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a. Abstract 
An essential goal of a captive breeding or supplementation program for salmon recovery is the maintenance of the genetic diversity that contributes to the long-term fitness of a threatened population. However, inadvertent genetic changes attributed to domestication during captivity may pose risks to the target declining populations that a supplementation program is intended to support.  Current recommendations for hatchery managers recommend monitoring of genetic changes, but current monitoring depends almost entirely on measures such as effective population sizes and changes in allele frequencies. No program that measures the phenotypic and genetic changes in salmon fitness traits is currently in place. In large part this is because of the logistical challenges such studies require for effective monitoring, especially the tracking of individuals or families over several generations. We propose to redress this problem by initiating studies into the response of a trait thought to contribute substantially to productivity, spawn timing, to potential domestication selection. There is considerable variation in spawn timing within populations, and there is evidence that hatchery practices may inadvertently advance spawn timing even when no intent to advance timing exists. There is also evidence that an advance in spawn timing may cause a change in correlated traits such as age at maturity and return timing. The most powerful means of measuring domestication selection is by trend analyses of genetic change in an unselected line compared with one or more selected lines; in this type of comparison, it is possible to account for the effects of gene flow, drift, and environmental variability on phenotypic change. We will create three lines of fall chinook salmon – a control population of individuals spawned throughout the season, and two populations selected for early spawning and late spawning. We will test for domestication selection in all three lines in two captive environments – one typical of a supplementation program where the fish are released as smolts, and one typical of captive breeding programs, where broodstock are held throughout the life cycle. The results from this study will provide essential information on a population’s ability to respond to selection for spawn timing, the likelihood for domestication selection in supplementation and captive breeding and the potential for the use of stocks with hatchery history to be used in recovery planning. Our long-term goal is to test the ability for stocks that have been under selection to readapt to the wild once that selection is relaxed.

b. Technical and/or scientific background
Problem: Monitoring of genetic changes in salmon life history traits that may occur in supplementation programs.  

There is evidence that artificial propagation in salmon hatcheries can influence the genetic variation underlying quantitative traits, and hence the long term adaptability, of wild salmon populations (e.g. Krueger et al. 1981, Reisenbichler & McIntyre, 1986, Allendorf et al. 1987, Lannan et al. 1989, Waples 1991). A number of authors have attempted to provide detailed guidance to hatchery managers to reduce such effects (e.g. Hershberger & Iwamoto 1981, Allendorf & Ryman 1987, Kapuscinski & Jacobsen 1987, Simon 1991, Waples 1992, HSRG 2000). Almost all of the recommendations require monitoring of long-term genetic changes and, in order to carry out this task, rely on proxy measures of genetic variation such as effective population size, changes in neutral genetic markers, sex ratios or broodstock collection protocols. Unfortunately, the relationship between changes in these parameters and changes in the life history traits that are relevant to the long-term survivorship of salmon populations is not clear (Hard 1995b; Lynch 1996).  Moreover, the ability to detect genetic changes in phenotypic characters is likely to be severely limited in the absence of rigorous, long-term monitoring (Hard 1995a). We intend to address the difficulties in measuring the consequences of a typical supplementation program on the fitness of population by monitoring long-term genetic changes in life history parameters that may be associated with chinook salmon propagation. The eventual aim of the work will be to measure the capacity of a hatchery-derived population, in which changes in the quantitative genetic variation, effective population size and neutral genetic variation have been well characterized, to readapt to the wild. 

Supplementation hatchery programs have considerable potential to re-establish, enhance or maintain declining stocks (Waples 1999; HSRG 2000). One specific aim of such an endeavor is the maintenance of the long-term fitness of the targeted stock, but the use of hatchery fish in such programs may pose genetic risks to the wild populations that the supplementation efforts are intended to support (Waples 1991). Broadly, these risks fall under four categories; loss of variation within and between populations, genetic change following an altered selection regime, or extinction (Busack & Currens 1996).  If the aim of a supplementation program is to minimize the genetic and phenotypic divergence of hatchery fish from wild, then particular care should be placed on reducing domestication selection. Domestication selection that arises in a supplementation program is unintentional, resulting from "natural" adaptation of the species to the hatchery. The opportunity for domestication selection to produce divergence between wild and captively reared individuals is largest when the latter are cultured entirely in hatcheries for one or more generations (Hard 1995a). However, simulations have shown that domestication selection in hatchery fish can have rapid and substantial negative genetic effects on targeted wild populations, even when wild captive breeders are always used (Lynch & O’Hely 2001; Ford 2002).  However, these outcomes and potential solutions have never been tested empirically in salmonids due, in part, to the fact that these species are long-lived.  For this reason, the measurement of domestication selection in salmonids has been rare relative to other taxa, particularly for natural populations.

Domestication selection in salmonids

Natural selection on a captive population is really a problem of adaptation to a novel environment.  Life history theory (Williams 1966; Gadgil & Bossert 1970) predicts that selection, in acting to increase fitness, will rapidly fix positive genetic correlations between fitness components, eventually leaving variation primarily in negative correlations that arise from genetic or other constraints. Genetic correlations measured in novel environments are likely to have more positive values than correlations at equilibrium, and selection under such conditions may thereby rapidly alter the genetic architecture of life history traits.  For organisms like cultured salmonids, the consequences of this problem (the response) depend on three factors:  the differences between the selective regimes experienced in the natural environment and those imposed in the hatchery (the unit selection differential), the extent of exposure to the hatchery (the number of generations, or multipliers of the unit selection differential), and the magnitude of genetic variability underlying life history and other traits important to performance (the heritability or genetic variance).  Problems associated with domestication selection should be of greatest concern when initially bringing wild fish into a hatchery, when culturing fish for several generations in a hatchery, or in captive broodstock programs requiring protective culture throughout the entire life cycle.

The influences of genetic versus environmental factors on the phenotype is at the heart of the issue of selection, whether it is direct or indirect. Doyle and his colleagues (e.g., Doyle 1983, Eknath & Doyle 1985, Robinson & Doyle 1990), working with several species, have found mixed evidence for domestication selection.  Evidence for the prevalence of domestication selection in cultured salmonids is ambiguous; few studies have been designed to detect this phenomenon directly in controlled culture (Hershberger 1988).  Vincent (1960) observed substantial differences in the size and behavior of domestic vs wild brook trout (Salvelinus fontinalis), but the differences could have been largely environmental.  Kincaid et al. (1977) found a significant increase in 147-day weight in hatchery control populations of rainbow trout (Oncorhynchus mykiss), but they noted that this increase could be attributed to improvement in culture conditions over 3 generations.  Reisenbichler and McIntyre (1977) found that of steelhead (O. mykiss) embryos stocked in small streams in the Deschutes River (Oregon), those from wild parents (WW) survived to eyeing at a higher rate than those of either hatchery parents (HH) or mixed parents (HW); these results indicate a genetic basis for the survival difference, although their data also suggest the contribution of genotype by environment interaction to survival.  Gjedrem (1979) could not attribute a marked increase (~ 30%) in 190-day weight of selected families of Atlantic salmon (Salmo salar) reared in marine netpens entirely to the artificial selection differential applied to this trait, and concluded that domestication selection was responsible for part of the response.  Using data on brown trout (S. trutta) obtained by Bagenal (1969), Doyle (1983) showed how domestication could reduce selection on fecundity via elevation of feeding rate.  Other studies that have shown differences between hatchery and wild salmonids in size, age, growth, or behavior include Bachman (1984), Leider et al. (1986), Johnsson and Abrahams (1990), Mesa (1991), Swain et al. (1991), and Fleming & Gross (1992).  Steward & Bjornn (1990) cite additional studies that also claim to detect phenotypic changes resulting from domestication.  In virtually all of these cases, however, it is difficult to ascribe these changes to domestication selection alone because environmental variation confounds genetic interpretation of these results.

In a more carefully controlled experiment, Hershberger et al. (1990) claimed to detect domestication selection for increased 8-month weight in coho salmon (O. kisutch) cultured for 4 generations in marine netpens.  Realized heritability estimates of weight were considerably larger (0.8-1.2) than estimates from sib analysis (approx. 0.2). However, this discrepancy could arise from a violation of any of a number of assumptions underlying the estimation of genetic parameters (see Sheridan 1988).  Instead of reinforcement of the realized response by domestication selection, a distinct possibility is that the genetic model underlying the sib analysis was inappropriate.  Culture conditions were also modified during the course of the experiment.  It should be pointed out that even a study as intensive and carefully monitored as that of Hershberger et al. (1990) has little power to detect domestication selection if it did occur, primarily because variability in size was large (see Hard 1995a).  Taken together, these results point to the need for research on the extent and consequences of domestication selection in salmonids.  In articles dealing with genetic changes in hatchery salmon populations, it is not surprising that Gall (1993) recognized domestication as a potential problem but concluded that little evidence exists to evaluate its significance.

 Measurement of domestication selection

A hatchery is a specific kind of novel environment for wild fish that entails some degree of control over the culture environment. In evaluating the effects of this regime on fish raised in it, it is important to discriminate between natural selection and domestication selection. The general theoretical result of domestication selection is phenotypic change related to adaptation to truncated variation in physical conditions, higher rearing densities, and elimination of most reproductive behavioral interaction, but determining the type and magnitude of change that departs from a phenotypic objective is often a challenging task.  Although it would seem that detection of domestication selection requires the phenotypic comparison of populations developing in controlled and natural environments, domestication selection is likely to be difficult to detect in such comparisons.  It is often easier to detect selection among artificially selected and unselected populations cultured in a controlled environment, for two reasons.  First, it may be difficult to find an adequate "control" for genetic drift, gene flow, and spatial and temporal variability in the environment when using a natural or wild population.  Second, in a controlled environment, one or more artificially selected lines can be used as a control for comparing with an unselected line.  Ideally, two selected lines under divergent artificial selection are compared with an unselected line; the pattern of phenotypic change in these lines is an extremely powerful way to discern domestication selection, since the effects of gene flow, drift, and environmental variability can be largely accounted for. The primary advantages of a controlled selection experiment like that used by Hershberger et al. (1990) to detect domestication effects are that a) much of the environmental effects on phenotypic change can be accounted for in such an experiment, and b) the analysis of such an experiment is amenable to the generally greater power of trend analysis.  

Unfortunately, this type of long-term experiment is not usually associated with supplementation programs.  In most cases, the best information that will be available for any given character includes estimates of the phenotypes in the hatchery and natural populations and, if the character is quantitative, sample variances around those estimates.  Ideally, these estimates would be available at several points in time (e.g., years or generations).  However, the ability to detect hatchery effects on the supplemented population with these estimates is limited by three factors:  the magnitude of the trend (if a trend is available), the sample size (number of fish measured and, if analyzing trend, the number of samples of fish contributing to the trend), and the variability of the phenotypic data.  Without controls for environmental variation, however, any difference or trend that is detected confounds environmental with genetic variation, thereby rendering a reliable genetic interpretation impossible. The relationship between the selection imposed and the response realized also depends on the mode of gene action, thereby reflecting the reliability of the underlying genetic model.  An investigator is therefore generally precluded from drawing any valid conclusions about the contribution of selection, natural or otherwise, to a phenotypic difference or trend in the absence of an appropriate control.  

The analysis of trend is a common means of detecting patterns of change.  In a genetic monitoring program designed to detect phenotypic or genetic change over time or space, power analysis of trend is probably the most potent tool at a geneticist's disposal.  Trend analysis is more appropriate than most static methods for monitoring change because its consistency can be evaluated.  Trends provide information about incremental and cumulative change resulting from both environmental and genetic factors.  Together with the appropriate controls, environmental and genetic factors may be teased apart.  Because trend analysis provides the ability to detect small changes, it is perhaps the most useful technique for monitoring change. Based on this information, we intend initiating a long-term trend analysis into the effects of domestication selection on an important fitness character in salmon populations, spawn timing. We will compare two selected lines – one for early spawn timing and one for late – with an unselected line, and examine the phenotypic change in these lines to detect the rate and magnitude of domestication selection acting on spawn timing and correlated life history traits (Rose et al. 1987; Hershberger et al. 1990; Hard, unpubl manuscript).

The effect of supplementation on spawn timing in salmonids 

Within-season variation in spawn timing has been analyzed in several fish species using quantitative genetics; this trait has been found to have large genetic variation within a population. Heritability values for spawn timing in fishes exceed 0.50 (Campton & Gall 1988, Gall et al. 1988, Siitonen & Gall 1989, Silverstein 1993) and kinship analyses have found a higher degree of relatedness between individuals spawning at the same time (Bentzen et al. 2001).  Rapid divergence in spawn timing in chinook salmon may occur in the early stages of adaptation to a new environment and selection on spawn timing can also result in changes in correlated characters such as age at maturity and migration timing (Quinn et al. 2000). There is evidence of an advance of spawn timing associated with hatchery programs (NRC 1995, Flagg et al. 1995, Ford & Hard 2001). Hatcheries vary in their broodstock selection; some have specific production goals and may select for early spawning by ceasing broodstock collection after these goals are met, while others attempt to reduce selection by spawning fish throughout the season. Many hatcheries are constrained by seasonal changes in water levels (sockeye in the Cedar River are spawned until the collection weir is flooded) while others do not utilize late spawning fish in their program because of concerns about disease transmission (often attributed to late returning fish).  It is not known whether the selection associated with spawning a subsection of the run, or the relaxation of selection associated with spawning over the whole season, has irreversible genetic consequences.  It is also not known whether stocks that have been subject to such selection are appropriate as stocks for recovery purposes. A long-term study into the potential for domestication selection in spawn timing in hatchery fish is essential and timely.

Location

The research proposed here is relevant to the entire Columbia Basin and beyond. 

We wish to locate the research mainly at the School of Aquatic and Fishery Sciences hatchery at the University of Washington for the following reasons:

· The UW hatchery operation produces anadromous salmon for research only. All other state and federal hatcheries that maintain anadromous salmon runs are constrained by production, supplementation or mitigation goals. Thus, all resources can be devoted to this project.

· We expect little ecological or genetic interaction between the University runs and ESA-listed salmon populations. There are no spawning populations of salmon in the immediate vicinity of the UW hatchery, and salmon populations in the Lake Washington watershed are closely monitored. Evidence for straying of UW hatchery fish to other locations in Puget Sound suggests that these rates are low. All fish released from the facility as part of this project will be externally marked and tagged to identify them as study fish. 

· The return rates to this hatchery are high (SAR ~ 1%) compared to other populations in this region (especially within the Columbia River Basin; UW hatchery HGMP).

· We are currently investigation the effects of inbreeding depression on fitness in chinook salmon (see below) – this added work enhances our ability to understand genetic changes in supplementation programs.

· We expect this project to play an important component in teaching and outreach (see below), important for the education of participants into regional issues.

· The hatchery is located close to the NWFSC (NMFS) and to UW and will enhance strong collaborative work between the two organizations.

· Collectively, UW and NWFSC staff bring considerable experience in quantitative genetics and other resources necessary to ensure that this project reaches successful conclusion. 

c. Rationale and significance to Regional Programs
This project is important for the following reasons;

· Many conservation and policy actions are based on potential genetic risks; few of these risks have been tested empirically. 

· No research project has specifically tested the potential for domestication selection in supplementation hatcheries, and there are no genetic monitoring programs for salmon life history traits currently in place. 

· The results of this study have considerable potential for assisting conservation programs. By understanding the rate of response to domestication selection and characterizing its main life history pathways, we will be able to identify the potential for specific populations with hatchery history to be used in recovery planning. We will also be able to understand the consequences of different selection intensities in a range of hatchery programs, and hence the risk associated with those programs.

· It is essential to integrate quantitative and molecular genetic approaches in investigating the genetic basis of adaptation of salmon populations in the Columbia Basin. Until such studies are conducted, planners will find it difficult to predict the evolutionary consequences of small population size, hatchery culture or interbreeding between hatchery and wild fish. 

The objectives of this study are relevant to those outlined in the following documents:

The 2000 Fish and Wildlife Program identifies the importance of allowing “for biological diversity to increase among and within populations and species to increase ecological resilience to environmental variability.” Under this need, the document emphasizes the importance of managing “human activities to minimize artificial selection or limitation of life history traits.” We are directly measuring the different levels of domestication selection that may occur in a supplementation program and will provide guidelines for minimizing human influence on artificial selection. The document also identifies the need to “enhance the natural expression of biological diversity in salmon and steelhead populations to accommodate mortality and environmental variability in the ocean.” Knowledge of genetic risks and the means to reduce domestication selection will support this goal. 
The 2000 NMFS hydrological biological opinion, Action 184 identifies the need 

“to establish …. funding for a hatchery research, monitoring, and evaluation  program consisting of studies to determine whether hatchery reforms reduce the risk of extinction for Columbia River basin salmonids and whether conservation  hatcheries contribute to recovery.” Under this framework, the goal of hatchery reforms is identified as the reduction or elimination of “adverse genetic, ecological, and management effects of hatchery production on natural populations to meet basinwide objectives for conservation and recovery.” The document continues “for hatchery operation, performance standards must address genetic integrity ….. of both hatchery and wild fish. The information provided by these metrics defines the standards to minimize genetic and ecological risks to listed fish.”  As stated earlier, the monitoring and measurement of genetic variation underlying life history traits is difficult and has rarely been attempted – this study will provide important information relating to risk and recovery associated with hatcheries in the Columbia basin. 

d. Relationships to other projects 
This proposed work has close relationships to several projects funded by the BPA, and Federal and State Agencies.

1. Drs Jeffrey Hard and Kerry Naish are conducting a long-term study on the effects of inbreeding on chinook salmon as part of the Captive Broodstock grant funded by the BPA.  The work is based at the University of Washington hatchery, the proposed experimental site for this study. The combined knowledge from both projects will provide an understanding of the degree to which supplementation programs will affect genetic variation in salmon, and will provide information on the means of monitoring this variation.  

2. Drs Kerry Naish, Linda Park (NMFS) and Ruth Phillips (WSU) are collaborating on the creation of a genome map for chinook salmon. Genetic lines selected for important life history traits relevant to the long-term fitness of wild chinook salmon are rare; the creation of lines for spawn timing will assist the genetic mapping of this trait. Markers linked to spawn timing will prove invaluable in monitoring programs in supplementation hatcheries and in wild populations in the future.

3. Drs Michael Ford (NMFS), Jeffrey Hard, and Howard Fuss, Patrick Hulett, and Cameron Sharpe (WDFW) are investigating the potential for hatchery coho salmon to readapt to the wild. Similarly, Prof. Tom Quinn (UW) and Paul Moran (NMFS) are examining the interactions between hatchery and wild steelhead in separate studies. However, the genetic history of the fish in these studies has not been well characterized. Our study will provide support for this work by providing an understanding of the processes that occur in hatcheries and will create a basis for examining re-adaptation in a genetically characterized population. 

4. The City of Seattle funds a “Salmon In the Classroom” program based at the UW. The runs returning to the UW hatchery have not been extensively research-based in recent years. A publicized research program relevant to supplementation will provide an important context for our outreach efforts to local communities. 

5. The main mandate for the School of Aquatic and Fishery Sciences University of Washington is the education of undergraduate and graduate students in regional issues. The creation of research populations will involve and educate students in important developments in supplementation programs and will prepare these students for the workplace.

e. Project history (for ongoing projects) 

 New project

f. Proposal objectives, tasks and methods
Overall Project Aim: to determine how domestication selection that acts on captive populations differs, quantitatively as well as qualitatively, from selection that acts on salmon in nature. We will use the relative inter-generational variation in spawn timing to characterize the direction and general magnitude of domestication selection acting on that trait and several related  traits during captive breeding. 

Objective 1:  Create two selected lines representing extremes for spawn timing and one control line of fall chinook salmon adults, introduced to the University of Washington (UW) Hatchery, to yield 120 families.

Project initiation: Fall 2003

Task 1.1: Identify and collect a suitable experimental population.

Task 1.2: Use of truncation selection to identify and maintain early and late spawning lines

Task 1.3. Create a control line representing spawners from each part of the run.

Justification: We believe it necessary to initiate studies with wild stocks of chinook salmon that have little history of introgression, have as little hatchery intervention as possible and are derived from the same drainage as the UW hatchery (avoiding difficulties with ESA permitting). Fall chinook salmon returning to the Cedar River fulfill these criteria (Dr James Myers, NMFS, pers. comm.) The use of the UW as a return hatchery reduces the potential for any interactions with listed populations in the area (as detailed above), and the benefit that research operations at UW are unconstrained by supplementation or production goals cannot be overemphasized.  Our experimental design is large because we want to maximize the opportunity for sufficient returns within each line to continue selection over several generations to meet our aim of conducting a trend analysis. We will create selected lines for the upper and lower 10-20 percentiles for spawn timing within the run (depending on the distribution of spawn timing) because “hard” selection will allow us to measure both the rate of response of this trait to directed selection and will allow us to observe changes in correlated traits such as age at maturity and return timing within a few generations, depending on the underlying genetic variability. The use of a separate control population provides the most straightforward means of estimating genetic trend.  In an artificial selection experiment such as that described here, genetic trend that is unrelated to the selection imposed could be estimated from the changes in a line unselected for spawn time.  Over the course of the experiment (ignoring mutation), any phenotypic trend that is observed in this "control" results from genetic drift, natural (inadvertent) selection due to variation in the environment, or genotype by environment interaction or correlation.  The first and last of these can be minimized by randomizing individuals in the environment or else can be accounted for in an analysis (Muir 1986; Lynch & Walsh, 1998).  The relationship between patterns in selected and control lines then provides a means of quantifying "domestication selection" imposed by the culture environment.

Assumptions: We assume that the use of Puget Sound fall chinook salmon in this experiment is relevant to other populations of chinook salmon, including Columbia River stocks. This is the first time that such an experiment has been proposed, and we believe that the experiment has relevance to all supplementation and captive broodstock programs. Results will provide important guidelines for establishing genetic monitoring programs across the system and will provide information relevant to broodstock choice for recovery programs. The use of the UW hatchery as a research venue offsets any disadvantages because we expect no conflict between our activities and those goals associated with a normal hatchery. Practically, we assume that sufficient numbers of wild fish will return to the Cedar River during 2003 to allow us to set up this experiment without adversely affecting the populations. We also assume that we will be able to collect wild broodstock – but recognize that NMFS permitting may not allow us to collect wild broodstock. We will work with NMFS and the Muckleshoot Tribe to identify a suitable hatchery population instead – it is important to stress that our experiment relies on the comparison between two selected runs and an internal control, and that use of a hatchery stock with large effective population size is not expected to affect our results substantially. Finally, we also assume that the run will be sufficiently protracted to allow us to create two selected lines that are temporally separated in spawn timing. It is likely that we will create more crosses than will be eventually used in this experiment as selected lines, but these crosses will be added to the control lines.

Objective 2: to test the effects of different levels of domestication typical of i. a supplementation program and ii. a captive broodstock program.

Transfers and releases: May 2004

Task 2.1: To raise the fish to release size, mimicking conditions similar to a supplementation hatchery 

Task 2.2: release a suitable number of tagged offspring of each family from the UW hatchery to ensure adequate returns.

Task 2.3: transfer an equal number of offspring to saltwater netpens or raceways at NMFS Mulkilteo.

Justification: The main aim of this project is to understand the potential for different levels of domestication to lead to selection in a fitness trait. Fall chinook salmon in a supplementation program are typically raised to smoltification and released, whereas captive broodstock are maintained over their entire life histories. We will provide two levels of domestication in our experiments for comparison between the two culture strategies (environments).

Assumptions: that rearing conditions at the UW hatchery and NMFS Mulkiteo emulate domestication pressures typical of supplementation and captive programs respectively. We believe that these assumptions are reasonable. If conditions deviate, they will do so within the normal range of hatchery operations. 

Objective 3: to track pedigrees using molecular genetic analysis to allow i. measurement of rate of inbreeding and ii. estimation of the effects of inbreeding on the rate of domestication selection.

 Project initiation: Fall 2003

Task 3.1: to collect fin tissue from all adults at the initiation of the project and from all returning fish.

Task 3.2: to genotype all individuals and to assign kinship to each of the returning offspring.

Task 3.3: to estimate rate of inbreeding with each generation of selection.

Justification: We intend to use sequential or family-specific coded wire tags on outmigrating fish in order to maintain familial information. However, tagging smolts to the individual level is costly, especially when most of the fish will not return. Maintaining pedigrees for broodstock using molecular genetic approaches is a viable alternative. We will be able to estimate the rate of inbreeding occurring during this experiment and the effects that inbreeding will have on rates of response to selection. Genetic change can also be monitored in pedigreed populations. In this case, it is possible to monitor genetic change over time by comparing phenotypic "replicates" of offspring from the same parent or parents.  Maintaining a pedigree will allow us to analyze our data using a second approach – our interpretations will thus be more powerful. A pedigreed population that is under selection is also a very powerful tool for genome mapping projects (see section on complementary projects).

Assumptions: that we will be able to assign individuals to parents. Given that the initial numbers of parents are limited to 240 (120 male, 120 female) in this experiment, that there a very large number of microsatellite loci described for chinook salmon, and that we have automated methods to assist our efforts, this is a reasonable assumption.

Objective 4: i. test whether individuals have responded to selection for run timing by comparing returning and captive fish from each selected line to the control line; ii. test response in correlated characters.  

Expected years of return: 2005 (jacks), 2006 (3 year olds), 2007 (4 year olds). 

Task 4.1: to measure the response to selection in spawn timing.
Justification: It is important to measure the response to selection in order to understand the both genetic variability underlying this trait and the rate at which this selection may occur.

Objective 5: to continue selection protocols on returning and maturing F1 adults to allow trend analyses.
Expected years of release: Spring 2006, 2007 and 2008

Task 5.1: to repeat selection protocols outline under objective 1 for each age class.

Task 5.2: to monitor the long-term changes in fitness traits correlated with spawn timing.

Justification: as mentioned earlier, trend analysis is the most powerful means of detecting selection and maintenance of the lines is important to understand the long-term changes that may occur in a supplementation or captive broodstock program. The age structure of typical chinook salmon populations complicates experimentation across age classes. For simplicity of interpretation, we will maintain separate lines for each age class.  

Assumption: That sufficient numbers of adults will return to the UW hatchery to allow continuation of this experiment. However, we are also maintaining individuals in captivity and will be able to continue this part of the experiment if return rates are low.  

Objective 6: i. to examine whether domestication effects are reversible by relaxing selection; ii. to determine the genetic basis of life history divergence between selected lines

Time period: long term

Task 6.1 i..  to relax divergent truncation selection on selected lines to evaluate phenotypic rebound in spawn timing and correlated traits;  ii. to crossbreed individuals from the two selected lines for two consecutive generations to determine potential outbreeding depression in crossbred progeny.

Justification: This information will provide vital to i. understanding the potential for stocks with hatchery history to readapt to the wild, and ii. to understand the genetic consequences of mixing stocks which may have originated from the same stock but have been under divergent selection due to rearing in different environments.

Objective 7: to disseminate results through peer reviewed papers, reports to BPA, to expose future students to research in ESA related issues in salmon and to publicize the research through public outreach projects.

Tasks and Methods: 

Objective 1:  Create three lines of fall chinook salmon introduced to the University of Washington (UW) Hatchery; one control line, one selected for early spawn timing and one for late timing, to yield 120 families.

Project initiation: Fall 2003

Task 1.1: Identify and collect a suitable experimental population for introduction into the UW hatchery. 

We have identified Cedar River fall chinook salmon for reasons given above. We will work with NMFS, WDFW and other interested parties to ensure that our experiments will not conflict with maintenance goals for this species in the watershed. We will collect gametes from wild spawning males and females returning to the Cedar River throughout the run. Gametes from females will be submitted to WDFW for disease screening. We will collect biological information from the spawner, including age, sex, fork length, round weight, and for each female an estimate of mean egg size and fecundity (from measurements of individual eggs and the total egg mass).  
Task 1.2: Use of divergent truncation selection to identify and establish early and late spawning lines.

We will use divergent truncation selection to establish and perpetuate selected lines, based on spawn timing. This approach is efficient because it helps to maximize selection differentials and permits detection of asymmetries in response to selection.  The approach basically repeatedly selects extreme phenotypes from a distribution and uses these individuals to found and maintain lines that should diverge from the base population and any unselected lines if genetic variation for response is sufficient (see Hard et al. 1993; Falconer & Mackay 1996, Ch. 11-13 for discussion and examples). For each sex, we will select individuals only on the basis of spawn timing, but will maintain information on other biological characters, listed above. Our reasoning for selecting only spawn timing as a character (as opposed to selecting several at one time) is two-fold: 1) because broodstock selection at most hatcheries affords ample opportunity for evolutionary response in spawn timing, and 2) because selection on a single character allows the simultaneous measurement of genetic covariation and response in correlated characters. This is essential to permit illumination of how suites of traits evolve together under selection; selection on one character may result in a cascade of changes in the characteristics of a population that would be impossible to predict if only one trait is followed. Each year, we will select the upper and lower 10-20 percentiles of the run as founders of the early returning and late returning lines respectively. We will create 40 families that represent each selected line. 

Task 1.3. Create a control line representing spawners from each part of the run.

We will also create 40 families representing individuals spawning throughout the run to establish and maintain a line of equivalent size not undergoing artificial selection on spawn timing.  The phenotypic change in this line over time, relative to those observed in the selected lines, provides a direct measure of the degree of natural selection (domestication) occurring in the hatchery program on the selected trait. The families in this line will represent the control line, and biological information for each of these families will be collected as described above.

Objective 2: to test the effects of different levels of domestication typical of i. a supplementation program and ii. a captive broodstock program.

Transfers and releases: May 2004

Task 2.1: To raise the fish to smolt size, mimicking conditions similar to a supplementation hatchery. 

We will raise the 120 families to smoltification following production goals and release sizes typical of a supplementation hatchery. Individuals will be monitored for growth rate periodically, and stocking densities and feed rations will be adjusted accordingly.

Task 2.2: release a suitable number of tagged offspring from each family the UW hatchery to ensure adequate returns.

Task 2.3: transfer an equal number of offspring to saltwater netpens at NMFS Mulkilteo

Following smoltification, we will rear progeny under one of two regimes: hatchery released (coded-wire tagged, CWT) or captively reared (CWT fish that will also be tagged individually with PIT tags).  (We will use sequential or family-specific CWT that identify each individual to the family level).  Each treatment group will receive fish from all three lines.  For the hatchery-released group, we will release in May 2004 approximately 1,000-3,000 CWT fish from each family as smolts from the UW hatchery.  From each of these families, 25-50 fish will be marked with PIT tags and transferred as smolts in May 2003 to the Mukilteo Research Station, where they will be raised to adulthood in seawater netpens or raceways.

Objective 3: to track pedigrees using molecular genetic analysis to allow i. future measurement of rate of inbreeding and ii. provide a second estimate of domestication selection.

Project initiation: Fall 2003

Task 3.1: to collect fin tissue from all adults at the initiation of the project and from all returning fish.

All tissues will be archived and stored in 70% ethanol at the UW Marine Molecular Biotechnology Laboratory (MMBL) until they can be analyzed. 

Task 3.2: to genotype all individuals and to assign kinship to each of the returning offspring.

DNA will be extracted using standard protocols. Chinook salmon microsatellite loci will be amplified using a panel of 15-20 fluorescent primers, and genotypes will be determined after analysis using a Megabace 96-well capillary sequencer (Molecular Dynamics). Kinship will be assigned to adults returning to the UW hatchery using packages such as PAPA (Duschesne et al. 2002). 

Task 3.3: to estimate rate of inbreeding with each generation of selection.

Because we aim to control the number of breeders contributing to each line, we will estimate directly the rate of inbreeding each generation from the estimates of heterozygosity obtained from the microsatellite variability using the relations Ft = 1/(2Ne)+ Ft-1(1-1/(2Ne)) and Ht = (1-1/(2Ne))t H0. The first relation estimates the inbreeding coefficient in generation t (Ft ) to the effective population size that generation Ne and the inbreeding coefficient in the preceding generation, Ft-1 (which is often assumed to be 0 in the first generation of selection). The second relation shows how heterozygosity and effective size are related. To estimate heterozygosity, the number of alleles at each locus will be calculated for fish in each group using Genepop version 3.2a.  Tests for conformity to Hardy-Weinberg expectation (HWE) and analyses of genotypic linkage disequilibrium will be performed for each line using Genepop.  For each brood, pairwise comparison of genetic structure of the lines will be performed using Genepop.  In addition, differences in mean heterozygosity and the mean number of alleles across the lines and broods will be evaluated with Kruskal-Wallis rank sum tests.  

Kruskal-Wallis rank sum tests will be performed to detect differences in average heterozygosity and mean number of alleles over the loci across mating groups.  If a difference across lines is detected, this test will then be followed by a nonparametric Dunnett-type multiple comparison of the lines.  Linear regression analysis will be used to describe the relationships between observed heterozygosities and levels of inbreeding for each brood.  Working-Hotelling confidence bands will be calculated to determine the concordance of observed heterozygosity with the expected values under different levels of inbreeding.       

Segregation analysis will be made to families whose number of genotypes should have Mendelian ratios 1:1 (parental genotypes AA/BB and AB) and 1:2:1 (parental genotypes AB and AB) in their offspring.  The difference between the number of heterozygotes and homozygotes in offspring will be examined using binomial tests by grouping different offspring genotypes into either homozygotes or heterozygotes.  A sign test for the direction of the difference between the number of heterozygotes and the number of homozygotes will be performed to determine the likelihood that the differences arose by chance across loci and families.  

Objective 4: test whether individuals have responded to selection for spawn timing by comparing returning and captive fish from each line to the control line. To test response in correlated characters.

Expected years of return: 2005 (jacks), 2006 (3 year olds), 2007 (4 year olds) 

Task 4.1: to measure the response to selection in spawn timing.

Because of the age structure of chinook salmon and the selection imposed on a temporal character, generations will overlap.  Therefore, in each year we will compute selection differentials for each sex across lines and integrate these to compute per-generation weighted selection differentials for males and females. We will employ truncation selection of early- or late-spawning individuals to optimize the selection differential by maximizing intensity of selection while still maintaining a sufficient breeding population to found the next generation.

The realized heritability of spawn date will be calculated from the ratio of total selection response (R) to total selection differential (S) (Hard et al.1993): h2 = R/S.  The variance of the heritability will be calculated by: σ2(h2) = σ2(R)/S2, where σ2(R), the variance in response is estimated from σ2(R) = 2(fe + fl) h2σ2z + (1/Me + 1/Ml) σ2z, where ff and fs are the inbreeding coefficients in the early- and late-selected lines, respectively, at the end of k generations of selection, σ2z is the phenotypic variance of spawn date, and Me and Ml are the sample sizes for spawned fish in the respective selected lines in the corresponding generation (for the ith selected line, 1/Mi = [Mi(mo) + Mi(fa)]/[4Mi(mo)Mi(fa)], where mo refers to mothers and fa refers to fathers).  Because selection differentials differ between years and sexes, the inbreeding coefficients for each selected line will be estimated by 2f = {1/[4Nmo(k)] + 1/[4Nfa(k)]}, where Nmo(k) and Nfa(k) are the numbers of mothers and fathers selected in generation k, computed over the year classes in each generation (Lynch & Walsh 1998).


We will compare mean phenotypes of control and selected lines each generation to evaluate the rate of natural selection acting on spawn timing.  We will then use the estimated phenotypes, realized heritabilities, and correlated selection differentials to estimate genetic correlations and realized responses to selection for other life history characters (body size, age at maturity, fecundity, egg size, growth rate) (Hard et al.1993; Falconer & Mackay 1996). This information will allow us to determine how multiple traits might respond to alternative selection scenarios in the hatchery or the wild.

Objective 5: to continue selection protocols to allow trend analyses
Expected years of release: Spring 2006, 2007 and 2008

Task 5.1: to repeat selection protocols outline under objective 1 for each age class.

This experiment should be continued for as long as is feasible and until the response to selection declines. We will repeat the selection protocols outlined under objective 1 for each returning age class in the released population, and for each maturing class in the captive population. (We are not selecting for age class but spawn timing, and wish to examine the correlated effects of selection on age at maturity). Biological information will be gathered for each adult used in subsequent generations, as described earlier.  We will use trend analysis to evaluate changes in response to selection in all traits over the generations of the study (Gerrodette 1987; Hard 1995a).

Task 5.2: to monitor the long-term changes in fitness traits correlated with spawn timing.

We will maintain databases throughout this study detailing pedigrees, and family specific biological information on spawn time, age at maturity and other characters. 

Objective 6: to examine whether domestication effects are reversible by relaxing selection.

Time period: long term

Task 6.1:i.  to relax divergent truncation selection on selected lines to evaluate phenotypic rebound in spawn timing and correlated traits;  ii. to crossbreed individuals from the two selected lines for two consecutive generations to determine potential outbreeding depression in crossbred progeny.
After at least three generations of selection, we will relax truncation selection on spawn timing and evaluate the subsequent phenotypic response to see if and how rapidly selected phenotypes converge on the control phenotype.  In addition, we may periodically use cryopreserved milt from control males to mate with selected females and compute intra-sire regressions of phenotype on generation to provide an independent estimate of the response to selection and domestication (Hard, unpubl. manuscript).

After lines have diverged sufficiently (by perhaps two phenotypic standard deviations or more), we will crossbreed at random individuals from the two selected lines to create two generations of “hybrid” lines to determine the genetic mechanisms that have contributed to line divergence (additive gene expression, net directional dominance, epistasis) and the minimum number of effective genetic “factors” (groups of major genes) that contribute (Lynch & Walsh 1998).  Any fitness reductions in hybrid offspring would be strong evidence of outbreeding depression resulting from breakup of coadapted gene complexes necessary for local adaptations (Hard 1995b; Waples 1991).
g. Facilities and equipment
University of Washington School of Aquatic and Fishery Sciences Hatchery

Existing facilities: Spawning and holding ponds for adults, freshwater raceways and large tanks for rearing of individually tagged families, chiller for incubation temperature control, laboratory and data collection facilities

Requested support:  We request a subcontract for fish marking because we believe this part of the project will be labor intensive. We will also require120 3ft rearing tanks for the early rearing of the families – we are currently renovating the UW hatchery and are creating additional experimental space. The tanks will be added to this space and will be dedicated exclusively to this experiment.

University of Washington Marine Molecular Biology Laboratory

Existing facilities: The MMBL is well equipped for genotyping and pedigree analysis; we currently have several PCR machines, and FMBIOP fluoroimager and a Megabace 96-well capillary sequencer for DNA visualization and  appropriate computer packages for data analysis.

Requested support: One computer for data analyses.

NMFS Northwest Fisheries Science Center

Existing facilities: Computers, balances, PIT tag detectors, cameras, and other sampling equipment, Government vehicle support

NMFS Mukilteo Field Research Station

Existing facilities: Seawater raceways for rearing captive broodstock to adulthood

Sampling equipment
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Project Duties:  Co-principal investigator.

Education:

I
Ph.D., Biological Sciences, University of Wales, Swansea, UK, 1993

II
M.Sc., Ichthyology and Fisheries Science, Rhodes University, Grahamstown, South Africa, 1990

III
B.S., Zoology, University of Cape Town, Cape Town, South Africa, 1989

Employer:  University of Washington, School of Aquatic and Fishery Sciences.

Position:  Assistant Professor since 2001.

Present assignment:  Dr. Naish is currently an Assistant Professor in the School of Aquatic and Fishery Sciences, where she conducts research on molecular and quantitative genetics of fishes with a particular focus on the evolution, diversity and adaptation of fitness traits in wild and domesticated populations and on the relationship between genetic diversity and fitness.

Previous research/expertise:  Before her appointment to the University of Washington faculty, Dr. Naish was a National Research Council Senior Research Associate at the Northwest Fisheries Science Center (two years), a Postdoctoral Fellow at the University of Guelph in Ontario, Canada, and an Aquacultural Geneticist with the Overseas Development Administration in Swansea, Wales, UK.  She has conducted research in molecular genetics and genome mapping, aquacultural genetics, and conservation genetics.  Her expertise is in the integration of molecular and quantitative genetic approaches to conservation problems in fishes.

Five Relevant Publications:
Naish KA, Park, LK (in press). Linkage relationships for 35 new microsatellite loci in chinook salmon, Oncorhynchus . Animal Genetics.

Naish, K. A., A. E. Elz, J. J. Hard, T. Sakamoto, R. G. Danzmann, and L. K. Park. In prep. Comparative genome maps between chinook salmon and rainbow trout.

Wilson, A. B., K. A. Naish, and E. G. Boulding. 1999. Multiple dispersal strategies of the invasive quagga mussel (Dreisenna bugensis) as revealed by microsatellite analysis. Canadian Journal of Fisheries and Aquatic Sciences 56:2248-2261.

Naish, K. A., and D. O. F. Skibinski. 1998. Tetranucleotide microsatellite loci for Indian Major Carp. Journal of Fish Biology 53:886-889.

Naish, K. A., M. Warren, and F. Bardakci, D. O. F. Skibinski, G. R. Carvalho, and G. R. Mair. 1995. Multilocus DNA fingerprinting and RAPD reveal similar genetic relationships between strains of Oreochromis niloticus (Pisces: Cichlidae). Molecular Ecology 4:271-274. 

Naish, K. A., G. R. Carvalho, and T. J. Pitcher. 1993. The genetic structure and microdistribution of shoals of the European minnow (Phoxinus phoxinus). Journal of Fish Biology 42A:75-89.

2) Dr. Jeffrey J. Hard
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Project Duties:  Co-principal investigator.

Education:

I
Ph.D., Ecology & Evolutionary Biology, University of Oregon, Eugene, OR, 1991

II
M.S., Fisheries Science, University of Alaska, Juneau, AK, 1984

III
B.S., Biology, Oregon State University, Corvallis, OR, 1979

Employer:  National Marine Fisheries Service, Northwest Fisheries Science Center, Conservation Biology Division.

Position:  Supervisory Research Fishery Biologist and Program Manager (Population Biology, Conservation Biology Division, NMFS employee for over 15 years.

Present assignment:  Dr. Hard is currently Program Manager for the Conservation Biology Division’s Population Biology Program, and is currently acting Director for the Conservation Biology Division.  He conducts research on quantitative genetics, with a focus on genetic basis of life history variation in and genetic consequences of artificial propagation for salmonid fishes.

Previous research/expertise:  Dr. Hard is a quantitative geneticist. His graduate research focused on ecology of chinook salmon in southeastern Alaska (M.S.) and on evolution of life history in container-breeding mosquitoes and fruit flies (Ph.D.).  He is an expert in ecological genetics and life-history evolution of salmonids.  He has published numerous papers in the peer-reviewed literature and is regularly invited to speak at national and international meetings.

Five Relevant Publications:
Hard, J. J. Accepted.  Selection on chinook salmon life history under harvest. In A. Hendry and S. Stearns (editors), Salmonid Perspectives on Evolution. Oxford University Press.

Wang, S., J. J. Hard, and F. M. Utter. 2002. Genetic variation and fitness in salmonids.  Conservation Genetics (in press).

Hard, J. J., L. Connell, W. K. Hershberger, and L. W. Harrell. 2000. Genetic variation in mortality of chinook salmon (Oncorhynchus tshawytscha) during a bloom of the marine alga Heterosigma akashiwo. Journal of Fish Biology 56:1387-1397.

Hard, J. J., B. A. Berejikian, E. P. Tezak, S. L. Schroder, C. M. Knudsen, and L. T. Parker. 2000. Evidence for morphometric differentiation of wild and captively reared coho salmon: a geometric analysis. Environmental Biology of Fishes 58:61-73.

Hard, J. J., G. A. Winans, and J. C. Richardson. 1999. Phenotypic and genetic architecture of juvenile morphometry in chinook salmon. Journal of Heredity 90:597-606.
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