1999), the mechanisms that link ocean conditions and salmonid survival are poorly understood.  Brodeur et al. (2000) listed three research issues that must be addressed if we are to unravel the mystery of how ocean conditions influence salmonids:

1. A better understanding of the distribution and movement patterns of juvenile salmonids in the estuaries and the ocean is needed.  Where do juveniles reside during the first few months of estuary/ocean residence?  Clearly,  if we do not know where salmon live in the estuaries or ocean, or how they migrate, we cannot begin to understand how changes in estuarine or ocean conditions may affect salmon growth or survival.  

2. A better understanding is needed of how variations in health and physiological condition of salmonids control growth and survival of salmonids in estuaries and the ocean.  What is the impact of diseases and parasites in estuaries on growth and survival of fishes?  How do we best measure growth and fitness of individuals in different habitats so as to identify bottlenecks in growth and survival? 

3. We need a better understanding of trophic-dynamics and food webs important to salmonids, especially of the relative importance of top-down vs. bottom-up processes in controlling salmonid production.  To what degree is juvenile survival limited by predation by birds and mammals vs. growth limitation by poor feeding conditions? 

Methods: Distribution and abundance studies are being carried out with pelagic trawl surveys (in the ocean) and beach seine and small trawl surveys (in estuaries).  Health and condition studies involve dissection of the fish captured in the trawl/seine surveys and subsequent analysis of various tissues for fat content, energy content, and degree to which diseases and parasites are detected.  Analyses of stomach contents, when combined with survey data, may be synthesized in dynamic food-web models. 

For all research, we are pursuing a comparative research approach in which different river/estuary systems are studied.  We advocate an increased level of research in coastal streams of Washington and Oregon because it is here that one can isolate variables.  Few coastal streams are influenced by dams thus one can study the influence of conditions other than dams on salmonid survival.  Many combinations exist of watershed size, estuary size, and degree of habitat degradation, making comparative studies possible.  

We advocate (with the necessary cooperation of hatchery managers) controlled release experiments in which fish are released from hatcheries at several different times during the spring-summer period to determine if there is an “optimal window” of growth and survival in the ocean.  Along these lines, we advocate an expansion of  work presently underway in the Salmon River in which time-course changes in salmon survival are monitored in response to habitat restoration carried out by the U.S. Fish and Wildlife Service.  We also need to determine if hatchery and wild salmon partition their use of estuarine and oceanic habitats in fundamentally different ways.   How does the timing of migration to sea compare; how does residence time in estuaries, nearshore zones and dispersal at sea compare?  Do they live in different places in the coastal ocean?  Are there definable “oceanic habitats” used by fish from distinct river systems.

Special Challenges:   Coastal waters may experience prolonged periods of low production followed by periods of high production. The ocean can impart a powerful influence on salmon productivity and this influence is entirely beyond our control; thus variable ocean conditions may constrain efforts to improve freshwater habitat. When the ocean is in a state of low productivity, managers will have to give special attention to improvements in freshwater habitats because few fish are likely to return from the sea.  Managers should not become discouraged by lack of success during these periods.  However, when the ocean is in a highly-productive state, habitat restoration efforts may only begin to show successes.  Enlightened managers will of course use caution as they explain their “success”. We must develop a better understanding of the mechanisms that link climate and ocean variability with salmon production so that they can sort out the reasons for success or failure of management strategies designed to help salmonids.  If we do not understand how ocean variability affects the survival of salmonids, we may not be able to evaluate the success of freshwater management strategies.  
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VIII.   Is there a way of making the ideal of “ecosystem and multispecies management” operational for salmon?

Intensive exploitation of Pacific salmon has led to dramatic changes in the structure and productivity of marine and freshwater ecosystems. The development of ecosystem-based approaches to fishery management is contingent on understanding the implications of all human exploitation for ecosystem function (since no species is an “island”).  Indeed, the need to worry about ecosystem functioning is recognized in a recent series of international agreements including, the Law of the Sea Convention, the United Nations Convention on the Environment and Development and the Convention on Biological Diversity.  The Ecological Society of America defines Ecosystem Management as “…management driven by explicit goals, executed by policies, protocols, and practices, and made adaptable by monitoring and research based on our best understanding o the ecological interactions and processes necessary to sustain ecosystem composition, structure and function” (Christensen et al. 1996).  Because salmon are keystone species, successful ecosystem management clearly requires knowledge of basic salmon ecology.  We need to know where salmon go in the ocean, how habitat affects population growth rates, how the effects experienced by fish in one life history stage are expressed later in life, among others.  These questions are addressed elsewhere in volumes 1 and 2 of the research plan.  Here we focus on three additional questions that embody the ecosystem approach : 

(1) Can long-term areal closures serve as a management tool that conserves biomass, reduces disruption to system structure and protects vulnerable habitats? 

(2) To what extent can nutrient enhancement or predator reduction increase salmon productivity? 

(3) Do non-salmonid fisheries (e.g. squid, anchovy, herring, pollock etc.) influence the dynamics of salmon populations?

1. More than a century ago, Livingston Stone addressed the American Fisheries Society and called for the creation of salmon sanctuary that would protect fish from habitat destruction (Stone, 1892).  Stone concluded that no other management scheme could overcome the combined forces of excessive harvest and habitat destruction.  Stones’ arguments are as cogent today as they were when he first proposed them.  However, it is also clear that in order for salmon refuges to be an effective management tool, they must protect fish in each of the habitats salmon use – freshwater, estuarine and marine.  The development of salmon reserves will require both advances in the understanding of harvest refuges in general, and how such an approach might be adopted for salmon.  Thus, modeling efforts that explore the role reserves can play in the management of mobile animals are critical.  Such models in concert with more information of stock-specific salmon distributions may guide the design of  reserves for salmonids.

2. It is becoming increasingly clear that marine-derived nitrogen and phosphorous once delivered to the rivers of the Columbia Basin by spawning salmonids are a critical part of ecosystems of the Pacific Northwest.  Because many of the systems in which salmon spawn and rear are inherently nutrient poor, the delivery of marine-derived nutrients by returning salmon carcasses may be crucial to survival of juvenile salmon and recovery of depleted salmon.  At the same time, it is also clear that predators (e.g., pike minnow, terns, marine mammals) may have large impacts on salmon populations.  In both cases, management that either artificially increases nutrients or reduces predators may speed recovery of salmon.

Population growth of salmon is particularly sensitive to changes in egg to smolt survival (Kareiva et al. 2000), but the feasibility of using nutrient enhancement or predator reduction to increase population growth enough to reduce the risk of extinction is highly contentious.  Experimental and modeling studies investigating top-down and bottom-up interactions will be critical for testing the utility of either or both of these approaches.

3. Salmonids in the ocean forage opportunistically on a diverse assemblage of pelagic organisms.  Many of these organisms are directly harvested.  The large-scale removal of salmon prey by fishing clearly has the potential to impact salmon populations.  Additionally, exploitation of species not consumed by salmon may impact salmon populations if they influence food web structure.  The effects of fishing clearly have ecosystem effects, but the degree to which such effects impact salmon is a topic worthy of further investigation.  Given detailed stock-specific data on salmonid diet and marine distribution, simple food web bioenergentic models are a first step in the understanding of the effects on non-salmon fisheries on salmon.  

The clear challenge in any ecosystem management plan for salmon involves linking ecosystem features with changes in survival and population growth of salmon (e.g. Kareiva et al. 2000).  The need for stock-specific details concerning marine distribution and habitat use will require a massive effort.  Since the marine distribution of stream-type stocks is largely unknown, ecosystem approaches for these stocks is even more challenging.  
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IX.   What are the Impacts of Non-indigenous species on Salmon and How Might these Impacts be Mitigated?

Non-indigenous species (NIS) may be the most severe environmental threat the world now faces (Kareiva 1996, Vitousek 1994, Parker et al 1999, US Congress 1993).  Although non-indigenous species are widespread and conspicuous throughout the aquatic ecosystems inhabited by salmon, their impacts on salmon have never been systematically examined.  It is ironic that the so-called “natural river” held up as an ideal in “Return to the Natural Rivers” (ISG 1996) makes no mention of the “un-naturalness” associated with the scores of alien species that have invaded the Columbia basin.  Yet, a few undisputed observations should make the potential threat posed by these non-native species staggeringly clear.  Caspian terns, which were essentially non-existent in the Columbia Basin prior to the 1900’s, now number approximately 20,000  and eat millions of smolts a year.  At least twenty different non-native predatory fish species have been introduced to the Columbia River system. Even the invasion of exotic plant species can be important to salmon – for example, the spread of Atlantic smooth cordgrass throughout the west coast promises to substantially alter estuarine and nearshore ecosystem functioning and processes.   In general, the effects of NIS can arise directly from competition or predation, indirectly by altering foodweb structure, by modifying the environment or habitat, or by modifying critical ecosystem processes (such as nutrient retention, erosion, etc).   We need to be alert to all of these possibilities.

Four Critical Questions

1.) What is the total collective impact of non-indigenous species on recruits per spawner and annual rates of population growth in west coast salmonids ?  and what factors appear to exacerbate or mitigate this impact ?

2.) Are there pragmatic management actions that could alleviate the harm caused by non-native species?

3.)  Are there incipient non-indigenous species problems that are potential future threats to wild salmon, but have not yet “gotten out of control”?  

4.)  Can we begin to learn from these analyses what combinations of species and ecosystem processes most exacerbate, in general, the undesirable impacts of non-indigenous species in aquatic and marine systems ?

Methods for Analysis

One approach we will take involves new statistical techniques developed from the field of medicine for analyzing non-randomized treatments of human patients (Rosenbaum 1995).  These methods are used to infer effects of non-experimental variation in factors (such as human lifestyles or exotic species), for which there is always the risk of bias and confounding correlates (since there was no underlying “controlled” experiment). 

A second approach will entail food web modeling, in which the effects of exotic species is assessed by converting their numbers into impacts as competitors and predators.  A variety of modeling techniques will be attempted:  ECOPATH and ECOSIM, detailed energetic models, and more classical resource-based community theory. 

A third approach will be direct field studies and experiments that manipulate the abundance of NIS in streams and reservoirs.  For example,  it is possible to remove brook trout from streams and observe the survival of juvenile salmon in streams with brook trout and where brook trout have been removed.  Bounty programs are already used to remove pikeminnow in reservoirs (which are native species) – these same programs could be used to manipulate the abundance of NIS fish in reservoirs.

Challenges and Difficulties to be Overcome

Because exotic species have been neglected in the Columbia basin, one major hurdle is simply assembling the data.  Unlike redd counts or flow rates or other standard salmon metrics, data regarding non-indigenous species need to be assembled from scratch.  When applying the food web modeling approach, the major challenge will be assessing whether the results of the models should be trusted.  It is routine to build community models (as is evident by the availability of ECOPATH); unfortunately these models are almost never scrutinized to see how believable they are.  The third major challenges associated with experimental studies are logistical (finding the resources and arranging for the cooperation of state agencies).  Although such experiments represent a classical approach, there is almost no tradition of manipulative experiments in the Columbia basin.
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X. Using economics analyses to establish conservation priorities.

Because society has limited resources, the recovery of endangered species must contend with scarcity.  Ecologists may be able to identify a host of beneficial management actions, but economics resources (and political will) are rarely sufficient to pursue all of those actions.  An important question to address, then, is the following: Among the many possible actions that can aid the recovery of a species, which ones should be given higher priority?  In practice, these decisions are informed by an ad hoc mixture of biological data, demographic theory, economic information, and politics.   Although we cannot improve the political process, there is room for substantial improvements in how the economics and ecology are combined when addressing the issue of priorities.  Both ecologists and economists often feel they do address priorities within the context of their own disciplines.   For example, when ecologists calculate so-called elasticities in demographic matrix models the implication is that in doing so, they are identifying those opportunities for management that will yield the largest improvements in annual rate of population growth (()  per unit increase in survival.  We will explore a way of setting conservation priorities that is a hybrid of ecological and economic approaches.   Specifically, we will ask which management actions generate the greatest biological benefit per unit of dollar cost.  In other words, benefit will be measured in biological units, but costs will be measured in economic units.

Critical Questions

1. What are the likely increases in lambda (annual rate of population growth) for salmon populations as a result of well-defined specific management actions (dam breaching, reduction in harvest, reduction in grazing, etc) ?

2.   What are the economic costs for particular management actions ?

3.  How can the uncertainty in cost and benefit estimates be combined in a simple and informative manner ?

4. How does the analysis vary if we relax the assumption of linearity (.i.e, that the benefit per dollar is a constant ratio across the entire range of demographic rates) ?

Methods of Analysis

To estimate the impacts of management actions on lambda we will use models, regression analyses, and before and after observations of management actions.  To estimate economic costs we will apply standard economic methods.  

For each possible management action, calculate the sensitivity of ( with respect to that action, or what economists would call the marginal product of that action.  (Note that this likely requires a two-step process:  Calculate the sensitivity of ( with respect to each vital rate, and then calculate the sensitivity of each vital rate with respect to each management action.)  Next, calculate the cost of undertaking an incremental amount of each management action, or the marginal cost of that action.  (This assumes that the “amount” of an action can be continuously varied, an assumption that may not be met.  For example, it is not possible to breach one-tenth of a dam; but it is possible to breach one or two dams, rather than three or four.)   Finally, calculate the ratio of the marginal product and the marginal cost.  One then assigns higher priority to those actions with relatively high ratios.  The limitation is not in methodology, but in data.

Major Challenges and Obstacles

A major conceptual obstacle involves methods for determining over what range the linear approximation is valid (constant benefits per cost), and how to alter the approach when one starts to see diminishing returns in benefits per dollar spent.   A final diffiuclt question concerns the fact that most management actions influence more than one listed species – it is not clear how to tally up “benefits” (which is absolutely necessary when conducted a cost effectiveness analysis) over several different species.  

The biggest obstacle is lack of data.  The absence of organized data regarding costs or effectiveness of different management actions is an embarrassment (albeit an embarrassment that is played out across almost all resource management arenas). We will not “make up” any numbers for our economic analyses, but we may fill data gaps by borrowing results from related systems, or the same species studied elsewhere.  One value of identifying particularly glaring gaps in estimates of cost or benefit should be an impetus to pursue appropriate monitoring, evaluation, and tracking of costs for management activities.  
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