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a. Abstract 
We propose to quantitatively evaluate the relative reproductive success of naturally spawning hatchery and natural origin spring chinook salmon in the Columbia Basin. Hatcheries are one of the main tools that have been used to mitigate for salmon losses caused by the construction and operation of the Columbia River hydropower system.  In addition to harvest augmentation, hatcheries have recently been used in attempts to protect stocks from extinction (e.g.,. captive breeding) and attempts to enhance natural production (supplementation).  Surprisingly, little is known about how much the investment in hatcheries benefits or harms natural production.  We propose to take advantage of recent technological advances in genetics to empirically monitor the reproductive success of hatchery and natural spring chinook salmon using a DNA-based pedigree approach.  Specifically, we will (1) directly measure the relative reproductive success of hatchery and natural-origin chinook salmon in both natural and hatchery settings, (2) determine the degree to which any differences in reproductive success between hatchery and natural chinook salmon can be explained by measurable biological characteristics such as run timing, morphology or behavior, (3) determine if patterns of relative reproductive success of hatchery and natural chinook salmon are consistent across diverse natural populations and hatchery programs, and (4)  estimate the relative fitness of hatchery-lineage chinook salmon after they have experienced an entire generation in the natural environment.  In order to obtain results that will complement other ongoing and proposed studies, we propose to conduct parallel studies in three representative Columbia River streams -- the Wenatchee, Tucannon, and Kalama Rivers -- where long-term supplementation research is being conducted.  

b. Technical and/or scientific background
Estimating the relative fitness of naturally spawning hatchery-produced salmon is one of the most important tasks needed to assess successful salmon recovery efforts.  Obtaining accurate measurements of the relative reproductive success of naturally produced hatchery fish is important both for evaluating the risks of "production-type" hatchery programs, and for evaluating the benefits of "supplementation-type" programs designed to assist natural salmon populations.  

Over the past several decades, several studies have suggested that salmon produced from hatcheries have lower fitness in the natural environment than naturally produced fish.  For example, Reisenbichler and McIntyre (1977) found that in the Deschutes River, in-stream egg-to-fry survival of steelhead resulting from crosses between hatchery fish survived at ~80% that of steelhead resulting from crosses between natural fish.  In a similar study, Leider et al. (1990) found that the adult-to-adult reproductive success of non-native hatchery produced steelhead in the Kalama River was substantially less than that of the native natural-origin steelhead.  Numerous other completed or ongoing studies have found either genetically or environmentally caused differences in fitness or fitness related traits between hatchery and naturally produced fish (Table 1).

Table 1 - Summary of studies that found fitness differences between hatchery and naturally produced salmon
	Study
	Summary

	Fleming, I.A., Jonsson, B., Gross, M.R., and A. Lamberg.  1996.  An experimental study of the reproductive behavior and success of farmed and wild Atlantic salmon.  J. Applied Ecology 33: 893-905.
	Describes experiments to measure reproductive success and behavior of fifth-generation farmed Atlantic salmon compared to newly captured wild salmon in artificial spawning channels.  Farmed females exhibited poor breeding behavior, and had less than a third of the reproductive success of wild females.  Farmed males exhibited very poor breeding behavior, and had one to three percent of the reproductive success of wild males.

	Fleming, I.A. and M.R. Gross.  1989.  Evolution of adult female life history and morphology in a Pacific salmon (coho:  Oncorhynchus kisutch).  Evolution 43:141-157.
	Studied body morphology, egg morphology and fecundity of female coho salmon from 13 wild and five hatchery populations and tested a number of a priori  predictions relating morphology and fecundity to a number of environmental factors.  Found that body and egg morphology differed significantly among populations in the manner predicted by the authors’ adaptationist hypotheses.  The sampled hatchery populations exhibited a reduction in characters associated with breeding competition and an increase in egg size compared to the sampled wild populations.

	Fleming, I.A. and M.R. Gross.  1992.  Reproductive behavior of hatchery and wild coho salmon (Oncorhynchus kisutch):  does it differ?  Aquaculture 103:101-121.

Fleming, I.A. and M.R. Gross.  1993.  Breeding success of hatchery and wild coho salmon (Oncorhynchus kisutch) in competition.  Ecological Applications 3:230-245.

Fleming, I.A. and M.R. Gross.  1994.  Breeding competition in a Pacific salmon (coho: Oncorhynchus kisutch):  Measures of natural and sexual selection.  Evolution 48:637-657.
	In this series of papers the authors described the results of experiments that utilized an experimental spawning channel to study how the reproductive success and behavior of coho salmon is related to a number of variables including morphology, density and origin (hatchery versus wild).  The authors found evidence of strong selection at high densities for larger body size and against hatchery origin, and suggest that the behavior of the hatchery fish led to their poor reproductive success.  Selection for all traits was stronger at high densities than at low densities, and at low densities hatchery fish performed about as well as wild fish.  The hatchery stock had been founded from a local wild stock and had been in culture with no directed program of artificial selection for four generations (12 years).  

	Petersson, E., Jarvi, T, Steffner, N.G. and B. Ragnarsson.  1996.  The effect of domestication selection on some life history traits of sea trout and Atlantic salmon.  J. Fish Biol. 48:776-791.
	Studied changes in morphology and life-history of hatchery reared Atlantic salmon over a twenty-three year period.  Lacked a wild control, so effects may not be due to hatchery rearing.

	McGinnity, P., Stone, C., Taggart, J.B., Cooke, D., Cotter, D., Hynes, R., McCamley, C., Cross, T. and A. Ferguson.  1997.  Genetic impact of escaped farmed Atlantic salmon (Salmo salar L.) on native populations:  use of DNA profiling to assess freshwater performance of wild, farmed and hybrid progeny in a natural river environment.  J. Marine Sci. 54:  998-1008.
	Used DNA profiling to measure reproductive success of farmed and wild Atlantic salmon in the wild and found that fish-for-fish farmed salmon produced significantly fewer parr and smolts than wild fish.  The farmed salmon stock had been in artificial culture for at least six generations.

	Chilcote, M.W., Leider, S.A. and J.J. Loch.  1986.  Differential reproductive success of hatchery and wild summer-run steelhead under natural conditions.  Trans. Am. Fish. Soc. 115:726-735.

Leider, S.A., Hulett, P.A., Loch, J.J. and M.W. Chilcote.  1990.  Electrophoretic comparison of the reproductive success of naturally spawning transplanted and wild steelhead trout through the returning adult stage.  Aquaculture 88:239-252.
	Both papers describe the contribution of genetically ‘marked’ steelhead to natural production in the Kalama River and found that naturally spawning hatchery fish were ~30% as successful as wild fish at producing smolts and ~10% as successful at producing returning adults.  The hatchery stock used in the experiment was of mixed origin and not native to the Kalama River, and had been in artificial culture for four or five generations with some level of artificial selection occurring during part of that time.

	Reisenbichler, R.R. and J.D. McIntyre.  1977.  Genetic differences in growth and survival of juvenile hatchery and wild steelhead trout, Salmo gairdneri.  J. Fish. Res. Board Can. 34:123 128.
	Describes the results of a study in which the progeny of HxH, HxW, and WxW crosses were genetically marked and placed in artificial redds in several tributaries of the Deschutes River, OR.  Survival and growth were measured from the eyed-egg to yearling stage, and the progeny of HxH crosses were found to have ~80% the survival of WxW crosses.  The opposite pattern was seen in a control hatchery pond.  The growth rates also differed significantly among the crosses in some streams, with HxW and HxH fish larger than WxW fish.  The hatchery stock used had been founded two generations previously from the same wild stock that was used in the experiment.  All matings were performed in the hatchery, so differences in mating success between hatchery and wild fish were not measured.  No information was provided on the degree to which the hatchery stock had been artificially selected.

	Berejikian, B.A., Tezak, E.P., Schroder, S.L., Knudsen, C.M. and J.J. Hard.  1997.  Reproductive behavioral interactions between wild and captively reared coho salmon (Oncorhynchus kisutch).  J. Marine Sci. 54: 1040-1050.
	Describes the results of a quantitative study of the reproductive behavior of wild and captively reared coho salmon in semi-natural stream setting.  The captively reared fish were collected as naturally produced fry and reared to adulthood in captivity.  The wild fish were collected as adults from a nearby stream.  The captively reared fish did successfully spawn, but the wild spawners were competitively superior, with wild males dominant in 86% of the spawnings.  Captively reared females produced on average 62.5% as many nests as wild females.  Captively reared fish differed from wild fish in morphology and coloration.  The differences between the captively reared and wild fish were probably predominately due to environmental effects, since the captively reared fish were in an artificial environment for less than one generation.

	Berejikian, B.A.  1995.  The effects of hatchery and wild ancestry and experience on the relative ability of steelhead trout fry (Oncorhynchus mykiss) to avoid a benthic predator.  Can. J. Fish. Aquat. Sci. 52:2476-2482.
	This study describes experiments to quantitatively measure the predator avoidance abilities of wild and hatchery raised steelhead juveniles.  Wild and hatchery steelhead native to the same watershed were spawned in a common environment, and the resulting progeny were used in the experiment.  The hatchery fish used had been in culture for at least one and up to seven generations.  Using three different types of experimental design, the author found that the hatchery juveniles were eaten by a native predator (Cottus asper) at significantly higher rates than the wild juveniles.  Because both groups were spawned and raised under identical conditions, the author concluded that the observed differences were genetically based.

	Kallio-Nyberg, I., and M.-L. Koljonen.  1997.  The genetic consequence of hatchery-rearing on life-history traits of Atlantic salmon (Salmo salar L.): a comparative analysis of sea-ranched salmon with wild and reared parents.  Aquaculture 153:207-224.
	Found differences in size, growth rate and age at maturity between first generation hatchery stocks and second and later generations stocks in the Bothnian Bay.  Second+ generation hatchery fish grew faster and matured younger.  All stocks were reared under identical conditions at the same facility, and originated from nearby rivers.  

	Swain, D.P. and B.E. Riddell.  1990.  Variation in agonistic behavior between newly emerged juveniles from hatchery and wild populations of coho salmon, Oncorhynchus kisutch.  Can J. Fish. Aquat. Sci. 47:566-571.
	Quantitatively compared aggressive behavior between wild and hatchery juveniles that had been raised from eggs in a common environment.  Hatchery juveniles displayed significantly greater levels of aggression than wild juveniles.  The two hatchery stocks used in the study had each been in culture for five generations, and the wild fish were captured in streams near the site of the original hatchery broodstock collections.  Because all groups of fish were reared in a common environment, the authors conclude that observed differences were genetically based, and because all the stocks came from the same or nearby populations, the authors conclude that the differences were due to domestication selection in the hatchery rather than differences among the original wild populations.  The authors hypothesize that relaxation of selection for predator avoidance in the hatchery was the selective agent.


Studies such as those described in Table 1 suggest that artificially propagated salmonid populations may become maladapted to the natural environment within only a few generations, and that it is reasonable to expect that fish from many existing hatchery stocks might have relatively low fitness when they spawn in nature.  Hatchery supplementation remains common, however, in part because salmonids are highly variable and existing studies have tended to focus only on certain species of salmon and types of hatchery.  For example, most of the completed and ongoing studies that have quantified genetic reductions in fitness in hatchery stocks have focused on one species (steelhead) and on one type of hatchery (“traditional” production programs), and often focused on hatchery stocks non-native to the study area.  These studies have shown that non-native steelhead stocks are likely to have low reproductive success in nature, but their results may have little relevance to other species, to  local stocks, or to programs specifically designed to play a conservation role.  

Our proposed research will specifically address the following key uncertainties:  

1)  What is the relative reproductive success of hatchery-bred chinook salmon when they spawn in nature?  

This question is important for several reasons.  Many naturally spawning chinook salmon populations in the Columbia River Basin contain varying numbers of hatchery-produced fish.  The naturally-spawning hatchery fish can be present either as part of a supplementation program designed to assist natural populations, or as strays from traditional production programs.  If the naturally spawning hatchery fish are part of a supplementation program, then estimating their relative fitness is necessary for evaluating the effects of the program.  For example, if the relative reproductive success of the hatchery fish is low, the program is unlikely to be successful at increasing natural production.  Evaluating relative reproductive success is therefore critical for determining if the considerable investment the region has made in hatchery supplementation programs is actually helping recover salmon populations.  Determining the relative reproductive success of hatchery fish that stray from traditional production hatchery programs is also important.  Stray hatchery fish can often mask the status of natural populations because their reproductive success is unknown, and may lead to reduced short and long-term natural productivity due to genetic deterioration of the natural population as a result of interbreeding between naturally produced fish and some hatchery strays.  By directly measuring the relative reproductive success of stray hatchery fish, the viability of natural populations receiving substantial stray hatchery fish can be much more accurately evaluated. 

2)  If a difference in relative reproductive success is found between hatchery and natural-origin chinook salmon, can the difference be explained by differences in measurable biological traits that differ between hatchery and natural fish?

In specific case studies, several investigators have found biological differences between hatchery and naturally produced fish that, at least in part, explain why hatchery fish may have relatively low fitness in the natural environment.  For example, Fleming and Gross (1992; 1993; 1994) made detailed observations of the spawning behavior of natural and hatchery coho salmon, and found that the hatchery-produced males were less aggressive courting females and less able to fend off other males in competition.  The same investigators also found physical differences between hatchery and natural fish that likely contributed to the poor performance of the hatchery fish.  Fleming et al. (1996) obtained similar results in a more recent study of Atlantic salmon.  In another study, Berejikian (1995) found that hatchery-produced juvenile steelhead were more vulnerable to predation than naturally produced steelhead because the hatchery fish were more aggressive about feeding in the presence of predators.  

Despite the studies referenced above, determining the proximate biological mechanisms for any observed differences in fitness between hatchery and natural fish remains an important problem.  First, little work has been done on chinook salmon, despite extensive hatchery production of this species in the Columbia River Basin, and the existing studies of steelhead and coho salmon may not be applicable to other salmonid species.  Second, most of the studies examining how morphological and behavioral traits influence fitness in salmonids have been conducted over very limited parts of the life-cycle, and it is important to understand how these traits affect life-time fitness.  Finally, there have been relatively few studies examining how variation among individual fish contributes to differences in fitness between hatchery and natural populations.  Instead, most studies (e.g., Reisenbichler and McIntyre 1977; Leider et al. 1990) measured average differences in reproductive success or survival between groups of fish.  By measuring the fitness of individual fish, we will obtain a much more complete picture of how variation in measurable traits influences fitness than has been obtained from most studies conducted to date.  

Understanding the biological differences between hatchery and natural fish that are the causes of any differences in fitness is important because it will provide insight into how likely it is that the fitness of hatchery fish can be increased by relatively simple changes in rearing, breeding, or release strategies.  For example, early spawn timing by some hatchery steelhead has been hypothesized to contribute to their poor performance (Chandler and Bjornn 1988; Leider et al. 1984), suggesting that maintaining a natural run and spawn timing distribution should be an important goal of steelhead supplementation programs.  In our study, we will be able to specifically estimate the functional relationship between a series of measured characters (spawn  timing and morphology, for example) and life-time fitness for both hatchery and natural fish, thereby increasing our knowledge of not only if hatchery chinook salmon have lower relative fitness than natural chinook salmon, but also why.  

3)  Are patterns of relative reproductive success of hatchery chinook salmon consistent across diverse hatchery programs and natural populations?

Despite several studies showing low reproductive success of hatchery fish (Table 1), hatchery supplementation remains a common, and controversial, conservation strategy in part because hatchery programs are so ubiquitous and the salmon they produce are so diverse.  Managers and biologists are therefore understandably reluctant to broadly generalize the results of specific studies to other species or populations.  To get around this problem, we believe it is necessary to monitor the relative fitness of naturally spawning hatchery fish in a large number of systems.  In our study, we propose to estimate the relative fitness of hatchery produced chinook salmon in three systems which are representative of the diversity of spring chinook salmon populations in the Columbia River Basin.  We are currently investigating the potential of adding a fall chinook component to increase the diversity of chinook populations that we study.  The feasibility of adding this component will be assessed during the coming year and could be added in subsequent years work pending additional funding.  

The three studies proposed here will not, by themselves, provide a complete description of how the relative fitness of hatchery fish varies across basins, species, type of hatchery, and other factors.  However, in combination with the results from other studies (Table 2), our studies will provide critical information to  address this issue.  

4)  If hatchery-produced chinook salmon have initially low relative reproductive success, to what degree is this effect reduced in their natural origin progeny?  In other words, does the 'hatchery' effect disappear to an appreciable degree after a generation of natural production?

One of the surprising conclusions from several studies of the fitness of hatchery fish in the natural environment is that genetic-based fitness differences have been found after only two-to-five generations of hatchery rearing (see examples in Table 1).  That “domestication” selection in hatcheries can produce such rapid genetic changes in salmon populations is both disturbing and encouraging.  On the one hand, if hatchery breeding and rearing can result in substantial genetic changes in a salmon population after only a few generations, this suggests that selection pressures in typical hatchery environments may be so strong that even relatively recently founded broodstocks may be too “domesticated” to be useful for supplementation purposes.  On the other hand, the very  speed with which the changes occur suggests that hatchery fish might be able to rapidly adapt back to the natural environment if given a chance to do so.  There are a large number of hatchery programs in the Pacific Northwest that are releasing locally derived stocks that have been hatchery propagated for many generations.  Measuring how quickly these stocks can readapt to a full life-cycle in the wild will determine how useful these stocks might be in recovery efforts. Using highly polymorphic microsatellite DNA markers, we propose to track individual lineages across two or more generations and then using these data to estimate the rate at which hatchery fish readapt to the natural environment.  

c. Rationale and significance to Regional Programs
Unique among threatened and endangered species, salmon are artificially propagated on a massive scale.  For example, since the mid-1980's, over 4 billion juvenile salmonids have been released from hatcheries annually by Pacific Rim countries (Beamish et al. 1997), and in recent years ~85% of the adult salmonid returns to the Columbia River basin have been fish that were released from hatcheries.  This large-scale artificial propagation in the Columbia River Basin and elsewhere leads to conservation problems faced by few if any other threatened species.

Salmon hatcheries have operated in the Columbia River Basin for about a century, with large-increases in production occurring in the 1960’s and 1970’s (Beamish et al. 1997).  The purpose of most of the Basin’s hatchery programs has been mitigation for lost habitat and other environmental degradation due to the operation of hydropower dams.  For the most part, these mitigation programs have been designed to produce fish for harvest, with little expectation that escaped hatchery fish would play a role in conserving natural salmonid populations.  In fact, large-scale hatchery production has been cited as one of the contributors to decline of natural salmon populations throughout the Pacific Northwest (Nehlsen et al. 1991; NRC 1996).  

More recently, hatcheries have been increasingly asked to play a role in conserving natural salmon populations, in addition to continuing to produce fish to mitigate for lost harvest opportunities.  For example, supplementation projects, in which adult hatchery fish are deliberately encouraged to spawn naturally to boost a natural population’s abundance, have become common throughout the Basin.  Despite substantial investments in supplementation projects, considerable controversy remains about the biological benefits and demographic, genetic, and ecological risks they provide for natural populations.  

One critical biological uncertainty about the effects of hatchery production on natural populations is the degree to which hatchery produced fish can effectively spawn and produce offspring in the natural environment.  Accurately measuring the relative reproductive success of naturally spawning hatchery fish and determining the proximate biological causes for variance in reproductive competence is important not only for determining the benefits of conservation hatcheries, but also for estimating the risks of straying by fish from “production” type hatcheries.  

Relationship to CBFWA and NMFS priorities -- 

Our proposed research to estimate the relative fitness of hatchery fish used for supplementation or reintroduction specifically addresses several key management uncertainties identified by the Columbia Basin Fish and Wildlife Authority (CBFWA) and the National Marine Fisheries Service (NMFS).  In particular, the CBFWA's Mainstem and Systemwide Province Artificial Production Program Summary, identifies "What is the relative fitness of hatchery fish when they spawn in the natural environment ?" and "To what extent does hatchery production undermine local adaptation in a manner that threatens the long-term viability of salmonids?" as key research and monitoring questions related to artificial propagation.  Likewise, the NMFS, in its Biological Opinion on the Columbia River federal hydropower system, identified "the reproductive success of naturally spawning hatchery fish" as a "critical uncertainty" (NMFS 2000, Section 9.6.5.3.2, Action #182).  Measuring the rate of domestication in hatcheries and readaptation of hatchery fish to the wild environment has also been identified as an important problem (Action #184), and the proposed research will provide important insight into both of these issues.  

d. Relationships to other projects 
 The studies we propose will complement several other ongoing and proposed projects to estimate the relative fitness of naturally spawning hatchery fish in the Columbia River Basin and elsewhere (Table 2).  Because both salmon and hatchery programs are highly diverse, it will be necessary to conduct such studies in a variety of systems before any general conclusions can be reliably drawn.  For example, the NMFS recommends that at least two studies be conducted in each listed ESU (NMFS 2000, Section 9.6.5.3.2).  The studies proposed here are important because they focus on a relatively unstudied yet widely propagated species (chinook salmon), and because they encompass a variety of supplementation scenarios.  For example, the supplementation programs we propose to study range from systems with extensive "production" hatchery influence (Kalama) to systems with only supplementation hatcheries (Tucannon).  The proportion of hatchery fish on the spawning grounds range from nearly 100% (Kalama), to less than 10% (Wenatchee, in some years).  Some systems receive extensive out-of-basin hatchery strays (Tucannon), whereas others receive relative relatively few (Wenatchee).  Finally, the sub-basins that we propose represent diverse habitats that spring chinook utilize throughout the Columbia Basin (e.g., geomorphology, thermal and hydrologic regimes).  By examining this broad range of programs and systems, we will be able to better determine the relative fitness of naturally spawning hatchery fish across the diversity of the species and their landscape.  

We explicitly intend that there will be a high degree of coordination and collaboration between this project and two other similar large-scale projects:  the Yakama Nation/WDFW  Yakima/Klickitat Fisheries Project (YKFP) and the Northwest Fisheries Science Center's BPA-funded genetic monitoring project in the Snake River Basin.  The YKFP involves a large-scale spring chinook supplementation program in the Yakima River Basin, and its monitoring and research program has many of the same goals and methods we propose in the current project.  The Snake River Genetic monitoring program involves a variety of genetic monitoring experiments of spring/summer chinook and steelhead in the Snake River Basin, including a DNA-pedigree-based reproductive success experiment for steelhead on Little Sheep Creek (Paul Moran, NMFS, PI).  Additional Snake River Basin sites for reproductive success studies are currently being proposed (Paul Moran, personal communication).  Key personnel are shared among this proposed project and the YKFP (Pearsons, Shaklee, Young, WDFW) and the genetic monitoring project (Ford, Moran, NMFS), allowing for a high level of collaboration in experimental design and data analysis.

Two of the three populations we propose to study are currently listed as "endangered" under the Endangered Species Act.  We will therefore require Section 10 permits for scientific research from the NMFS in order to conduct this work.  In each case, this will involve modification of existing permits related to the existing supplementation programs.  Because the NMFS has identified research such as we propose as a high priority and because our sampling efforts will be primarily conducted as part of ongoing monitoring or broodstocking programs, we do not anticipate difficulties in obtaining the required permit modifications.  

Table 2 -- Proposed or ongoing research that complements the proposed study

	Species
	Location
	Principle Investigator(s)
	Status
	BPA funded?

	steelhead
	Kalama R., WA
	Hulett, Sharpe – WDFW
	Ongoing
	No

	steelhead
	Imnaha R., OR
	Moran – NMFS
	Ongoing
	Yes

	steelhead
	Hood R., OR
	Kostow -- ODFW, Blouin – OSU
	Ongoing
	No

	steelhead
	Clearwater R., ID
	Reisenbichler – USGS
	Ongoing
	Yes

	steelhead
	Wenatchee R., WA
	Murdoch, Pearsons, WDFW
	Proposed
	No

	steelhead
	Forks Cr., WA
	Quinn – UW
	Ongoing
	No

	coho
	Minter Cr., WA
	Ford – NMFS, Fuss – WDFW
	Ongoing
	No

	coho
	Rogue R., OR
	Kostow -- ODFW, Blouin – OSU
	Proposed
	No

	chinook
	Deschutes R., OR
	Reisenbichler – USGS, Young, WDFW
	Ongoing
	Yes

	chinook
	Lostine R., OR
	Moran – NMFS
	Proposed
	Yes

	chinook
	Catherine Cr., OR
	Moran – NMFS
	Proposed
	Yes

	chinook
	Yakima R., WA
	Knudsen, Schroder, Young, Pearsons – WDFW
	Ongoing
	Yes

	chinook
	Tucannon R., WA
	Bugert, Mendel, Busack, Young – WDFW
	Ongoing
	Yes

	
	
	
	
	

	
	
	
	
	


e. Project history (for ongoing projects) 

Not applicable; this is a new proposal

f. Proposal objectives, tasks and methods
The four primary objectives of our proposed study correspond to the four key questions we identified in the "Technical and Scientific Background Section":

Objective 1)  Estimate the relative reproductive success of hatchery and natural origin chinook salmon when they spawn in the natural and hatchery environments.

Objective 2)  If differences in relative reproductive success are found between hatchery and natural fish, determine the degree to which these differences can be explained by, or are associated with, measurable biological traits that differ between hatchery and natural fish.

Objective 3)  Determine if patterns of relative reproductive success of hatchery and natural chinook salmon are consistent across diverse natural populations and hatchery programs.  This is a long-term objective that will be done in collaboration with other investigators

Objective 4)  Estimate the relative fitness of hatchery-lineage chinook salmon after they have experienced an entire generation in the natural environment.  

Overview of experimental design for Objectives 1 and 2

We propose to use a powerful genetic method for obtaining estimates of the number of progeny produced by individual breeding adults.  Briefly, we will obtain DNA samples from potential spawners and their putative offspring and use highly polymorphic genetic markers to reconstruct pedigrees for individual fish in natural and hatchery environments.  Experiments of this sort involve:  a) non-lethally collecting a tissue sample and other biological information (hatchery versus natural origin, morphological characteristics, run timing, etc.) of potential spawners in a natural spawning area and a nearby hatchery, b) collecting samples of progeny resulting from these spawners at varying life-stages up to and including returning adults, c) estimating the fitness of different classes of fish by using genetic markers to assign progeny to their parents.  This technique has been successfully used to estimate the relative reproductive success in a variety of species (DeWoody and Avise 2001; Morgan and Conner 2001; Neff et al. 2000a; Smouse and Meagher 1994; Smouse et al. 1999), including salmonids (Bentzen et al. 2001; Berejikian et al. 2001; Ford et al. 2002).  

Fitness estimation methods
We will use a variety of methods to estimate the relative fitness of hatchery and naturally produced salmon.  All of the methods are based on using DNA typing techniques to estimate how many progeny were produced by sampled adults.  Some of the methods involve a two step process:  determination of a pedigree that is used to explicitly count the number of offspring produced by each sampled parent, followed by statistical analyses of the counts to determine if there are significant differences between hatchery and natural salmon.  These two step methods are appropriate in cases where the population pedigree can be determined unambiguously, because they treat the progeny counts as observed data.  In some cases, it may be more efficient to score a larger number of progeny for a smaller number of loci.  In these cases, a proportion of the progeny will probably not be assigned unambiguously to a single pair of parents.  Smouse et al. (1999) and Morgan and Conner (2001) have developed a statistical method for dealing with this situation when maternity is known, and Ford et al. (2002) have modified this method for the case of two unknown parents.  

Two step estimation methods
The first step of these methods is to use the genetic typing data (see specific tasks for details on laboratory methods) to determine the parentage of the sampled progeny, using either simple exclusion or one of several likelihood-based methods (e.g., Marshall et al. 1998; Sancristobal and Chevalet 1997).  Any progeny that cannot be unambiguously assigned to a single pair of parents are removed from the analysis.  Once parentage as been determined, the number of progeny each parent produced is determined by simple counting.  The progeny counts form the basis of all subsequent analyses.  Contributions from precocious males (which will most likely not be sampled) will be tested by comparing the distribution of offspring with unassigned male parents and to the distribution with unassigned female parents.  

Analyses using the progeny counts

H0:1 -- Random mating and equal egg-sampling survival - In the terminology that follows, a mating between two hatchery-origin fish is labeled “HH”, two wild fish “WW”, a wild male and a hatchery female “WH”, and a hatchery male by a wild female “HW”.   The null hypothesis that we are testing is that mating occurs randomly without regard to hatchery or wild origin.  Under this hypothesis, if p is the proportion of wild fish passed above the weir, the expected proportions of the four possible mating types are p2, p (1-p), p (1-p), and (1-p)2 for the WW, WH, HW, and HH matings, respectively.  If we assume for the moment that these matings could be observed directly, the null hypothesis could be tested using a (2 test (df = 3) comparing the observed numbers of the different mating types with their expectations under the null hypothesis.  The parameters describing the degree of relative mating success and/or non-random mating would simply be the relative deviations from the expected values.  

Continuing under the assumption that we could observe matings directly, we can determine a priori how many matings we would need to observe to have a specified power of detecting particular deviations from the null hypothesis.  Power is defined as the probability of rejecting the null hypothesis when it is in fact false (1 - B, where B is the type II error rate).  We explored the relationship between the number of observed matings and statistical power using a simple Monte Carlo method in which N matings were drawn randomly from a multinomial distribution with parameters  p2, 2p(1-p)(1-s),(1-p)2(1-2s), where s is the reduction in the probability of mating associated with a single hatchery fish.  The fit of these observed matings to the null hypothesis (s = 0) was then determined with a (2 test (df = 2).  For various combinations of N, s, and p, this process was repeated 1000 times each and the power to detect a deviation of magnitude s or greater was estimated as the proportion of the 1000 trials that resulted in a (2 test statistic greater than a specified critical value (either for ( = 0.05 or 0.15).  Note that for the sake of simplicity we have lumped together the WH and HW mating categories in this analysis.  Our results indicate that a fairly large number of matings (>500) must be observed to have a reasonable power to detect small ( s< 0.1) deviations from the null hypothesis.  The analysis also shows that power will be maximized when there are approximately equal numbers of hatchery and wild-origin spawners.  

Testing the null hypothesis of random mating and equal mating success is actually somewhat more complicated than we have been assuming up until this point because instead of observing matings directly we will be obtaining samples of the resulting progeny.  Sampling offspring instead of observing matings adds additional variability to the experiment because some matings may not be sampled due to chance.  Sampling offspring will also confound any differences in mating success among groups with any differences in fecundity and egg-to-sampling survival, factors which we will control for by direct observation (see tasks 2b,c,d,e).  If we assume for a moment that there are no differences in fecundity or egg-to-survival survival among groups, then the problem of observing only a sample of ‘matings’ can be dealt with by sampling a sufficient number of fry that the likelihood of observing a sufficiently large number of matings is high.  Note that once an offspring from a particular mating pair has been detected, additional offspring from the same pair do not provide any additional information about whether or not that mating occurred, although if there is uncertainty about parent-offspring relationships additional progeny could be used to confirm a particular mating.  Under the null hypothesis of random mating and equal fertility, fecundity and egg-to-sampling survival, the probability that an observed fry came from particular mating is q = 1/N.  The probability that a fry from any particular mating will be included in a random sample (with replacement) of size n is 1-(1-q)n.  For example, if N is 500, then n must be ~1000 to have an ~80% probability of observing a particular mating.  

The analyses above show, not surprisingly, that the power to detect differences among groups will depend dramatically on the magnitude of the differences in mating success among groups.  By combining data across multiple cohorts, the total sample size will be increased considerably, providing additional power to detect smaller effects. Power can also be increased considerably if a higher probability of a type I error (probability of rejecting the null hypothesis when it is in fact true) is acceptable.  In this study, where failing to reject the null hypothesis may be just as important a result as rejecting it, a careful balancing of type I and type II errors may be appropriate.

H0:2 – Equal fecundity among groups
The hypothesis of equal fecundity among groups will be tested by counting and/or weighing the eggs of a random sample of females that spawned in the hatcheries associated with the populations of this study.  If fecundity differences between hatchery and wild-origin females are found, then the null hypothesis of random mating/equal mating success (see above) can be adjusted to reflect these differences.

H0:3 -- Equal juvenile production among groups
The hypothesis that hatchery and natural fish do not differ in their ability to produce surviving juvenile migrants will be tested using a t-test to compare the numbers of juveniles produced by fish from the two groups.  

H0:4 – Equal juvenile-to-adult survival among groups
This hypothesis will be tested by comparing the proportions of a sample of HH, WH, and WW juveniles with the proportions in a sample of returning adults using a 2x3 contingency table (G-test).  If we arbitrarily set the relative survival of the WW fry equal to s1 = 0, and the relative survival of the WH and HH fry equal to s2 and s3,, then s2 and s3 can be estimated from the deviation between the observed and expected smolt counts.   We explored the relationship between juveniles and adult sample sizes and statistical power using a method similar to the Monte Carlo method we employed to estimate the power to reject H0:1.  To do this, we randomly sampled juveniles from a multinomial distribution with parameters p1, p2, and p3, which are the actual proportions of WW, WH, and HH juveniles in the population, respectively.  We then randomly sampled adults from a multinomial distribution with parameters p1, p2 (1-s2), and p3 (1- s2), and performed a 2x3 contingency test comparing the observed fry and smolt types.  For each combination of sample sizes and parameters, this was done 1000 times, and the power to reject the null hypothesis was estimated as the proportion of the 1000 trials that resulted in a test statistic greater than the specified critical value.  These results suggest that a sample of ~1000 smolts will provide reasonable power to detect moderate (s > 0.1) differences in relative survival among groups.  
H​0:6 -- Equal adult to adult replacement rate among groups

This hypotheses will be tested with a t-test, comparing the observed adult counts among groups.  

H0:8 -- Variation in traits such as run timing, size, weight, and morphology have no effect on the number of offspring produced
In order to address Objective 1 (fitness of hatchery compared to natural fish), we will initially conduct our analysis using only a single trait:  hatchery versus natural origin.  This will provide an estimate of the relative fitness of naturally spawning hatchery fish without attempting to factor out any biological differences between the two groups.  After obtaining this initial estimate, we will address Objective 2 by conducting a multiple regression analysis adding the traits such as run timing, length, weight and morphology to the analysis in order to determine to what degree variation in these traits can explain any observed difference in fitness between hatchery and natural fish.  This analysis will be conducted separately for the juvenile adult samples.  

One step methods
In one step methods, the process of estimating the pedigree and estimating relative fitness is combined into a single model (Smouse et al. 1999; Morgan and Conner 2000; Ford et al. 2002).  The parameters of interest in this model describe the population-level relationships between an individual's traits and the number of offspring produced.  The estimated numbers of offspring produced by each individual are treated as nuisance parameters and integrated out of the analysis.  These models are useful in situations where parentage cannot be determined unambiguously, because they make use of parent-offspring combinations that are estimated with high, but not absolute, certainty.  This situation will probably arise in one or more of the populations in our study in years of high spawning escapement.   The one step methods are more efficient that the two step methods, because all of the available data is used in the analysis.  

The specific model we will use is similar to that described by below:

In the model, fitness is defined by 
[image: image1.wmf]å

=

i

i

i

w

w

/

l

, where 
[image: image2.wmf]i

l

 is the relative fitness of individual i, and wi is expected number of offspring produced by individual i.  The relationship between the expected number of progeny produced by a particular parent is assumed to be a log-linear function of the parent’s traits, such that
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 parameters are population level parameters describing the expected linear relationship between the j traits and relative fitness, and the 
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 parameters are the population level parameters describing the expected quadratic relationship between the traits and relative fitness.  The traits can be either continuous, such as length, weight or run timing, or discrete, such as hatchery or natural origin.  The likelihood of observing a specific progeny k is 
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is the expected relative fitness of female j.  The likelihood of the entire sample is the product of each of the individual progeny likelihoods:  
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’s, are estimated by maximizing L.  The statistical significance of the parameter estimates can be best determined by conducting computer simulations in which trait profiles and genotype profiles are randomized with respect to each other (Smouse et al. 1999).  We have written a computer program for obtaining these estimates and used it successfully on data sets obtained from coho salmon in Minter Creek, WA (Ford et al. 2002) and steelhead in Little Sheep Creek, OR (P. Moran, personal communication).

Based on computer simulations (Morgan and Conner 2000; Ford, unpublished data), the likelihood model will require fairly large sample sizes (~1000 juveniles) to have sufficient power to detect small effects on categorical factors (e.g., hatchery compared to natural origin).  Power to detect selection on continuous traits is somewhat higher.  The model can produced biased results when a substantial fraction (> 40%) of potential parents are not sampled, but this bias is not large so long as selection gradients are moderate to small (e.g., 
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< 0.6).  The power of the test also suffers as the fraction of potential parents sampled goes down.  We have therefore chosen streams in which most potential parents can be sampled in most years.  We will also explore other statistical model that may more effectively account for missing parents (e.g., Neff et al. 2000b)
In order to address Objective 1 (fitness of hatchery compared to natural fish), we will initially conduct our analysis using only a single trait:  hatchery versus natural origin.  This will provide an estimate of the relative fitness of naturally spawning hatchery fish without attempting to factor out any biological differences between the two groups.  After obtaining this initial estimate, we will address Objective 2 by adding the traits such as run timing, length, weight and morphology to the analysis in order to determine to what degree variation in these traits can explain any observed difference in fitness between hatchery and natural fish.  This analysis will be conducted separately for the juvenile and adult samples.  

Spawning ecology of hatchery and natural chinook salmon -- 

Hatchery fish may not produce as many progeny as natural fish in natural environments for a variety of reasons.   For example, hatchery fish may select inappropriate areas to spawn (e.g., poor water flows or depths), spawn at inappropriate times (Chandler and Bjornn 1988; Leider et al. 1984; Nickelson et al. 1986), construct redds inappropriately (e.g., dig redds that are too shallow to withstand flooding), and die before gametes can be released.  Non-representative broodstock selection can skew run timing.  Collecting, holding, and spawning salmon broodstock can remove selection pressures for spawning in the natural environment such as competing for mates, digging deep redds, maintaining energy stores and other factors.  Any deviation from wild fish will be assumed to be maladaptive in natural environments.  We will investigate these factors in this proposal.  Another factor, that is rarely considered in evaluations of reproductive success, is the artificial production of non-anadromous precocial males.

The number of age 1+ precocially mature salmon on the spawning grounds can be significantly increased by hatchery programs (Reviewed by Mullan et al. 1992) and these fish have the potential to breed with anadromous females.  Hatcheries may enhance precocial maturation of males by the kinds of diets that are fed to fish (e.g., high fats) or the types of growth schedules that fish are placed on.  For example, approximately, 40% of the males produced by the Yakima Fisheries Project spring chinook supplementation hatchery are precocials and some of these fish are observed on the spawning grounds approximately four months after they are released from acclimation sites.  Preliminary results from the YKFP indicate that precocial males sired a significant number of offspring in an experimental spawning channel that contained anadromous males and females (Young, WDFW, unpublished data).  Age 1+ precocials may migrate downstream, but generally do not reach the ocean.  These fish are undesirable because of the potential for negative ecological and genetic impacts to natural fish, and because they are an undesirable fishery product.  For example, a high incidence of precocially maturing males will lead to direct ecological interactions with native conspecifics and other non-target species of concern. Also, age structure, sex ratio and, potentially, other phenotypic characters of the spawning population will be altered.  Precocity and other forms of residualism in hatchery fish is an expression of the genotype x environment interaction.  To the extent that the phenomenon has in part a genetic basis and is coupled with changes in the reproductive potential of individuals within the hatchery population as a whole, high precocity or residualism is a source of domestication selection.  In this study, we will examine if hatchery precocials are 1) produced by the hatcheries in question, 2) observed on the spawning grounds, and 3) contribute genetic material to future generations (i.e., progeny attributed to unknown male parentage).

Overview of Experimental Design for Objective 3
The goal of Objective 3 is to determine if patterns of relative fitness of hatchery and natural fish are similar across several diverse chinook salmon populations and hatchery programs.  We make a start on accomplishing this objective by conducting our study in three different chinook salmon streams selected to represent a portion of the diversity of spring chinook salmon populations and hatchery programs found in the Columbia River Basin (Table 3).  

The three streams differ in several important attributes, including geography, geology, size, hydrology, and temperature.    (Table 3; see the Appendix for a detailed summary of the three systems).  The natural and hatchery population also have very different histories and characteristics.  The Kalama spring chinook hatchery population originated from out-of-basin transfers, and has been propagated since the early 1960's.  The program was not originally intended as a supplementation program, but recently has started playing a potential conservation role by providing a source of fish to reintroduce into the Upper Kalama River watershed.  Nearly all of the natural spawners in this population are therefore of hatchery origin.  In contrast, no significant releases of chinook salmon occurred in the Tucannon River until a local-broodstock supplementation program was started in 1985, and hatchery produced fish generally make up less than half of the spawning escapement.  Spring chinook in the Wenatchee River were severely impacted by early twentieth century habitat degradation and may have been largely reintroduced as part of the Grand Coulee Fish Maintenance Project (Mullan et al. 1992).  From the 1950's to the early 1990's, however, spring chinook in the Upper Wenatchee River watershed (our proposed study area -- see Appendix) were naturally self-sustaining and abundant.  In 1991, the first releases of a local-stock supplementation program began, the naturally spawning population has consisted of about 40% hatchery fish in recent years.  The different basins also have different spawning densities.  Spawning densities of coho salmon have been shown to have a strong influence on relative hatchery/wild reproductive success (Table 1). 

The key personnel on this proposal will meet regularly with each other and with other collaborators (e.g., YKFP and NMFS Genetic Monitoring) to ensure that data analysis is conducted consistently so that estimates of relative fitness can be directly compared across studies.  In initial years of the study, comparisons of results across basins will be made by simple inspection, without statistical analysis.  Ultimately, there will be a need conduct a rigorous statistical meta-analysis (Gurevitch and Hedges 2001) across multiple studies (Table 2) to determine to what degree differences in relative fitness estimates across studies can be explained by factors that vary among the systems studied.  Important varying factors include, for example, species, life-history type, type of hatchery, origin and age of hatchery broodstock, history and status of the natural populations, and habitat conditions .  A rigorous statistical test for importance of these factors will require many studies -- far more than the three we propose here.  Objective 3 is therefore a long-term objective, and will require coordination and cooperation among all similar investigations in the Columbia River Basin.  

Table 3 – Comparison of basins, populations and programs that are proposed for study.

	
	Basin

	Attribute
	Wenatchee
	Tucannon
	Kalama

	Basin size
	3553 km2
	1295 km2
	613 km2

	Columbia entry at RKM
	755
	523
	118

	Number of mainstem dams to pass
	7
	6
	0

	Peak discharge timing
	June
	May
	November

	Natural population size 1
	59 – 4255
	54-1000
	0-550

	Proportion hatchery fish in natural escapement 2
	40%
	40%
	100%

	Peak adult run  timing
	late June
	Early June 
	 mid April

	Typical age at smolting
	yearling
	yearling
	subyearling

	Type of hatchery program
	supplementation and captive brood
	supplementation and captive brood
	production

	Date of first releases
	1991
	1987
	1962

	Population substructure?
	yes
	minor
	no

	Non-native hatchery strays? 3
	few
	 Occasionally 10%
	few

	
	
	
	


1 Range since 1991; 2 average over the last 5 years; 3 Data:  Wenatchee - Mosey and Murphy (2002); Tucannon – Mark Schuck pers. comm.; Kalama – Pat Hulett pers. Comm.

A detailed summary of the geographical and biological attributes of each stream system is provided in the Appendix.  

Overview of Experimental Design for Objective 4
Objective 4 is to estimate the relative fitness of the natural-origin descendants of hatchery-origin fish after they have experienced one full generation in the natural environment.  This phase of our study will begin in earnest 2007 with the four-year-old returns of the natural-origin descendants of the hatchery-origin adults genotyped in 2003.  This phase of the study will use essentially the same methods described for Objective 1, except the natural fish category will be subdivided into natural fish with 0, 1 or 2 hatchery origin parents, as established by reconstruction of the pedigrees of individual adult offspring.  This part of the study will rely primarily on the "two-step" analysis methods, because it will be necessary to know the origins of the parents of the natural spawners, although we will explore modification of the one-step models to this situation.  

Specific Tasks
Objective 1 – Estimate relative spawning success and survival of naturally and hatchery produced fish

Task 1a  – Collect DNA tissues from all or an adequate sample of adults

In each system, we will sample adults as they return upstream to spawn.  Our experimental design has its greatest statistical power when a large fraction of all potential spawners are is sampled, so we have chosen streams with existing weirs capable of intercepting at least 80% of the chinook salmon run into the stream in most years.  Traps will be operated 24 hours a day, 7 days a week, throughout the spawning migration (e.g., between May and August).  Fish will be held for a maximum of 8 hours before they are processed.  All fish other than spring chinook salmon will be released upstream without further processing.  For spring chinook salmon, sampling protocols will vary somewhat from stream to stream but, at a minimum, each spring chinook salmon trapped  will be measured (POH length), sexed, and will have a small piece (~0.25 cm2) of caudal fin removed for genetic analysis.  Each fish will also be classified as either hatchery produced or naturally produced, based on the presence or absence of a hatchery mark (adipose fin clip for the streams in question).  Based on past experience it is common to observe at least some unmarked hatchery fish, so each fish will also have scales taken.  The scales will be used both for aging the fish, and for confirming their hatchery or natural origin.  Depending on run sizes, we will sample 500-4000 adults per stream per year.  In years of higher run sizes (>4000), we will subsample the run to obtain a representative sample of 4000 fish.  In years of lower run size (<4000), we will sample the entire run. No less than 60% of the entire run will be sampled.  If the number of salmon is expected to be more than 6667 at a location then the study will not be conducted during that year.

Task 1a.1 -- Adult sampling, Wenatchee

Adults will be collected in a trap at Tumwater Dam annually beginning in 2003 and ending in 2011.  The trap will be operated 24 hours a day, 7 days a week, between May 1 and August 31.  During periods when low numbers of fish are expected to pass Tumwater Dam the trap will be operated passively (i.e., May - June 15).  Fish will be collected in a large holding chamber with continuous supply of water.  During periods when large numbers of fish are migrating through Tumwater Dam fish will be held in a live box for a maximum of 4 hours before they are processed or less time if the number of fish that are trapped is large.  All fish other than spring chinook salmon will be released upstream.  All chinook sampled for DNA will also be PIT tagged in the dorsal sinus cavity on the left side.  The PIT tagging is necessary because some of the same fish are likely to be collected at the Chiwawa River weir for broodstock, and the PIT tags will allow us to identify those fish.  This procedure will also allow us to estimate the relative fitness of hatchery and natural fish that are spawned in the hatchery (see Task 1.d.3).  

Task 1a.2 -- Adult sampling, Tucannon

Adults will be collected at the Tucannon Fish Hatchery trap.  WDFW routinely operates an adult salmonid fish ladder/trap (Rkm 59) as part of the Tucannon Hatchery.  The trap is used to enumerate and pass adult spring chinook, steelhead and bull trout, as well as to collect spring chinook and steelhead broodstock.  The barrier associated with the ladder/trap also serves to impound water to divert for hatchery use.  Fish have been observed jumping the barrier.  Therefore passage will have to be more strictly controlled for the study to ensure adequate sampling of spawning fish.  Erection of a temporary soft barrier each year during the spring chinook migration should effectively direct fish to the ladder/trap.  We will install netting along the TFH trap barrier to prevent adult chinook below the barrier from jumping over, and collect adults that fall back from upstream of the barrier.

Task 1a.3 -- Adult sampling, Kalama

Adult spring chinook will be collected from the fishway trap at Kalama Falls Hatchery daily from April through September, and placed in a sorting pen. Fish in the sorting pen will be processed 2-5 times a week, depending on the numbers of adults present (both steelhead and chinook). Marked (adipose clipped) spring chinook to be passed upstream will be systematically subsampled from the returns on hand, based on the projected run size relative to the numbers required to be retained to meet hatchery egg take goals. The number of surplus hatchery fish to be available to be passed upstream in 2002 is expected to be within the range of that seen for the past three years (400-500 fish; Appendix). Scale samples will be taken from unmarked adults to determine if they are of natural origin. Pending management approval, all natural origin adults will be passed upstream. In addition to the adult sampling protocol described under task 1a, the spring chinook in the Kalama will be given a numbered Floy tag at the base of the dorsal fin prior to their release upstream. This will permit fish-specific identification of any carcasses encountered during subsequent surveys. It also serves as a visible marker to denote fish passed through the fishway trap.  Using this approach, we will assume that adults encountered without tags (less the low percent that shed the tag) successfully negotiated the barrier falls. Excision of caudal fin tissue with a standard paper punch (for DNA analysis) will create a second marker on fish processed and passed upstream at KFH, and thus enable validation of the tag loss rate of Floy tags. We anticipate that 95-100% of the adults passing KFH will be handled through the fishway trap.

Task 1b. Collect DNA tissues from a representative sample of naturally produced juveniles

A systematic sample of 2000 migrating juveniles (smolts and presmolts) from each stream will be collected at screw traps throughout the entire year.  The sampling rate will depend upon the estimated capture of fish throughout the entire season.  Factors that will influence capture include trap efficiency, number of eggs deposited, and survival.  Naturally produced fish will be distinguished from hatchery produced fish by the absence of a mark or tag.  Fish will be weighed, measured, and a small portion of the distal portion of the dorsal lobe of the caudal fin (~0.1 cm2) will be clipped for DNA.  The caudal fin tissue will be placed in a vial with preservative.  Fish will be collected in the screw traps annually beginning in 2003.  The trap will be located in the thalwegs of the rivers and attached to anchors upstream.  

Task 1b.1 -- Smolt sampling, Wenatchee

Migrants will be collected from a screw trap located at rkm 9.6.  Based on historical trap efficiencies, if the number of spring chinook redds above Tumwater Dam is below 300 in any given year, a second screw trap will be installed and operated in tandem with  the primary trap to ensure a 2000 fish sample is obtained for that brood year.  Based on the number of samples of  unknown origin,  (i.e., the small number of fish that may spawn below Tumwater Dam) the total number of samples will be adjusted annually based on the proportion of spring chinook redds found during spawning ground surveys below Tumwater Dam (e.g., Peshastin Creek).   

Task 1b.2 -- Smolt sampling, Tucannon

Migrants will be collected in a 5 foot screw trap at rkm 59 of the Tucannon River.  WDFW operates a smolt trap at rkm 3 of the Tucannon River annually, and estimates emigration of salmon and steelhead.  However the TFH adult trap lies within the spawning reach of spring chinook and 30-40% of natural spring chinook production may come from below the trap site.  To accurately complete the objectives of this study will require operation of a second rotary smolt trap (5’ diameter) near the adult trapping site (rkm 59).  This will allow sampling migrants that resulted from spawning adults sampled as part of the study.  Moreover, extreme winter conditions in the upper Tucannon River basin can cause premature emigration of fry and fingerling into the lower river.  Operation of both traps will allow intermediate and final emigration production to be sampled and estimated. The upper trap will be the one used for collecting DNA from naturally produced juveniles and the lower trap will be used for collection of smolts released from the hatchery. 

Task 1b.3 -- Smolt sampling, Kalama

Migrant juvenile spring chinook will be collected in an 8-foot screw trap fished in the thalweg of the Kalama river at RKm 17.6, adjacent to the Kalama Falls Hatchery. This trap captured over 4500 subyearling smolts when fished from March 22-August 22 in 2001. Though not required for collection of DNA samples until 2003, the trap will be used to capture spring chinook migrants in 2002 to identify the life stages and timing of spring chinook outmigrants (fry, subyearlings, and yearling smolts). The few yearling smolts captured in 2001 were captured early in the season. If weather and water conditions will permit trapping earlier in March, we may be able to determine if we may have missed additional early yearling smolt outmigrants in past years. Likewise, continued sampling through September (and beyond, if feasible and warranted based on catches) will help identify the tail end of the outmigrant season. 

Subyearling and yearling migrant smolts captured will be processed to collect length and weight data (and DNA samples in 2003) as described under task 1b. In addition, each smolt captured will be given a coded wire tag injected into the snout cartilage using a Mark IV tagging machine (Northwest Marine Technology, Inc.), and a fluorescent dye mark will be applied to the anal fin using a Microject photonic tagging gun (New West Technologies, Inc.). Captured fish will then be transported upstream about 2.2 km and released back into the Kalama River as a marked group to establish the catch efficiency of the trap. The dye marker color will be rotated to permit assessment of gear efficiency among weeks or longer intervals. The coded wire tag will permit positive identification of returning adult spring chinook that were previously captured in the traps as juvenile outmigrants. This mark will permit assessment of whether or to what extent juveniles produced above KFH may spawn, die, or otherwise fail to migrate above KFH upon returning to the Kalama River as adults. Inclusion of any such adults collected below KFH will provide a more complete sample of successfully returning adults.

A second (5-foot) screw trap will also be fished at a site further up the basin, at RKm 32. Though the primary purpose of that trap will be for steelhead smolt sampling, it will also capture additional chinook, both for DNA sampling and for additional known (marked) fish released above the KFH trap to increase the precision of estimates of trap  capture efficiency. Importantly, the second trap will also help establish relative degrees of smolt production from the upper (above RKm 32) and lower (RKm 32-17.6) portions of the Kalama basin.

Task 1c – Molecular data collection (common task for all streams)

For all samples we will extract DNA using standard methods and determine genotypes at 6-12 highly variable microsatellite loci.  Based on previous experience and on computer simulations conducted as part of this proposal (see above), this will provide sufficient statistical power to pedigree all offspring which, in turn, will allow us to estimate the relative fitness of hatchery and natural fish as well as estimate selection gradients on morphological and behavioral traits such as run timing.  The number of samples that will be processed are in Table 4.  The genetics laboratory at the NWFSC has recently completed an extensive screen of available microsatellite loci for Columbia River chinook salmon. The Genetics Laboratory at the Washington Department of Fish and Wildlife has conducted several successful microsatellite DNA based studies of chinook salmon (adults and smolts) in Washington, including ongoing pedigree analysis of Yakima River spring chinook in the experimental spawning channel at the Cle Elum Hatchery using 12-18 loci (e.g., Ogo-2; Ogo-4; One-8; Ots-1; Ots-107; Ots-108; One-6; One-114; Ots-2M; Ots-101; Ots-104; Ots-3M; Ssa-197; Ocl-1; Ssa-85; Ots-G474; One-13M; and Ots-100).  We will choose the loci to screen in each basin (so as to optimize both statistical power and cost effectiveness) from the aggregate list of loci screened in the NMFS and WDFW Genetics Laboratories.  The samples from the Kalama River and Tucannon River studies will be processed by the WDFW Genetics Laboratory, and the samples from the Wenatchee River study will be processed at the NWFSC.  

Table 4.  Maximum annual sample sizes for molecular data collection FY04-FY07.  Only adult samples will be collected during FY03. 

	
	
	River
	
	
	Hatchery
	

	Basin
	Adult
	Sub yearling
	Yearling
	Adult
	Smolt in hatchery
	Smolt in river

	Wenatchee
	4000
	1000
	1000
	0
	1000
	1000

	Tucannon
	600
	1000
	1000
	100
	1000
	1000

	Kalama
	600, 1000a
	1000
	1000
	300
	1000
	1000

	Total
	5200
	3000
	3000
	900
	3000
	3000


a 600 in first year and 1000 thereafter

DNA Extraction

DNA extractions for all samples will be done using a commercially available 96-well format silica membrane technology system (e.g., Macherey-Nagel Nucleospin Multi-96 Tissue kit, Qiagen DNA-Easy kit, or equivalent). 

PCR Amplification
We will amplify the selected microsatellite DNA loci of interest via the polymerase chain reaction (PCR) using fluorescently labeled primers (obtained from Applied Biosystems, Integrated DNA Technologies, or other sources).  Wherever feasible, we will multiplex loci together at the PCR step and/or on gels to increase efficiency and decrease costs (e.g., Olsen et al. 2000).   Microsatellite DNA analysis will be conducted for approximately 6-15 loci using procedures established in our labs. 

Microsatellite DNA Data Collection 

We will collect microsatellite data using an ABI-377 96-lane gel-based automated DNA sequencer and an ABI-3100 16-capillary automated DNA sequencer.  We will utilize in-lane size standards (GeneScan-500 rox; Applied Biosystems) to achieve a precision in size calling of approximately 0.2 bp.  Applied Biosystems software (ABI‑Collection, GeneScan v.3.7, and Genotyper v.3.7) will be used to collect and analyze the raw data to estimate the sizes (in base pairs) of the fragments at each locus.  Final allele calling will be accomplished using Genotyper or a procedure we have developed in MS-Excel, using size bins defined based on the repeat motif of each microsatellite and the observed distributions of raw Genotyper size calls for each locus.

Task 1d – Data analysis (common task for all steams)

Task 1d.1 – Evaluate allele frequencies in natural and hatchery produced fish

All of the hatchery programs that we propose to study are attempting to use hatchery production to increase natural population size (or create a new natural population).  The natural populations in our study therefore all have substantial but varying proportions of hatchery-origin spawners, and gene flow between the targeted hatchery and natural populations in each system is expected to be high.  In general, we therefore expect to see little or no differentiation between the hatchery populations and their associated target natural populations at quasi-neutral markers such as microsatellite loci.  

We will test this expectation by using random permutation tests (Raymond and Rousset  1995) to assess the statistical significance of allele frequency differences hatchery and natural fish in each of the streams studied.  

Task 1d.2 – Estimate the fitness of hatchery and natural fish in the natural environment. 

We will use the techniques described in the Overview of Objectives 1 and 2 section to estimate the relative fitness of hatchery and natural fish in the natural environment.  Relative fitness will be evaluated at the adult-to-migrant migrant-to-adult, and adult-to-adult stages.  

Task 1d.3 – Estimate the relative reproductive success and survival of hatchery and natural fish in the hatchery environment

In addition to estimating relative fitness of fish in the natural environment, where feasible we will use the same techniques to estimate relative fitness in the hatcheries.  In particular, in all three of the streams our sampling activities will be conducted as part of the normal process of collecting broodstock for the supplementation programs operating on the streams.  In other words, a portion of the fish we sample will spawn in the natural environment, and another portion will be spawned in the hatchery.  By sampling the progeny of hatchery-spawned fish at varying stages, up to and including returning adults, we will be able to estimate the relative fitness of natural and hatchery origin fish in the hatcheries, and compare the selection gradients operating in the hatchery and natural environment.  This will be accomplished by sampling hatchery produced smolts and returning hatchery adults and determining their parentage in the same manner as for the naturally produced fish.  In this way, will be able to directly compare how selection is affecting variation in the hatchery and wild environments.  This information will be extremely valuable, because it will allow us to predict how natural selection in the hatchery and natural environments will affect the population in the future (Ford 2002).  

Objective 2 – Determine the degree to which differences in fitness between hatchery and natural chinook salmon can be explained by measurable biological traits that differ between hatchery and natural fish.

Task 2a -- Estimate selection gradients on biological traits using genetic markers.  

We will use the methods described in the Overview section (above) to estimate standardized selection gradients on all measured morphological and behavior traits.  A standardized selection gradient is simply the partial regression of relative fitness on normalized trait value (Conner 2001; Lande and Arnold 1983).  In other words, it is an estimate of the form of selection on a character, after taking into account selection on all other measured characters.  For morphological traits, in addition to collecting standard information such as length and weight, where logistically possible we will photograph each fish we sample and use a geometric method based on analysis of body landmarks (Hard et al. in press) to characterize morphometric variation.  This will allow us to determine in detail the morphological traits that are associated with any differences in fitness that we may find between hatchery-origin and natural-origin salmon (Fleming and Gross 1994).  Compared with other approaches, this method improves both the function of describing and archiving body size and shape information and the ability to discriminate among biologically relevant groups. The method's hallmark is analysis of the geometry of the entire landmark set, rather than subsets of linear distances between landmarks (e.g., Rohlf et al. 1996).  The method extracts features of pure geometric shape variation from the same raw information (landmark data) used in multivariate methods such as principal components analysis of truss elements.  

Task 2b  Count the number of anadromous hatchery and naturally produced, and non-anadromous hatchery and naturally produced (precocial) adults on redds

Chinook salmon that are on or associated with active redds will be counted and identified to origin, sex, and size while snorkeling.  Surveys will be conducted weekly and will last throughout the spawning season.  Active redds (the presence of an anadromous fish) will be found by floating downstream in an inflatable raft or by walking.  When a salmon redd is observed, we will determine if an anadromous salmon is present.  If a salmon is present, then a snorkler will enter the water.  A snorkeled will begin 5-10 meters downstream of a redd and snorkel upstream, counting all spring chinook encountered.  Fish will be categorized as either being on the redd (in the bowl), or associated with the redd (within 5 meters).  Hatchery fish will be distinguished from natural fish by the presence (natural) or absence (hatchery) of an adipose fin.  Anadromous fish will be distinguished from precocials based on size. Anadromous fish are generally greater than 400 mm and precocials are generally less than 200 mm.  Females will be distinguished from males by the mouth shape and the condition of the caudal fin.  Males have a kype and females have a white band on the margin of the caudal fin from digging a redd.  After a redd is snorkeled, it will be flagged and numbered for subsequent redd measurements (see task 2c).

Proportions of hatchery and natural fish on the spawning grounds will be compared with a non-parametric test or a parametric test of arcsine transformed data.  An unexpected distribution of hatchery origin fish on the spawning grounds will indicate competitive inferiority or differential prespawning mortality.  The expected proportions will be derived from the total numbers of hatchery and natural fish that are (1) passed upstream of the weirs and (2) directly observed on the spawning grounds.  If precocial salmon are observed, then the data will be expressed as the proportion of redds with precocials and the average number of precocials/redd.

Task 2c.  Measure the habitat characteristics of redds created by hatchery and naturally produced salmon

The characteristics of redds that are constructed by females of different origins will be measured soon after the redd is completed.  Spawner density will be quantified by measuring the distance to the nearest active redd.  The size of the female will be estimated by observing substrate features at the head and tail end of the fish and then measuring those substrate features with a ruler. An in-river training session held prior to sampling will use fish models of known length to develop this sampling protocol and assess length estimation accuracy.  The dimensions of the redd (length, width, pot length, tail length), distances (nearest bank, nearest active redd, wetted channel width, nearest cover), depths (bowl, tail, side), velocities (surface, 60% depth, bottom, 60% depth at head of redd), and % substrate composition in the bowl and tail will be measured.  In addition, the location of redds will be identified by reach or GPS location.  The only redds that will be measured will be those where the female’s origin is known.

Comparisons of redd characteristics will be done with univariate and multivariate statistics (e.g., analysis of covariance, detrended correspondence analysis).  Female size is often related to redd size and other features of the redds so comparisons will be made between fish of similar sizes. 

Task 2d.  Collect carcasses to determine egg retention, and prespawning mortality

 During and shortly after spawning is complete, salmon carcasses will be recovered and examined for egg retention and an opercle or caudal punch will be taken for genetic analysis.  Observers will float downstream in a raft or walk.  When a carcass is encountered, fish will be cut open and the gonads will be examined.  Eggs will be counted and the length of fish will be measured (post-orbital to hypural).  The origin of the fish will be determined by the presence (natural) or absence (hatchery) of an adipose fin and any other specific marker (e.g., tag).

Egg retention by hatchery and natural fish will be expressed as the proportion of estimated eggs that are retained.  A length-egg number regression will be used to estimate the number of eggs that a female of a certain size would have.  Proportions of eggs retained will be compared with a chi-square test or other suitable test.

Task 2e.  Determine relative fish size, sex ratio, number of eggs/female length, and egg size of hatchery and natural fish

Biological parameters will be measured on fish that are used for hatchery broodstock.  Approximately 100 eggs will be counted and then weighed to get an average egg weight.  Total egg mass will be weighed and then divided by the average egg weight to determine the number of eggs of each female.  The length of each fish will be recorded and its  age will be determined by examining scales.  The sex of each fish will also be recorded.

The difference in size at age and egg weight will be compared with analysis of variance, and eggs/female will be compared with ANCOVA. Sex ratio will be compared with a chi-square test.

Objective 3 -- Determine if patterns of relative reproductive success of hatchery and natural chinook salmon are consistent across diverse natural populations and hatchery programs.

Task 3a -- Compare estimates of hatchery and natural chinook salmon reproductive success across the three systems, and with results from other ongoing studies
Biologists working on the three systems will meet and communicate regularly to compare results and collaborate on data analysis to ensure that estimates of relative fitness can be compared across studies.  Initial comparisons will be qualitative, until sufficient data are available for a formal meta-analysis (Gurevitch and Hedges 2001). 

Objective 4 -- Estimate the relative fitness of hatchery-lineage chinook salmon after they have experienced an entire generation in the natural environment.

Task 4a – Estimate the rate of relative spawning success and survival of hatchery origin fish after one full generation of readaptation to the natural environment

We propose to continue these studies for two full chinook salmon generations (10 years) in order to estimate the response to selection in the natural and hatchery environment.  In particular, in the second generation of the studies we will be able to identify first versus second-and-later generation hatchery and natural fish.  By comparing the fitness of first compared to second-and-later generation natural fish, we will be able to estimate the initial rate at which hatchery fish readapt to the natural environment.  This task will be accomplished using the two-step methodologies discussed in the Overview, except that there will be more categories of spawner being compared (e.g., naturally produced fish with 0, 1, or 2 hatchery parents).

g. Facilities and equipment
A strength of this proposal is that we propose to use a great deal of existing expertise, personnel, equipment and facilities within the study areas.  Long-term research and monitoring teams are currently stationed in Wenatchee, Dayton, and Kelso.  These teams have a variety of facilities and equipment at their disposal, such as hatcheries, office space, rafts, screw traps, and access to permanent barrier traps.  NMFS and WDFW have well equipped labs with experienced staff and are well prepared to analyze the large numbers of DNA samples required by this study.

WDFW Genetics Laboratory: Existing Facilities, Equipment, & Personnel Resources
The WDFW Genetics Laboratory presently occupies approximately 3,100 sq. ft. of space in the Natural Resources Building in Olympia, WA.
 DNA data collection and processing (microsatellite analysis and sequencing) are done using computer-controlled, semiautomated DNA sequencers.  We presently have both an ABI-377 (96-lane, gel-based) sequencer and an ABI-3100 (16-capillary) genetic analyzer.  We use ABI Collection, GeneScan, and Genotyper software and Sequencher (Gene Codes Corp.) software for data collection and processing.  DNA amplification and fluorescent labeling via the polymerase chain reaction (PCR) are accomplished using 6 thermal cyclers (5 M-J Research model 200s and one M-J Research model 100).  The lab is equipped with 2 high-capacity refrigerated centrifuges (one Eppendorf 5810R and one Sigma 4-15C), an incubator, two water baths, agarose gel apparatus, a GeneQuant spectrophotometer, a Dark Reader transilluminator, and a heat block.  We have multiple sets of individual and multichannel Eppendorf pipettors for sample handling.  The lab also is equipped with a pH meter, 2 electronic balances, a large-capacity refrigerated chamber, refrigerators, freezers, and other common pieces of laboratory equipment.  We have 4 networked Apple Macintosh computers and 2 Win-NT PCs dedicated to DNA data collection, processing and analysis in the laboratory.  We also have four networked PCs available at biologists desks outside the laboratory for statistical analysis and other computer tasks.  DNA laboratory staff dedicated to genetic analysis include three fishery biologists, and 2-2/3 scientific technician FTEs.  

NWFSC, Conservation Biology Division's Montlake Genetics Laboratory

The Conservation Biology Division's has a modern 1800 ft2 (not counting freezer and office space) genetics laboratory dedicated to fishery conservation genetics.  The laboratory is staffed by a team of 13 scientists, technicians and post-docs.  Equipment includes:  standard molecular biological tools (agarose and polyacrylamide gel rigs, single and multi-channel pipettors, balances, light boxes, freezers, incubators, centrifuges), PCR machines (ten 96 well blocks and two ovens), automated genotyper/sequencers (two 16 channel ABI 3100s and two single channel ABI 310s), and a semi-automated high-throughput 96-channel pipettor (Robbins Scientific "Hydra"). 

As part of this proposal, we are requesting funds ($40,000) to purchase two additional high capacity PCR machine (one for each laboratory) and one additional ABI 3100 ($150,000; to be located in the WDFW laboratory), which will be necessary to process the very large number of samples required for this study.  
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Todd Pearsons will coordinate the WDFW work effort.  Andrew Murdoch will lead the collection of field data in the Wenatchee Basin, Mark Schuck will lead the collection of field data in the Tucannon River, and Pat Hulett will lead the collection in the Kalama Basin.  Jim Shaklee and Sewall Young will lead the DNA sampling for WDFW.

Michael Ford will coordinate the NMFS work effort, including hiring a post-doctoral researcher to lead the DNA data collection and parentage and fitness analysis for the Wenatchee River study.  Paul Moran, principal investigator of the NMFS Snake River Genetic Monitoring project (BPA 1989096) will participate as a collaborator and advisor.  Jeff Hard will collaborate and advise on morphometic analysis.  
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Ph.D.  Fisheries Science.  Oregon State University.  1994.
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RESEARCH SCIENTIST 2, Washington Department of Fish and Wildlife, 8/01-present

RESEARCH SCIENTIST 1, Washington Department of Fish and Wildlife, 8/00-8/01

ADJUNCT BIOLOGY PROFESSOR, Central Washington University, 3/97-present

FISH AND WILDLIFE BIOLOGIST 4, Washington Department of Fish and Wildlife, 9/95-8/00

FISH AND WILDLIFE BIOLOGIST 3, Washington Department of Fish and Wildlife, 1/92-9/95

CURRENT RESPONSIBILITIES – Leader of the Hatchery-Wild Interactions Unit for the Washington Department of Fish and Wildlife.  This unit is a long-term, multi-disciplinary research program that investigates the effectiveness, impacts, and approaches of artificial production programs.  Research teams are located in Wenatchee, Ellensburg, Dayton, Kelso, and Olympia. 

EXPERTISE – Over 17 years of investigating the interrelationships of biota in aquatic ecosystems, 15 of those years involved salmonid ecosystems in the Pacific Northwest.  Co-authored ten BPA technical reports and 17 peer reviewed journal or book publications.  Research has focussed on the ecology and monitoring of salmonid ecosystems including food limitation, competition, and predation.  Behavioral interactions of spawning salmonids, quantification of precocial salmon on redds, trapping salmonids, and characterizing spawning habitat has been performed for multiple years.
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March 1999 - present:  Genetics and Evolution Program Manager, Conservation Biology Division, National Marine Fisheries Service

May 1997 - March 1999:  Research Geneticist, Conservation Biology Division, National Marine Fisheries Service

CURRENT RESPONSIBILITIES:  Head of Genetics and Evolution Program at the Northwest Fisheries Science Center.  The G&E program consists of ~15 staff members working on basic and applied research related to salmon biology and conservation.   Currently I am a principal investigator on projects involving estimating of hatchery and natural salmon fitness, modeling of domestication during supplementation, and effects of natural selection on molecular genetic variation in salmon.

EXPERTISE:  Twelve years of experience collecting and analyzing population genetic data in diversity of organisms; extensive experience in computer modeling and analyses; seven years of experience working on salmon conservation issues.
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Andrew R. Murdoch
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M.S. Biology. Central Washington University.  1995.

B.S.  Forest Biology.  University of Vermont.   1990.
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FISH AND WILDLIFE BIOLOGIST 4, Washington Department of Fish and Wildlife, 10/01-present

FISH AND WILDLIFE BIOLOGIST 3, Washington Department of Fish and Wildlife, 01/99 - 09/01

FISH AND WILDLIFE BIOLOGIST 2, Washington Department of Fish and Wildlife, 04/96- 

12/98

FISH AND WILDLIFE BIOLOGIST 1, Washington Department of Fish and Wildlife, 12/95-03/96

CURRENT RESPONSIBILITIES – Team leader of the Supplementation Research Team for the Washington Department of Fish and Wildlife.  This team is focused on evaluating supplementation hatcheries in the upper Columbia River basin, recommending program modifications, and assessing potential impacts to wild stocks. Area of responsibility includes the Columbia River basin above Rock Island Dam to include Wenatchee, Methow, and Okanogan rivers basins. 

EXPERTISE – Professional career dedicated to understanding salmonid freshwater life history and the methodologies used to estimate juvenile and adult survival.  Co-authored 11 Agency technical reports.  Research has focused on understanding variables affecting smolt production and subsequent spawning distribution, both spatial and temporal, of wild and hatchery fish.   
Patrick L. Hulett
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B.A.  Fisheries Science.  Oregon State University.  1981.
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Fish and Wildlife Biologist 3, Washington Department of Fish and Wildlife, 5/91-present

Fish and Wildlife Biologist 2, Washington Department of Fish and Wildlife, 7/86-5/91

CURRENT RESPONSIBILITIES – Leader of the Kalama Research Team for the Washington Department of Fish and Wildlife in Kelso.  This unit is a long-term, multi-disciplinary research team that has focused on investigations of the relative effectiveness of naturally spawing hatchery and wild steelhead to produce viable offspring, and on comparative assessments of life history and genetic profiles of hatchery and wild steelhead. The focus in recent years has been on the performance of hatchery steelhead spawned from indigenous wild broodstock. 

EXPERTISE – Over 20 years assessing life history, and genetic attributes of fishes in stream and reservoir habitats, primarily with regards to salmonid ecosystems in the Pacific Northwest. Research has focussed on the assessment of natural reproductive success of hatchery and wild fish using genetic marking techniques, modeling evaluations of effects of hatchery introgression and natural selection on wild salmonid population fitness, comparative assessement of life history and genetic (allozyme) traits among hatchery and wild stocks, and studies of the performance  (including natural reproductive success) of hatchery steelhead spawned from wild broodstock.
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  Ph.D. Biology. Yale University, 1972

  M.S. Fishery Biology. Colorado State University, 1974

  M.Phil. Biology. Yale University, 1970

  B.S. Zoology. Colorado State University, 1968
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Research Scientist, Washington Department of Fish and Wildlife, 1987 - present

Fisheries Biologist-4, Washington Department of Fish and Wildlife, 1985 - 1987

Senior Research Scientist, CSIRO Division of Fisheries Research (Cleveland, QLD, Australia), 1981 - 1985

Assistant Professor, Department of Zoology, University of Hawaii and Assistant Marine Biologist; Hawaii Institute of Marine Biology, 1975 - 1981
CURRENT RESPONSIBILITIES – Direct the WDFW Genetics Laboratory.  Oversee lab organization, budget, and operations and supervise staff conducting DNA- and allozyme-based investigations of Pacific salmon, other salmonids, marine fish, and shellfish throughout Washington.
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Appendix 

Summary of Population and Watershed Attributes of the Wenatchee, Tucannon, and Kalama Rivers

Wenatchee River Spring Chinook

Background and history -- Like many salmon populations in the Columbia River Basin, Wenatchee River chinook salmon have been heavily impacted by human activities (reviewed by Chapman et al. 1995; Mullan et al. 1992; Myers 1998)  By the late 1930's, degraded habitat and in-stream barriers to migration decimated the Wenatchee River salmon runs (Fish and Hanavan 1948).  By the 1950's, run sizes of chinook salmon in the Wenatchee River rebounded considerably, presumably due to the habitat improvements and population transplants that occurred as part of the Grand Coulee Fish Maintenance Project (Fish and Hanavan 1948; Mullan et al. 1992).  In the mid-1980's the spring chinook population declined precipitously.  In 1999, the National Marine Fisheries Service determined that spring chinook salmon spawning in the Wenatchee, Entiat and Methow Rivers constituted an Evolutionarily Significant Unit (ESU) and listed the ESU as endangered under the Endangered Species Act.  

Population structure -- The Wenatchee River has several major tributaries (Figure 1).  Spawning distributions, coded wire tag recoveries, and genetic data all suggest that spring chinook salmon spawning aggregations within the Wenatchee River system are somewhat distinct from each other (reviewed by Ford et al. 2001).  One obvious division is between naturally spawning spring chinook salmon that breed above Tumwater Dam (including the Chiwawa River supplementation program -- see below) and the primarily hatchery-origin spring chinook run that returns to Leavenworth National Fish Hatchery on Icicle Creek (Figure 1).  In our study, we will be using Tumwater Dam as an adult sampling point, and will be evaluating the relative reproductive success of all spring chinook salmon spawning above the dam.  The location of Tumwater Dam is ideal for our study, because very few spring chinook spawn naturally below the dam, and few Leavenworth NFH fish migrate above the dam (Ford et al. 2001).  

[image: image13.wmf]Figure 1 -- Location of hatcheries, adult

trapping sites, and spring chinook spawning

areas in the Wenatchee River basin (from

Chapman et al. 1995).


Life-history diversity -- Two quite distinctive life-history groups of chinook salmon co-occur in the Wenatchee River:  a spring-run, stream-type (Healey 1991) group which spawns in the upper watershed tributaries (Figure 1) and a summer-run, ocean-type group which spawns in the mainstem Wenatchee River.  In addition to life-history differences, the groups are characterized by subtle differences in appearance and large allele frequency differences at protein (Utter et al. 1995) and DNA markers (Schwenke and Ford, unpublished data).  Our study focuses on the spring-run, stream-type group. Peak passage for this group typically occurs in late June or early July (Figure 2).     
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Figure 2 --  Passage of spring chinook at Tumwater Dam (1999-

2001)


Hatchery programs -- There are two major spring chinook hatchery programs on the Wenatchee River:  the Chiwawa River Supplementation Program and Leavenworth NFH program.  The Leavenworth NFH program uses a Carson Hatchery derived broodstock that is not listed under the ESA and contributes at most a few fish to the escapement above Tumwater Dam (Mosey and Murphy 2002).  Our study therefore focuses nearly entirely on the Chiwawa River Supplementation Program.  

The Chiwawa River Supplementation Program is part of a comprehensive smolt mitigation agreement (Rock Island Project Settlement Agreement, RIPSA 1989) between the Chelan County Public Utilities District, their power purchasers, and the joint fishery parties represented by Washington Department of Fish and Wildlife (WDFW), and other state and federal fishery agencies and tribes.  The goal of the program is to replace adult production lost as a result of smolt mortality at the Rock Island Hydroelectric Project and to aid in the recovery of ESA-listed salmon stocks (NMFS 1998).  The program uses a locally derived broodstock based on captures at a weir in the Chiwawa River (Figure 1).

Spring chinook broodstock are collected from the Chiwawa River at a trap located approximately 1 km from the confluence with the Wenatchee River.  The proportion of hatchery origin fish in the broodstock has ranged from 0-79%.  Adults are transported to Eastbank FH where they are held and spawned.  Hatchery releases of Chiwawa spring chinook salmon began in 1991 (Table 1).  Detailed descriptions of broodstock collection, spawning, rearing, and release protocols are described in Petersen et al. (1999). Although the Chiwawa program was originally intended to supplement spring chinook spawning in the Chiwawa River, adults from the program have been found to spawn throughout the upper Wenatchee River basin (reviewed by Ford et al. 2001).  

Table 1.  Number of juvenile Chiwawa spring chinook salmon released into the Chiwawa River, adults produced, and survival rates for 1989-1995 broods.
	Brood 

year
	Release 

year
	Number released
	Adults produced
	Adult survival (%)

	1989
	1991
	43,000
	206 
	0.479

	1990
	1992
	53,170
	19 
	0.036

	1991
	1993
	62,138
	35 
	0.056

	1992
	1994
	85,113
	33
	0.039

	1993
	1995
	223,610
	286
	0.126

	1994
	1996
	27,226
	23
	0.084

	1995
	No hatchery program

	1996
	1998
	15,176
	66a
	0.435

	1997
	1999
	266,148
	2269a
	0.853

	1998
	2000
	75,906
	34a
	0.005

	1999
	No hatchery program


a  Incomplete adult returns

White River Captive Brood Program -- The White River is a glacial-fed tributary to Lake Wenatchee (Figure 1).  In the mid-1990's, persistent low escapements levels led to the decision to collect eyed eggs for a captive broodstock program to reduce the risk of extinction.  Egg collection began in 1997 and is expected to continue through 2004.  The objective of the captive brood program is to rear 300 adults to maturity and produce 240,000 smolts that will be acclimated and released into the White River.  The master plan for the White River is currently under development by the co-managers and is expected to be completed in 2002.

Population size -- Comprehensive redd counts have been conducted by several agencies starting in 1954 (Mosey and Murphy 2002).  Escapement is calculated by expanding the number of redds by an estimated number of fish per redd.  Escapement above Tumwater Dam has also been estimated, beginning in 1998, using a videotape system, installed in the fish ladder at Tumwater Dam.   Spring and summer chinook were not distinguished by the video system until 1999.  Spring chinook passage at Tumwater Dam begins in early May and continues through early September.  Escapement estimates above Tumwater Dam have varied from less than 100 in 1995, to more than 4000 in 2001 (Table 2).  Hatchery produced fish have averaged 40% of the escapement over the last five years.  

Table 2.  Escapement estimates of spring chinook above Tumwater Dam (1989-2001). 
	Run

Year
	Escapement above Tumwater Dam
	
	Origin 

	
	Redd Expansion1
	Videotape
	
	Wild
	Hatchery

	1989
	1,394
	
	
	1,394
	0

	1990
	986
	
	
	986
	0

	1991
	579
	
	
	579
	0

	1992
	1,099
	
	
	1,097
	2

	1993
	1,170
	
	
	1,152
	18

	1994
	280
	
	
	147
	133

	1995
	59
	
	
	30
	29

	1996
	178
	
	
	145
	33

	1997
	386
	
	
	154
	232

	1998
	183
	
	
	161
	22

	1999
	133
	198
	
	173
	25

	2000
	332
	830
	
	489
	341

	2001
	4,255
	6,268
	
	2,057
	4,211


1
Total ground redd counts multiplied by 2.2 adults/per redd (Meekin 1967) and adjusted for the proportion of jacks in the run.

Future escapement estimates -- Wild spring chinook emigrant-to-adult survival estimates for the Chiwawa River have ranged from 0.05% - 1.5%.  Chiwawa River hatchery smolt-to-adult survival has ranged from 0.03% - 0.48%.   Projected hatchery and wild returns above Tumwater Dam through 2006 are based on more recent survival rates with good river conditions (Table 3).

 Table 3.  Estimated and projected juvenile production and adult returns for spring chinook above Tumwater Dam. 

	Run

Year
	Estimated numbers of juvenile spring chinook emigrants
	
	Projected  numbers of returning spring chinook3 

	
	Wild1
	Hatchery2
	
	Wild
	Hatchery

	1999
	89,854
	266,148
	
	
	

	2000
	45,716
	75,906
	
	
	

	2001
	26,817
	0
	
	
	

	2002
	129,192
	47,000
	
	652
	624

	2003
	457,589
	672,000
	
	945
	131

	2004
	
	
	
	1,428
	278

	2005
	
	
	
	3,213
	1,888

	2006
	
	
	
	1,609
	1,058


1
Mean egg to emigrant survival calculated from Chiwawa River expanded for all redds (subyearling and yearling emigrant included).

2
Chiwawa Acclimation Pond release numbers.

3
Based on survival rates estimated for Chiwawa River (0.45% hatchery smolt to adult; 1.0% wild emigrant to smolt) and age at maturity data derived from broodstock (5% age-3; 60% age-4; 35% age-5).

Summary of Wenatchee River system 

Like many stream-type chinook populations in the interior Columbia River Basin, the Wenatchee River population declined substantially during the late 1980's and 1990's, leading to the creation of the current hatchery supplementation program.   Until the mid-1990's, spring chinook returns to the upper Wenatchee River were primarily of natural-origin.  As the program has become more successful at collecting broodstock, the proportion of hatchery returns has grown (Table 3) and in initial years of our proposed study Chiwawa supplementation fish are expected to vary from 12-40% of the run (Table 3).  

Tucannon River spring chinook

Background and history -- Tucannon spring chinook are Washington’s lowest Snake River population of spring chinook.  As has happened with other Columbia and Snake River salmonid populations, their abundance declined rapidly during the 1960s and early 1970s.  This decline was attributed to within basin habitat degradation and development of the Federal Columbia River Power System, including the lower two Snake River Dams,  Ice Harbor (1961) and Lower Monumental (1970).  With adoption of the Lower Snake River Compensation Plan in 1976, hatchery production of Tucannon spring chinook was planned to mitigate for the loss of 1,152 adults.  Prior to 1985, there were almost no hatchery releases of spring chinook in the Tucannon River.  Two fry releases occurred (about 25,000 each) in two separate years in the 1960's, and neither is likely to have produced significant numbers of adults.  Hatchery releases of endemic brood Tucannon spring chinook from Lyons Ferry Hatchery began in 1987.  Despite these mitigation efforts, abundance of natural salmon continued to decline.  Tucannon spring chinook were listed as Threatened under the ESA in 1992.  The steady population decline caused Washington to institute a captive broodstock program in 1997 to prevent stock extinction.  Population abundance rebounded in 2001.

Population structure -- The Tucannon River empties into the Snake River between Little Goose and Lower Monumental dams approximately 622 river kilometers (rkm) from the mouth of the Columbia River (Figure 3).  Stream elevation rises from 150 m at the mouth to 1,640 m at the headwaters (Bugert et al. 1990).  Total watershed area is about 1,295 km2.  Mean discharge is 174 cfs with a mean low flow of 61.5 cfs (August) and a mean high flow of 310 cfs (April/May).  Local habitat problems related to logging, road building, recreation, and agriculture/livestock grazing has limited the production potential of spring chinook in the Tucannon River.  Spring chinook typically spawn and rear above rkm 40 (16 kilometers below Tucannon Hatchery (Fig. 3)).  

In our study, we will assess reproductive success and fitness of hatchery and naturally spawning fish that spawn above the Tucannon Hatchery trap.  Spring chinook salmon also spawn below the trap (30-40% of the run).  The below-trap spawners may cause some difficulties for our study, since these fish will not be sampled.  In order to help overcome this potential problem, we are proposing to install a juvenile trap near the site of the hatchery trap.  We will use this trap for our study instead of the existing smolt trap near the mouth of the river, because this will allow us to specifically sample juveniles produced by the adults that we sampled at the hatchery trap.  In assessing adult-to-adult reproductive success, we will potentially have sampled only 60-70% of the spawners in the system if extensive among-generation mixing of below-trap and above-trap spawners is common.  We do not believe this is an insurmountable problem, both because our study design remains feasible (although much less powerful) even if as few as 60% of the potential spawners are sampled Ford (unpublished data), and because there is a reasonable possibility that the progeny of upriver spawners will tend to return to upriver spawning sites.
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Population size -- Adult returns between 1985-2001 were generally between 100-1000 (wild and hatchery fish combined  -- Figure 4).
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Figure 4 -- Total estimated escapement for Tucannon River spring chinook salmon from

1985-2001.


Hatchery programs -- After completion of the four lower Snake River dams, the Lower Snake River Compensation Plan (LSRCP) program was formed to provide hatchery mitigation for spring chinook, fall chinook, and summer steelhead in the Snake River (USACE, 1975).  In 1985, WDFW began the hatchery spring chinook supplementation program in the Tucannon River by trapping umarked (presumably mostly wild) adults for the hatchery broodstock.  Hatchery-origin fish have been returning to the Tucannon River since 1988.  The hatchery broodstock since 1989 has consisted of natural and hatchery-origin fish. The current hatchery mitigation goal under the LSRCP is to return 1,152 adult spring chinook of Tucannon River stock to the river annually.

In 1995 and 1997, in response to several years of very low abundance, WDFW conducted a captive broodstock program in the Tucannon.  The current project goal for the captive broodstock program is to rear captive salmon to adults, spawn them, rear their progeny, and release approximately 150,000 smolts at 15 fish/lb (goal) annually into the Tucannon River between 2003-2007.  These smolt releases, in combination with the current hatchery supplementation smolt program (goal = 132,000 smolts at 15 fish/lb), and wild production, is expected to produce 600-700 returning adult spring chinook to the Tucannon River each year from 2005-2010.

The spring chinook program currently utilizes three different WDFW facilities:  Lyons Ferry Hatchery (LFH), Tucannon Fish Hatchery (TFH), and Curl Lake Acclimation Pond (AP).   Lyons Ferry is located on the Snake River (rkm 90) at its confluence with the Palouse River (Figure 3).  Lyons Ferry is used for adult broodstock holding and spawning, incubation, and early rearing until production marking.  Tucannon Hatchery, located at rkm 59 on the Tucannon River, has an adult collection trap on-site.  Following marking at LFH, juveniles are transferred to TFH to rear through winter.  In mid-February, the spring chinook are transferred to Curl Lake AP for a minimum of three weeks acclimation.  Curl Lake AP is a 2.1-acre natural bottom lake with a mean depth of nine feet (pond volume estimated at 784,000 ft³).  During the middle of March, the pond exit is opened and the fish are allowed to volitionally emigrate from the lake until the third week of April.

Summary – The Tucannon River spring chinook population has only been supplemented since the mid-1980s.  Supplementation has occurred with the endemic population used for broodstock, however the action has not resulted in increased overall chinook abundance.  Moreover, the recent precipitous decline in anadromous salmonid abundance experienced coast-wide, precipitated a captive broodstock program to prevent their extinction from the basin. The Tucannon contains less population substructure than the Wenatchee River population, with fewer tributaries, and similar habitat conditions.  

Kalama River

Background and history -- Whether spring chinook were indigenous to the Kalama River has not been clearly established, but by the early 1950s only a small natural run was present (WDF 1951). Spring chinook currently found in the basin are dominated by hatchery production, which began in the early 1960s. That production was initiated with introduced stocks of mixed origins, including Eagle Creek (OR), Willamette (OR), Cowlitz, Lewis, and Little White Salmon spring chinook (Howell et al. 1985).

Virtually all of the adults passed upstream to date are expected to be of hatchery origin. This is supported by the finding that no natural production scale patterns were observed in any of the unmarked (adipose fin present) adults scale sampled in the 1999 through 2001 return years. Mass marking (100% adipose fin clip) of Kalama hatchery spring chinook was first applied to smolts released in 1999, although 100% CWT/AD marks were applied to smolts released in 1997 and 28% CWT/AD to those released in 1998 as well. Thus, all age 2, 3, and 4, and 28% of age 5 hatchery adults returning in 2002 (except inadvertently untagged fish and strays) should be marked with an adipose clip. Still, unambiguous assignment of hatchery or wild origin of unclipped adults requires examination of juvenile growth patterns by scale analysis.
Population structure  -- The Kalama River is a mid-sized tributary that enters the Columbia at river kilometer (RKm) 118, roughly midway between Bonneville Dam and the mouth of the Columbia.  It has a total length of about 72 km, flowing in a westerly direction from its headwaters on the southwest flanks of Mount St. Helens to its mouth about 1.5 km north of the town of Kalama. There is a total barrier to anadromous migration at RKm 59 (Upper Kalama Falls), and a partial barrier (Lower Kalama Falls) at the site of the Kalama Falls Hatchery (KFH) at RKm 17 (Figure 5). Since 1997, a plastic mesh curtain has been installed at the lip of the partial barrier falls during the summer months (when steelhead and some spring chinook could successfully jump the falls -- Bradford et al. 1996) to make the falls a complete barrier.  This forces all upstream migrants to use the fishway adjacent to the falls that terminates in a fish trap at KFH.
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Figure 5 -- Location of the Kalama River among other Lower Columbia tributaries in

Washington, and primary natural features and rearing facilities of the Kalama River

basin (FCH = Fallert Creek Hatchery, KFH = Kalama Falls Hatchery).


Population size --  A natural production escapement goal of 500 Kalama stock spring chinook (250 pairs) was recently established for the Kalama River above Kalama Falls Hatchery.  Adult passage to achieve that escapement goal was first initiated in 1999, although some adults were passed upstream of the hatchery intermittently over the years prior to 1999 as well (Table 6).  

In 2000 and 2001, naturally produced smolts from spring chinook spawning escapements in 1999 and 2000 were captured incidentally to steelhead smolt monitoring using a rotary screw trap in the Kalama River adjacent to KFH (rkm 17.6). In 2001, that trapping effort was extended past the normal end of steelhead smolt migration (June), and documented considerable natural production of subyearling smolts. Those smolts outmigrated primarily in June, July and August at a mean size of about 105 mm fork length (range 85-135 mm). Fewer than 10 yearling smolts were captured, all during March and April, at fork lengths ranging from 117-165 mm. The subyearling migration peaked in July and was declining when trapping efforts ceased on August 22. However, 25-75 smolts were still being captured per night during the final week of trapping, and it is not clear to what extent outmigration may have continued after that time. Preliminary estimates from this pilot spring chinook smolt trapping suggest that about 19,500 subyearling smolts outmigrated during the March-August trapping season in 2001, and perhaps as much as 10,000 in 2000 (gross expansion of 2000 captures through June based on 2001 temporal distribution of captures). Adult returns from the 2001 outmigrants could range from 20 to 100 adults if smolt to adult survival rates were on the order of 0.1% to 0.5%. 

Table 6. Smolt releases and adult returns (including jacks) to the Kalama River 1991-2001. Hatchery escapement (H. Esc.) is the total trapped at Kalama Falls Hatchery (KFH) and includes  those passed above KFH. Spawning escapement (Spawn Esc.) only includes spawning below KFH (RKm 16.7). Data are summarized from Pettit (2002) and from unpublished WDFW hatchery records.

	Release or Return

Year
	Yearling

Smolts

Released
	Adult Returns to Kalama River
	Adults above KFH

	
	
	H. Esc.
	Harvest
	Spawn Esc.
	Total Run
	Male
	Female
	Total

	1991
	769,600
	1288
	1486
	34
	2808
	211
	60
	271

	1992
	281,800
	1833
	981
	168
	2982
	415
	59
	474

	1993
	525,800
	1344
	1516
	100
	2960
	314
	238
	552

	1994
	572,100
	631
	246
	408
	1285
	3
	3
	6

	1995
	542,500
	330
	14
	392
	736
	5
	0
	5

	1996
	486,600
	196
	208
	272
	676
	9
	0
	9

	1997
	583,200
	564
	15
	38
	617
	0
	0
	0

	1998
	384,100
	408
	0
	46
	454
	0
	0
	0

	1999
	398,000
	791
	8
	224
	1023
	278
	115
	393

	2000
	485,400
	1256
	440
	34
	1730
	272
	279
	551

	2001
	500,900
	951
	359
	578
	1888
	273
	185
	458

	Average
	502,727
	872
	479
	209
	1560
	162
	85
	247


Hatchery program –Spring chinook are artificially propagated at two facilities in the Kalama basin: Kalama Falls Hatchery and Fallert Creek Hatchery (Figure 5). Both facilities are operated by WDFW and are funded by Mitchell Act dollars administered through NMFS, as mitigation for Columbia River hydro development impacts to natural production. Production focuses on the release of yearling smolts, which has averaged about 500,000 smolts per year from 1991-2001 (Table 6). Release locations has been variously split between the two hatcheries (but primarily the lower one) and Gobar acclimation pond (Figure 5) over the years. Starting with the 2000 brood (released in 2002), the release strategy calls for 250,000 smolts each to be released from the Gobar pond and from Fallert Creek Hatchery.

Summary -- The Kalama River spring chinook population is representative of many Lower Columbia River salmon populations:  natural populations dominated by adult returns from “production” type hatcheries.  In the Kalama, like many other streams, the most logistically convenient source of adults for supplementation is the production hatchery stock.  Like many other lower Columbia salmon streams, the original indigenous population either never existed, has been highly introgressed with hatchery stocks of mixed origins, or was functionally extirpated many decades ago.  Efforts to reestablish (or introduce) naturally spawning chinook salmon must therefore rely upon either rare natural strays, or the much more abundant adult returns from hatchery production.  In this study, we will evaluate the degree to which the Kalama hatchery stock can successfully spawn in the wild, and will measure the rate at which this population adapts to its new spawning environment.  Because reestablished, self sustaining, naturally spawning stocks are likely to be important for recovery of Lower Columbia River ESUs, it is particularly important to determine how readily “domesticated” hatchery stocks can readapt to the wild and establish naturally spawning populations (e.g, RPA #184 in the NMFS BiOp). 
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Figure 3 --  Location of the Tucannon River within the Snake River Basin, and locations of Lyons Ferry Hatchery, Tucannon Hatchery, and Curl Lake Acclimation Pond within the Tucannon River Basin.
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Figure 5 -- Location of the Kalama River among other Lower Columbia tributaries in







Washington, and primary natural features and rearing facilities of the Kalama River







basin (FCH = Fallert Creek Hatchery, KFH = Kalama Falls Hatchery).
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