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a. Abstract

Complex stochastic and deterministic processes related to breeding dynamics and survival of progeny result in differential reproductive success of adult salmonids with different phenotypic traits.  These processes are essential to the long-term health of populations and indeed the species themselves but are markedly different from patterns of mating in hatcheries.  So many salmon, especially in the Columbia River basin, are produced artificially that hatchery practices are part of the evolution of salmon.  Hatchery populations are on evolutionary trajectories that may reduce their fitness, and their interactions with wild populations are a serious conservation concern.  To conserve wild salmonids and wisely manage hatchery populations, we propose a two-part study of reproductive success.  In Part I, we will conduct thorough reviews of the scientific literature on patterns of mating in natural systems as indicated by studies of behavior and genetic parentage analysis.  We will then survey all agencies in North America that propagate salmonids to determine: 1) whether there are Policy Objectives with respect to genetics, 2) what Protocols are recommended to implement these objectives, and 3) whether the Practices in the hatcheries reflect these protocols.  We will integrate the literature with the information from agencies to develop sets of protocols that could be implemented to achieve explicit policy objectives for genetics in hatcheries.  In Part II we will document the phenotypic traits of fish used for breeding, and combinations of fish mated together in the Forks Creek Hatchery.  We will then use parentage analysis from DNA microsatellites to determine the reproductive success of individual fish, and the changes in gene frequency over two complete generations.  Our project will provide a novel combination of policy advice, based on the scientific literature and the wisdom of managers across the continent, with detailed information on the processes underlying the evolution of salmonids in hatcheries.

b. Technical and/or scientific background

Introduction

Reproductive Success

Salmon species exist as more-or-less discrete and isolated breeding populations, differing in selectively neutral traits and a variety of adaptive, quantitative traits (Ricker 1972, Taylor 1991; Quinn 1999).  This “stock concept” is the cornerstone for the conservation and management of Pacific salmon.  It is widely recognized that the health of salmon species depends on the maintenance of the complex population structure (Scudder 1989; Riddell 1993; Waples 1995), characterized by great diversity and adaptation to local conditions among populations.  

The differential reproductive success (RS) of individuals that also differ in heritable phenotypic traits is a fundamental part of natural selection and the evolution of populations.  RS is a function of the success of individuals in obtaining mates and producing viable offspring.  Mature adults are subjected to sexual selection (e.g., intra-sexual competition and mate choice), resulting in variation in RS.  Mortality agents such as nest disturbance, predation, disease and abiotic factors may take different proportions of the fish from different families (i.e., individuals with the same parents), resulting in further variation in RS among the adults of the previous generation.  These processes are not unique to salmon but are common to animals (Emlen and Oring 1977; Wade and Arnold 1980; Clutton-Brock and Parker 1992; Andersson 1994), and are a natural component of evolution.

A number of traits have been documented or hypothesized to affect RS in salmon.  At the breeding stage, males actively compete for access to ripe females, and large males tend to dominate such competition (Gross 1985; Foote 1988; Quinn and Foote 1994).  However, small males may adopt alternative reproductive tactics (sneaking rather than fighting) and successfully fertilize some eggs (e.g., Schroder 1981; Chebanov et al. 1983; Maekawa and Onozato 1986; Foote et al. 1997).  The success of males using these tactics changes rapidly over the course of the breeding season as the operational sex ratio (OSR: ratio of sexually active males to sexually active females) increases (Quinn et al. 1996).  Most research has tended to focus on variation in RS among males but RS may vary considerably among females as well.  Larger females have both more numerous and larger eggs (producing larger fry, with higher survival rates) than smaller females (Beacham and Murray 1993), and they dig deeper (hence less vulnerable) redds (Steen and Quinn 1999), so there could be size-biased variation in female RS.  However, Holtby and Healey (1986) questioned the evidence the hypothesis that large females are more productive than small females.  Much of the high mortality rate for embryos is related to gravel scour, and this may vary greatly among families but be unrelated to female size.  In addition to the factors affecting RS in males and females, there is evidence that salmon tend to mate assortatively by size (Hanson and Smith 1967; Foote 1988; Foote and Larkin 1988).  That is, large males tend to breed with large females, and smaller males with smaller females, as a result of both competition and choice.  Finally, the date of spawning is heritable, hence the progeny of early spawners will be more likely to mature at the same time as their siblings than non-siblings (Siitonen and Gall 1989), leading to genetic isolation by time within populations (Leary et al. 1989; Gharrett and Smoker 1993; Bentzen et al. 2001).  This may tend to make them vulnerable to mortality agents affecting certain segments of the population (e.g., flooding during incubation: Thorne and Ames 1987).

Thus the breeding biology of salmonids is characterized by uneven contribution of adults to the next generation (i.e., selection), and this tends to reduce the effective (as opposed to absolute) population size.  In addition, a series of connections between juvenile life history events may result in differential survival of sibling groups, magnifying the variance in RS of the parental generation.  Juveniles of most species establish feeding territories in streams, and the ability to acquire and hold territories is largely a function of size and prior residence (e.g., coho salmon, O. kisutch: Mason and Chapman 1965: Rhodes and Quinn 1998).  Egg size controls the initial size of juveniles, and juveniles that emerge early (because they were spawned early in the fall) will have a size advantage when later-emerging juveniles try to compete with them for space.  Territoriality is also strongly related to prior residence, hence there may be great variation in territorial possession among families.  Studies with Atlantic salmon and brown trout indicate the importance of these factors for survival (Brännäs 1995; Einum and Fleming 1999, 2000).  

In addition to factors related to size and date of emergence, growth rate varies among families (e.g., Beacham 1989).  Juveniles are also attracted to siblings (Quinn and Busack 1985) and sibship can affect patterns of foraging and aggression (Brown and Brown 1993), and distribution and growth (Quinn et al. 1994).  The combination of family-specific variation in fry size, date of emergence, growth, social behavior, and distribution may lead to considerable variation among families in size at the end of their first summer in the stream.  Size is positively correlated with survival through the winter in freshwater (e.g., in coho salmon, Quinn and Peterson 1996) and at sea (coho salmon: Holtby et al. 1990; cutthroat trout, O. clarki: Tipping and Blankenship 1993; and steelhead trout, O. mykiss: Ward et al. 1989).  Finally, there is evidence for family-specific variation in survival at sea independent of smolt size (pink salmon: Geiger et al. 1997; chinook salmon: Unwin, Quinn and Kinnison, in review).

Artificial Propagation


Many factors have reduced wild salmon abundance, including impassable or injurious dams, overfishing, land use practices, and variation in marine and freshwater conditions driven by climate (Stouder et al. 1996; National Research Council 1996).  To offset the effects of these factors, salmonids have been produced in hatcheries in the Pacific Northwest for over a century.  Considerable attention has been focused recently on the benefits and costs of such artificial propagation (e.g., Hilborn 1992).  Some of these concerns pertain to the elevated fishing rates on mixed wild and hatchery populations (Wright 1993; Hilborn and Eggers 2000), and possible competitive interactions between populations (Nickelson et al. 1986; Nielsen 1994).  These kinds of concerns can be difficult to resolve but are relatively simple to understand.  However, the genetic concerns regarding hatcheries are much more intricate and perplexing.  Reviews of the subject (e.g., Hindar et al. 1991; Waples 1991; Ryman et al. 1995) identify three major issues: fitness of hatchery populations for post-release survival, interactions between wild and hatchery populations, and reduction in effective population size due to supportive breeding.


Most kinds of animals bred for human consumption (e.g., chickens and pigs) are given no opportunity to interact with wild members of their species (if they even exist).  Salmonids are unusual in that we breed them in highly artificial environments but then expect them to range freely on the ocean to feed, grow and return (excepting completely controlled aquaculture operations).  A large and growing literature demonstrates that captive rearing induces a number of phenotypic changes in salmonids.  Some changes such as color (Maynard et al. 1995) are largely if not exclusively environmentally induced but others may result from both genetic and environmental changes such as aggression (Berejikian et al. 1996; Rhodes and Quinn 1998), growth (Reisenbichler and McIntyre 1977), and anti-predation responses (Berejikian 1995).  Changes in the timing of migration and breeding are largely under genetic control (Flagg et al. 1995; Quinn et al. in press).  


There are many studies indicating that the survival rates of hatchery fish are lower than those of wild conspecifics, though these differences are obviously attributable to many factors.  Nevertheless, the genetic changes in hatchery populations are cause for concern, not just for the fitness of the hatchery population but also for wild populations with which they might interbreed.  The most convincing studies on this subject, conducted on Kalama River steelhead (Chilcote et al. 1986; Leider et al. 1990), showed that hatchery adults produced markedly fewer offspring, when spawning naturally, than did wild adults.  In this case the hatchery stock was derived from another basin so the generality of the finding is not clear.  In addition, the hatchery had been operating for many years, so the extent of introgression prior to the study was difficult to ascertain.  Finally, the study relied on protein electrophoresis and could assign the fish to population (hatchery or wild) on a probabilistic basis but could not assign them to specific parents.  Thus the traits associated with reproductive success (and the poor performance of the hatchery fish) could not be determined.  Notwithstanding these drawbacks, the Kalama River work was extremely important and influential, and there is evidence elsewhere of poor performance of hatchery fish in natural environments (McGinnity et al. 1997).  


Hatcheries greatly increase egg-smolt survival but often have poor post-release survival.  This is largely a result of rearing practices, and there are efforts to improve them (Maynard et al. 1995, 1996a, b), but many phenotypic changes affecting survival have a genetic basis as well.  In some cases there has been deliberate selection for a trait that will facilitate operations in the hatchery (e.g., spawning fish that mature early in the season and discarding those that ripen later: Ayerst 1977; Crawford 1979).  More often, though, the selection is inadvertent and less obvious.  Since most fish survive in the hatchery, genetic changes probably result from one of two processes.  First, hatcheries fail to cull fish of “poor quality” that would be selectively taken by predator or pathogens in nature, and natural processes cull them after release.  After eliminating the obviously abnormal fish, most hatchery managers are unwilling to cull large numbers of their fish without a very clear set of criteria.  Even if they were willing to cull many fish, how would they know which ones were unfit?  There is very little opportunity in a hatchery to test the vigor of juvenile salmon at a production scale, so this process may be unavoidable.


The second obvious form of selection in hatcheries is the mating system, and this is the main “pressure point” by which we may practically affect salmon evolution in hatcheries.  There seems to be little documentary evidence on the specific practices in hatcheries but it is widely acknowledged that staff often tended to select a small number of males for breeding based on size or more subjective criteria related to “quality”.  The use of a few males was both a matter of selection and convenience; only a few males are needed to fertilize the eggs of many females.  Females tended to be spawned until the capacity of the hatchery was reached.  Thus, except for attributes related to timing, there may have been little variation in probability of breeding and reproductive success (other than fecundity) among females but great variation among males.  

c. Rationale and significance to Regional Programs

Geneticists have expressed concerns about the loss of genetic diversity that might be associated with such breeding plans (e.g., Utter 1998), especially as supportive breeding in itself may cause a reduction in genetic diversity (Ryman et al. 1995). In the establishment of breeding protocols, the dominant philosophy has been to prevent loss of genetic diversity.  For example, the Alaska Department of Fish and Game Genetic Policy (Davis et al. 1985) stated (on p. 14) that “Fitness is enhanced by heterozygosity” and (on p. 15) that “Any loss of genetic variation will be accompanied by a concomitant reduction in fitness.”  Highly competent geneticists wrote this report but the statements linking genetic diversity to fitness were made without reference to specific evidence.  The report was also very vague with respect to specific protocols (i.e., how the goal of diversity was to be achieved) but it expressed the need to keep the effective population size high (Ne > 400).  

This is not the universal goal.  In National Marine Fisheries Service hatcheries in southern California (e.g., Scott Creek and San Lorenzo), the policy is designed to more closely mimic natural patterns.  The protocol is for each female’s eggs to be fertilized with milt from four males (randomly picked) and each male is given a change to fertilize eggs from four females.  However, some agencies do not have any uniform policies at all.  Contacts at the Washington Department of Fish and Wildlife informed us that there is no formal policy statement and set of protocols regarding genetics in hatcheries, though individual facilities may have protocols that suit their particular needs (John Kerwin and Howard Fuss, WDFW, Olympia, pers. comm.).

In the Columbia River basin, the Integrated Hatchery Operations Team (IHOT 1994) produced a report on policies and procedures for salmonid hatcheries.  The evaluation of “Performance Standards” (p. 35) was all related to aspects of production such as number and size of smolts, date of release, water temperature, etc.  However, the report contained a “Genetics Policy” on pp. 65-72).  The policy objective was to “… maintain adequate genetic variation and fitness in populations” (p. 66).  This policy was to be achieved by three goals.

1) 
“All fish produced and released meet identified management objectives for specific artificial production programs and follow genetic guidelines.”

2) 
“Monitor and evaluate implementation of genetic guidelines and genetic effects of artificially propagated fish on wild, natural, and cultured populations.”

3) 
“Foster open and frequent communications among managing entities to jointly resolve related issues.”

More specifically, the policy objective was to be achieved by “… broodstock collection guidelines designed to minimize selective pressures from hatchery practices.”  A series of protocols were recommended, notably:

1.  Use of 1:1 sex ratio and single-pair matings if possible (“sperm should not be pooled”)

2.  Random matings with respect to fish body size

3.  Use of jacks in proportion to their abundance

4.  Absence of selection against fish whose appearance suggested “poor quality” 

The philosophy was summarized in the suggestion that the hatchery manager should “… make sure that all mature parents contribute equally to the spawn taking.”  If the total run exceeded the capacity of the facility then all fish should be spawned and equal proportions of the eggs discarded, rather than sacrificing the late fish and keeping all eggs from the early fish.  This may be a sound policy if the objective is to maintain as much of the population’s genetic material as possible but it is in stark contrast to the natural patterns of breeding observed by behavioral ecologists (e.g., Hanson and Smith 1967; Schroder 1981; Gross 1985; Keenleyside and Dupuis 1988; Quinn and Foote 1994; Quinn et al. 1996).  Is there room for improvement of breeding protocols in hatcheries?  

Aldo Leopold wrote in “Round River” (1953), “If the biota, in the course of eons, has built something we like but do not understand, then who but a fool would discard a seemingly useless part?  To keep every cog and wheel is the first precaution of intelligent tinkering.”  To some extent this is the present philosophy with respect to genetic resources: keep all the material and be sure nothing is lost.  This may be wise when it comes to biodiversity at the species level but is it necessarily wise at the level of gene pools?  Can you repair a machine by putting all the “cogs and wheels” into the case and shaking them up, as may result from such breeding protocols?

Problem Statement and Justification


Studies of the natural history and behavioral ecology of salmon reveal complex stochastic and deterministic processes related to survival and breeding dynamics that result in differential reproductive success of individuals with different phenotypic traits.  These processes are widely recognized as essential to the long-term health of populations and indeed the species themselves.  For better or worse, artificial propagation is now an integral part of the overall evolutionary dynamics of salmon.  A large fraction of the salmon in the Pacific Northwest and especially the Columbia River basin are produced in hatcheries.  Salmon populations in hatcheries are on their own evolutionary trajectories, and they interact with nearby wild populations, affecting both groups.  These interactions are consistently identified as priority concerns in salmon conservation (e.g., Waples 1991; Utter 1998).


There are many questions related to the genetics of hatchery and wild salmon but the core of the problem, and the least-studied aspect, is: what is the appropriate breeding protocol for salmon in hatcheries to minimize divergence from wild populations?  The corollary of this question is: what are the patterns of evolution by salmon in hatcheries?  Without addressing these uncertainties it will be difficult or impossible to reduce the deleterious genetic interactions between wild and hatchery salmon in a systematic manner.

Most recently, the Columbia Basin Fish and Wildlife Authority produced the “Mainstem and Systemwide Province Draft Artificial Production Program Summary” for the Northwest Power Planning Council (CBFWA 2002).  This document made reference, in numerous places, to the importance of genetic interactions between wild and hatchery salmonids.  The report stated (our emphasis): 

Studies need to be conducted to measure the relative fitness of hatchery fish spawning in the wild.  Likewise, experiments need to be conducted to estimate the rate of domestication in a hatchery setting, the rate of readaptation to a natural setting, and to provide information into what traits are under selection in different environments.  

With respect to breeding protocols in hatcheries, the report stated:

Conservation hatcheries should function in ways that reflect the latest scientific information and conservation practices to maintain genetic diversity and natural behavior and to reduce the short-term risk of extinction (Flagg et al. 1999, 2000b).  

Initial, antiquated, production hatchery methodology probably had a more severe impact on fitness characteristics than present methodologies.  Beginning in the late 1900s, reforms were championed to mitigate the effects of hatcheries on wild fish.  These reforms to existing hatcheries included … adopting genetically appropriate mating protocols, … and developing hatchery and genetic management plans to comprehensively guide operations and monitoring and evaluation programs.
We believe that the genetic management plans and spawning protocols have been well intentioned but biased towards preservation of genetic diversity rather than natural attributes, and need to be re-examined in light of the behavioral ecology of salmonids.  Protocols also need to be evaluated against empirical studies of reproductive success and inadvertent selection in hatcheries.

d. Relationships to other projects 
This project is related to the ongoing efforts to reform hatcheries within the Columbia River basin but to our knowledge there is no specific effort to evaluate and develop protocols in the manner that we propose.  There are also studies using DNA parentage analysis to determine the reproductive success of salmonids (e.g., work of Berejikian and co-investigators on competition between wild and captive-reared salmon at Manchester, Washington).  However, to our knowledge there is no effort to link the specific breeding practices in a production hatchery with the realized reproductive success of the fish to one, much less two generations, as we propose. 

e. Proposal objectives, tasks and methods
Objectives 


We propose a two-part study, designed to provide information and perspectives that can be directly applied to the operation of hatcheries, and help understand the evolution of salmon in a hatchery.  Our first objective is to develop a series of protocols that could be used for breeding salmon in hatcheries, based on explicitly stated policy objectives.  This objective will be accomplished by combining the scientific literature on salmonid breeding systems and reproductive success with the policies and protocols of agencies throughout the continent that breed salmonids.  These investigations will result in a report reviewing the literature, summarizing the results of agency surveys, and a set of conclusions based on the two perspectives.  Our second objective is to take advantage of a unique opportunity to directly determine the reproductive success of steelhead in a production hatchery over two complete generations.  This effort, combining DNA parentage analysis with life history data collected from the fish and records of which fish were bred together, will give unprecedented insights into the genetic outcome of hatchery breeding.  We will produce a report documenting the phenotypic traits associated with breeding in the hatchery in relation to local hatchery protocols, the changes in genetic diversity, and the variation in reproductive success of individual steelhead.  The two parts of our study will thus provide complementary perspectives on the pressing question of hatchery breeding protocols. 


Tasks and Methods 

Part I.  Examination of Breeding Protocols in Artificial and Natural Environments

We maintain that there has been insufficient linkage between the development of breeding protocols in hatcheries (e.g., 1:1 sex ratio and single pair matings) and the literature on behavior and reproductive success of naturally spawning salmon.  In this first part of the study, we will conduct a comprehensive survey of A) the protocols used for salmonid hatcheries throughout North America, B) the patterns of salmonid breeding as revealed by behavioral observations, and C) the patterns of reproductive success, as revealed by biochemical and molecular markers.  

A.
We will first thoroughly survey the Policy Objectives, Protocols, and Practices in salmonid hatcheries.  Our initial step will be to assess the extent to which agencies engaged in salmonid hatchery operations have explicit Policy Objectives related to genetics and breeding design in hatcheries.  These would be general goals, such as maximizing genetic diversity, shifting breeding date, selecting for growth, etc.  We will then determine how these objectives are translated into stated protocols (i.e., what the hatchery staff are actually asked to do).  Third, we will try to ascertain whether the protocols are actually operating when fish are being killed and gametes taken.  A policy statement promulgated at the agency headquarters may not be implemented at the hatchery level.  Spawning salmon is a laborious and challenging job, requiring nearly instantaneous decisions as to which fish are killed and spawned, which are killed and not spawned, which are retained for future spawning events, and which are released to spawn naturally.  It is difficult to determine the actual practices at working facilities, but we will try to determine if agencies routinely monitor practices, and also try to contact staff at some hatcheries to determine their actual practices.  Some degree of confidentiality may be required at this stage, especially if formal policies are not being followed.


Our goal in this first stage is to see how many of the agencies engaged in salmonid propagation have policy objectives and protocols, and to see whether there is any consensus as to what they should be.  We have no a priori hypothesis but rather seek to determine the extent to which the issue of breeding protocols has been addressed, and what the range of objectives is.  We will accomplish this task with a standard questionnaire that will be sent to agencies throughout North America.  There are dozens of agencies, including state, federal, provincial, and tribal hatcheries in the U.S. and Canada.  We will follow up the initial contact by phone or e-mail to get as many responses as possible.  Depending on the success of the survey we may attempt to contact agencies in Europe (e.g., England, Scotland, Ireland, Norway, Sweden) as well.  


Possible outcomes of this first stage include: 1) few if any agencies have objectives and protocols (indicating that the problems is largely unrecognized outside the scientific community), 2) many agencies have policies and they are consistent (indicating recognition of the problem and general agreement as to its solution), and 3) agency policies and protocols are divergent (indicating recognition of the problem but disagreement as to its solution).  The results and interpretation of the survey will be complied and interpreted as a discrete report.

B. 
The second phase of Part I will be a thorough survey of the literature on the breeding behavior of salmonids, designed to shed light on issues directly related to patterns of mating that could be contrasted to protocols in hatcheries.  Unlike most marine and many other freshwater fishes, the reproductive behavior of salmonids is readily observed and there is a very large literature describing the patterns and dynamics of reproduction.  Examples of this literature include pink (Keenleyside and Dupuis 1988; Chebanov 1989; Dickerson et al. 2002), sockeye (Hanson and Smith 1967; Quinn and Foote 1994; Quinn et al. 1996), chum (Schroder 1981), chinook (Chebanov and Riddell 1998; Berejikian et al. 2000), coho (Gross 1985; Chebanov 1990; Fleming and Gross 1994; Berejikian et al. 2001), and studies including several species (e.g., Quinn 1999). 


Our meta-analysis of these studies will focus on behavior and life history patterns that could be compared to protocols in hatcheries, and possibly incorporated into alternative protocols.  Among the most important attributes for assessment are 1) the prevalence of multiple mates, 2) variation among and between sexes in reproductive opportunities, 3) temporal patterns of breeding, 4) phenotypic traits associated with RS (e.g., size, shape, color), and 5) size assortative mating.  Many studies have documented the number of males actively courting a ripe female, and also the number of females courted by individual males.  These patterns typically vary over the course of the breeding season as the operational sex ratio changes (Schroder 1981; Quinn et al. 1996).  The extent of polygamy is a critical aspect of the genetic diversity of the population, and the extent to which the number of mates is associated with phenotype (e.g., size, shape) will affect the evolution of the population.  


In addition to multiple mates, the variation in reproductive opportunities is a key attribute of mating systems.  Most animals have a mother and a father (excepting clonal organisms), so the average reproductive success of males and females is the same, assuming an equal sex ratio.  However, it is typical for male animals to show more variation than females, and this difference is widely believed to drive patterns of sexual dimorphism, color, display, and other aspects of courtship and reproduction.  For every male that sires offspring with many females there are other males whose breeding opportunities are limited or precluded.  In this regard, we make every effort to determine variation in mating opportunities associated with size, age or other phenotypic traits (e.g., jacks: Schroder 1981; Gross 1985; Foote et al. 1997).  Studies of salmonid reproductive behavior have tended to focus on male competition and female choice, and often assume that there is little variation in reproductive success among females.  We will take special care to search for studies on variation in female breeding opportunities, in addition to the more readily available studies on males.


The timing of breeding is a critical life history trait in salmonids.  Breeding date is an adaptation to the prevailing thermal regime during incubation, and the patterns of food availability in spring (e.g., Brannon 1987).  This trait is highly heritable in salmonids (e.g., Siitonen and Gall 1989; Smoker et al. 1998; Quinn et al. 2000) and progressively earlier spawning is often observed in hatchery populations as a result of deliberate (Ayerst 1977; Crawford 1979) or inadvertent selection (Flagg et al. 1995; Quinn et al. 2002).  Breeding date in natural populations reflects balancing selection from such processes as spawning site selection and competition, redd superimposition, predation on adults, gravel scour and other physical factors, as well as competition and predation on offspring the following spring.  Females typically breed over a short period whereas males typically breed (or attempt to breed) over virtually their entire lives on the spawning grounds.  The life history patterns of early and late spawners are often quite different (e.g., Perrin and Irvine 1990; Hendry et al. 1999) so timing is not merely a random variable but one linked to other traits.  Our literature search will consider temporal aspects of breeding systems.  


Another aspect of salmonid breeding that is directly relevant to hatchery protocols is size assortative mating.  Hanson and Smith (1967) studied wild sockeye salmon and observed that large males and females tended to breed, and that smaller males tended to mate with smaller females.  Some experimental studies have also reported this pattern (Foote 1988; Foote and Larkin 1988), though other field studies (Quinn and Foote 1994; Dickerson et al. 2002) have not seen the pattern.  It is important to determine the prevalence of assortative mating in natural breeding systems as opposed to arena experiments, which might over-emphasize the importance of the phenomenon.  As with the survey of hatchery policies and protocols, the results and interpretation of the survey of behavior patterns will be complied and interpreted as a discrete report.

C.
The third phase of Part I will be a survey of the rapidly growing literature on the reproductive success in salmonids, inferred from genetic markers.  Studies in Phase B (above) of reproductive behavior typically assume that the male closest to the female fertilizes most of the eggs when released by the female (e.g., Gross 1985).  Schroder’s (1981) pioneering study used protein electrophoresis to determine the proportions of eggs fertilized by each of several males courting female chum salmon.  This work showed the reproductive contribution of jacks and satellite males, and subsequent studies (e.g., Chebanov et al. 1983; Maekawa and Onozato 1986; Hutchings and Myers 1988; Morán et al. 1996; Foote et al. 1997; Bentzen et al. 2001) have revealed that behavior observations of dominance do not always correspond to actual patterns of paternity.  This literature is rapidly growing, and work in our laboratory (McLean, Seamons, Dickerson, Quinn and Bentzen) will be included in the review.


One reason that courtship and paternity are not always equivalent is that mating often occurs when the fish are not observed.  In this sense, the genetic data provide a check on the validity of the behavior observations.  In addition (and perhaps more fundamentally), it is clear that some aspects of sperm quantity, quality, motility or competition contribute greatly to fertilization.  Experiments pooling milt from males revealed striking inequalities in proportions of eggs fertilized in several salmonid species (Gharrett and Shirley 1985; Withler and Beacham 1994; Gile and Ferguson 1995).  Milt from precocious male rainbow trout had a higher concentration of sperm cells than older milt from older males (Liley et al. 2002).  It is unclear exactly what controls sperm success but application of milt from a single male with eggs from a single female will negate selection that would naturally occur against males with poor sperm quality.  


As with the first two components of Part I, we will compile the information from this meta-analysis into a comprehensive review.  We will then produce a summary report, integrating the three components into an overall assessment of the patterns of reproduction at behavioral and genetic levels as they occur in natural systems, and contrast these to the suite of policies, protocols and practices as salmonid hatcheries.  The purpose of this summary is not to criticize existing protocols but rather to indicate the extent to which information on natural patterns might be used to propose alternative approaches that might be tried on an experimental basis to make breeding systems in hatcheries more natural.

Part II.  Reproductive Success in A Hatchery Environments


Our overall objective in this part of the study is to determine the factors influencing RS in salmonids in a hatchery, using steelhead trout as the test species.  Our specific objectives are as follows: (1) quantify the breeding pattern (i.e. selection of fish for spawning) in a production hatchery, (2) directly determine the realized RS of the individual hatchery fish by DNA parentage analysis of the adults returning over two complete generations (3) directly measure the effective population size (Ne) of the hatchery population over multiple generations (4) determine whether these was any loss of genetic diversity in the hatchery population over two generations.  To achieve these objectives, we will combine basic biological data (size, age, fecundity, egg size, date of reproduction of adults, and size and survival rate of progeny) with genetic analyses to link offspring with their parents.  Although our study will be conducted on one species at one site, the information gained will provide important input into models of the reproductive dynamics of small populations to help design breeding protocols.


We chose steelhead because (1) they are broadly distributed (Burgner et al. 1992), (2) they have been the focus of intense recreational fisheries and are also commercially fished by Native American tribes with treaty rights; (3) many populations are in jeopardy (Stouder et al. 1996) but a status review by the National Marine Fisheries Service indicated that large knowledge gaps will hinder conservation efforts (Busby et al. 1996); (4) previous research with protein electrophoresis indicated that hatchery-produced fish spawning in the wild may have lower reproductive success than wild fish (Chilcote et al. 1986; Leider et al. 1990); (5) there is very extensive hatchery propagation of this species.  Light (1987) estimated that about half the adult steelhead in North America, and 70% of those in Oregon, Idaho and Washington, are produced in hatcheries.


Our study site, Forks Creek, provides rare opportunities for studying hatchery genetics and management.  A tributary to the Willapa River in southwest Washington, the creek has a wild population of steelhead that generally enters from March through May and spawns from April through June.  A hatchery on the river has operated since 1895, producing coho and chinook salmon.  There had been occasional releases of steelhead in the Willapa River but apparently not in Forks Creek, and there had been no continuous propagation of steelhead in the system.  Beginning in the winter of 1996, the creek received the first adult returns from hatchery-produced steelhead released as smolts in spring of 1994.  These fish were drawn from the Chambers Creek hatchery population (mixed with fish at the Bogachiel Hatchery).  This population is widely released in Washington by the WDFW, and has been artificially selected for early return and spawning timing (generally December through February) to minimize fishery conflicts and interbreeding with wild fish and to facilitate culture operations.  This creation of a strain of the species for human use that differs from the wild populations has been the state’s approach to conserving the abundance and genetic integrity of steelhead.  We initiated sampling with the first brood year, so this site provides an excellent (and probably unique) opportunity to examine the genetics of hatchery steelhead.  

Table 1.  Numbers of steelhead spawned or sacrificed (i.e., killed but not used for spawning) at the Forks Creek Hatchery.  

	
	Origin of adults in the hatchery

	Brood year
	hatchery
	wild

	1996
	61
	0

	1997
	56
	0

	1998
	45
	0

	1999
	144
	0

	2000
	131
	12

	2001
	126
	1

	2002
	375
	2



The hatchery has spawned steelhead for 7 years (Table 1) and we have obtained samples (length, weight, scale and DNA samples, and egg size and fecundity from females) from almost all of them.  We waited until the hatchery staff selected and spawned the fish according to their standard practice or decision of the moment, and we then sampled the fish.  We estimated the fecundity of females by weighing the entire mass of eggs, and weighing and counting a subsample of eggs.  We can thus determine how much of the variation in female RS can be attributed to fecundity (estimated from the body-size fecundity relationship), as opposed to other factors related to body size or spawning date.  We will also compare the patterns of “mate choice” observed in the hatchery to those inferred from the wild population on the basis of DNA analysis.  For example, what are the relative frequencies of multiple males mating with one female, single males mating with more than one female, size-assortative mating, etc.?


The hatchery rears steelhead for one year before releasing them to sea and most of the steelhead spend two full years at sea before returning (inferred from scale examination and size frequency analysis).  Thus in winter 1999 many of the hatchery-produced adults returning to Forks Creek were the progeny of adults that we sampled in 1996 (i.e., the first generation), and in winter 2001-2002 we sampled the F2 (grandchildren) of the first generation.  There were no subsequent transfers of smolts or gametes into the hatchery after the initial transplants (though they have occasionally spawned wild fish), so we are seeing the evolution of this hatchery population.  

Genetic Analysis


We will determine the parentage (and other forms of kinship) for steelhead by genotyping microsatellite loci.  The attributes of microsatellites as genetic markers have been reviewed extensively (e.g., Wright and Bentzen 1994; O’Reilly and Wright 1995; McConnell and Wright 1997).  Briefly, they consist of 1-5 base pair (bp) repeats that form tandem arrays < 300 bp in length, and exhibit high levels of allelic variation in repeat number.  Polymorphism exhibited by specific microsatellites is readily detected by amplification of the microsatellite through the use of oligonucleotide primers specific to the non-repetitive regions that flank the repeat array, in combination with the polymerase chain reaction (PCR).  Allelic variation is scored by gel electrophoresis of the PCR products, most commonly on automated systems facilitating running and scoring of genotypes.


Microsatellites have recently come into widespread use in kinship analyses (reviewed in Hughes 1998; Marshall et al. 1998) because the large numbers of alleles and high heterozygosities provide the power for discriminating parent-offspring combinations from unrelated individuals.  Power increases dramatically with increasing expected heterozygosity (HE) (Blouin et al. 1996).  For loci with HE ( 80% the average exclusion probability is > 0.999 for nine unlinked loci.  We have sampled almost all of the Forks Creek hatchery spawners and so anticipate a high success rate in identifying offspring. 


Our detailed analysis of variance in RS among individuals will amount to a direct measurement of the current (variance) effective population size (Ne) of the population.  Our microsatellite assays will also permit indirect estimates of current Ne based on temporal variance in allele frequencies (Waples 1989; Waples 1990a, b; Waples and Teel 1990) and linkage disequilibrium (Bartley et al. 1992), and we will be able to compare our direct observations of Ne with these commonly used (but rarely validated) indirect approaches.  Ne is a parameter of fundamental importance in population and conservation biology; hence these comparisons will be of significant interest.  


We will use several approaches to determining kinship among steelhead using the microsatellite data.  One approach will rely on simple exclusion criteria to identify potential parent-offspring triads.  This approach will be facilitated by recording genotypic information along with other pertinent data from all individuals in a relational database structured to permit direct queries about potential parent-offspring matches at all or any subset of the genotyped loci.  The ability to examine partial genotypic matches between offspring and candidate parents will allow us to diagnose any false exclusions that might arise from genotyping errors, null alleles or mutations.  Second, we will use the recently released parentage assignment program, Cervus 2.0 (Marshall et al. 1998; Slate et al. 2000) to assign parentage.  Cervus combines a likelihood-based approach to assigning parentage (Thompson 1975, 1976; Meagher 1986) with simulation abilities, allowing us to determine the statistical confidence of parentage assignments, accounting for incomplete sampling of candidate parents, incomplete genotypic data, and genotyping errors.  Third, we will employ allele sharing and relatedness measures (e.g., Blouin 1996) and likelihood procedures (Herbinger et al. 1995) to identify likely siblings even if we did not sample the parents.  

Progress to Date and Preliminary Results


We have collected genetic samples from virtually all hatchery steelhead used for spawning but have not commenced analysis of these samples.  This collection of samples and records now gives us the unprecedented opportunity to examine patterns of reproductive success over two generations.  At Forks Creek, hatchery staff combine eggs from about 5-6 females and an equal number of males in a bucket.  Multiple buckets are used, as required by the number of ripe fish.  Once the hatchery’s capacity is filled, surplus fish are sacrificed (except in the first two years of the operation, when they were released upriver).  Cognizant of the number of fish available, the hatchery manager culls some of the early fish to avoid biasing the spawning date, and he also randomizes the fish used for spawning to avoid selection for specific phenotypes.  


Preliminary analysis of the patterns of fish spawned and killed unspawned, and of the fish spawned together has revealed fascinating patterns (data do not include the 2001-2002 brood year).  First, and least surprisingly, the average date when fish were spawned was earlier than the date when fish were killed, indicating directional selection for earlier maturation (3 January vs. 17 January, t = 12.98, P < 0.001).  More surprisingly, given the apparently random choice of fish, is the fact that the fish used for spawning have been significantly larger than those sacrificed at the hatchery (females: 684 vs. 630 mm, males: 687 vs. 656 mm, P < 0.001 in both cases).  This difference might arise from a correlation between date of maturation and size.  However, the tendency for larger fish to mature earlier was negligible (r2 = 0.04 for females and 0.01 for males).  Thus there seems to be some unconscious tendency for the staff to spawn larger fish, though they do not plan to do so.  There is no measurement of fish until after they are killed, the staff does not see the data, and the fish are not lined up prior to spawning in any manner than would facilitate comparisons.  


Most surprising of all, the fish that were spawned together (i.e., gametes placed in the same bucket) were more similar in size than would occur by chance.  Specifically, the average size of males and females in each spawning group were correlated (correlation coefficient = 0.4, P < 0.05).  Finally, although there was an attempt to use males and females equally, the actual ratio of females to males spawned in each group ranged from 6:2 to 7:16.  Overall, 212 of the 278 females were used for spawning and only 66 (23.7%) were killed unspawned but 39.4% of the 289 males were killed.  Thus the practices may in fact mimic the natural tendency for higher variation in RS among males than females.  The results are preliminary but they emphasize the importance of thinking carefully about spawning protocols, and also the need for monitoring of the actual practices that occur in the hatcheries.  We emphasize that our results should not be taken as a criticism of the hatchery staff.  Indeed, they make every effort to follow protocols and select fish at random.  Rather, they indicate the subtle selection that can occur despite efforts to the contrary.


Taken together, these preliminary results indicate selection for early maturation within the season, large body size, and size-assortative mating in the hatchery.  We propose to examine the complete data set rigorously.  It will remain to be seen which males and females contribute to the next generation, and how heritable these traits are.  Our parentage analysis will allow us to determine the variation in RS among male and female hatchery fish, and the heritabilities of the life history traits that we measure (length, weight, fecundity, egg size, and spawning date).  

f. Facilities and equipment
The meta-analyses of behavior, genetics and hatchery protocols will be conducted at the School of Aquatic and Fishery Sciences, University of Washington, in Seattle.  We request a PC for the graduate student but otherwise have complete facilities, including an extraordinarily well-stocked library system.  Seattle is an ideal place to conduct such analysis, being proximate to the offices of the National Marine Fisheries Service, where the status reviews of ESUs were conducted, the U.S. Geological Survey – Biological Resources Division, and other relevant agencies.

Allelic variation in microsatellites will be scored using a BaseStation (MJ Research) DNA fragment analyzer at Dalhousie University under the supervision of Paul Bentzen. The BaseStation offers extremely high throughput (96 samples per run) combined with highly precise genotyping. Microsatellite genotypes will be analyzed following procedures developed in Bentzen’s laboratory (Olsen et al. 1996; Bentzen et al. 2001), and with the assistance of proprietary software associated with the fragment analyzer.  This laboratory is completely equipped for DNA extraction, PCR and sequence analysis, allowing us to go from fin clips to fully processed data.  We will genotype all adult samples in one year at a minimum of 12 microsatellite loci.  This is feasible given our experience and the available equipment.  We routinely analyze many thousands of multilocus microsatellite genotypes per year. The 12 loci represent a panel of tetranucleotide (4 bp repeat) microsatellites developed in Bentzen’s laboratory. These loci permit precise genotyping (a feature of tetranucleotide repeats) and exhibit high heterozygosity (mean, 89%). In combination, these features will allow us to resolve kinship (especially parent-offspring relationships) with high accuracy.
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Section 4. Key personnel


The Forks Creek project was conceived and initiated by Thomas Quinn in collaboration with Paul Bentzen, then on the UW faculty.  Dr. Quinn will have overall responsibility for the project, with special emphasis on the meta-analyses.  He has over 20 years of experience in salmon behavior, ecology and evolution, including work on reproduction, and studies on hatcheries.  Dr. Hauser, who replaced Dr. Bentzen as the molecular ecologist at the UW, is a broadly trained geneticist with experience in the population genetics of many fish and invertebrate species, and will share responsibility for meta-analyses and have primary responsibility for designing protocols to achieve specific genetic objectives.  We request 1.5 months salary for Dr. Quinn and 1.0 months for Dr. Hauser over the 18 months of the project.  Dr. Bentzen has extensive experience in molecular ecology, with special expertise on parentage and population analysis of salmonids.  His current position at Dalhousie University provides 100% of his salary and his laboratory will perform the genetic analyses under a subcontract.  We request 18 months of salary support (at 50% FTE) and tuition for a graduate student supervised by Dr. Quinn, and 18 months of salary support (at 50% FTE) for a staff biologist.  They will have primary responsibility for the library work and surveys of agency policies and protocols.


BIOGRAPHICAL SKETCHES

Name:
Thomas P. Quinn

Address:
School of Aquatic and Fishery Sciences, Box 355020


Univ. of Washington 


Seattle, WA  98195

Phone:
(206) 543-9042

e-mail:
tquinn@fish.washington.edu

Education:
B.A. with Distinction in Biology, Swarthmore College, 1976


M.S. in Fisheries, University of Washington, 1978


Ph.D. in Fisheries, University of Washington, 1981

Employment:


2000-present
Professor, School of Aquatic and Fishery Sciences


1990-2000
Associate Professor, School of Fisheries,


1986-1990
Assistant Professor, School of Fisheries, Univ. of Washington


1984-1985
Research Associate, Department of Oceanography,


University of British Columbia, Vancouver, B.C.


1981-1984
Post-doctoral Fellow, University of British Columbia,


and Pacific Biological Station, Nanaimo, B. C., Canada

Research Interests:


Behavior, ecology and evolution of salmonid fishes, with emphasis on migrations, life history patterns, reproduction, habitat requirements and conservation.

Selected Relevant Publications (total = 167)

Quinn, T.P., M.T. Kinnison and M.J. Unwin. 2001. Evolution of chinook salmon (Oncorhynchus tshawytscha) populations in New Zealand: pattern, rate, and process. Genetica 112/113: 493-513.

Hendry, A. P., J. K. Wenburg, P. Bentzen E. C. Volk and T. P. Quinn. 2000. Rapid evolution of reproductive isolation in the wild: evidence from introduced salmon.  Science 290: 516-518.

Rhodes, J.S. and T.P. Quinn.  1998.  Factors affecting the outcome of territorial contests between hatchery and naturally reared coho salmon parr in the laboratory.  Journal of Fish Biology 53: 1220-1230.

Quinn, T. P. and C. J. Foote. 1994. The effects of body size and sexual dimorphism on the reproductive behaviour of sockeye salmon (Oncorhynchus nerka).  Animal Behaviour 48: 751-761.

Quinn, T.P. 1993. A review of homing and straying of wild and hatchery-produced salmon.  Fisheries Research 18: 29-44.


Name:
Lorenz Hauser

Address:
School of Aquatic and Fishery Sciences, Box 355020


Univ. of Washington 


Seattle, WA  98195

Phone:
(206) 543-4270

Education

1992-1996
Ph.D.; University of Wales, Swansea.  Thesis "Genetic and morphological differentiation of native and introduced populations of the Lake Tanganyika sardine Limnothrissa miodon"

1989-1990 
M.Sc. Fisheries Biology & Management Course; University College of North Wales, Bangor. Thesis: "Effects of sea trout stocking on the population genetics of landlocked brown trout (Salmo trutta)" 

1983-1989 M.Sc. Zoology; University of Vienna, Austria. Thesis: "Comparative 



investigations on the food selectivity of 0+ cyprinids"


Employment:
2002-
Assistant Professor, University of Washington, Seattle, USA

1996 - 2002
University Research Fellow in Molecular Ecology (Univ. of Hull)

1994 - 1995
Research Assistant (University of Wales, Swansea)
Funded by: The Leverhulme Trust, The Royal Society

Sept-Nov 1994
Visiting Scientist at the Fisheries Centre, University of British Columbia, Vancouver, Canada

1991 - 1994
Research Assistant (University of Wales, Swansea)
Funded by: Overseas Development Administration

1988 - 1989
Part-time Research Assistant (University of Vienna) 

Research Interests:  Molecular ecology of fishes, with emphasis on the patterns of evolution and population structure of introduced populations.  

Selected Relevant Publications (total = 16)

Hauser L., Carvalho G.R., Pitcher, T.J. & Ogutu-Ohwayo R. (1998) Genetic affinities of an introduced predator: Nile perch in Lake Victoria, East Africa. Molecular Ecology 7, 849-857.
Carvalho G.R., Shaw P.W., Hauser L., Seghers B.H. & Magurran A.E. (1996) Artificial introductions, evolutionary change and population differentiation in Trinidadian guppies (Poecilia reticulata: Poeciliidae). Biological Journal of the Linnean Society 57, 219-234.

Hauser L., Carvalho G.R. & Pitcher T.J. (1995) Morphological and genetic differentiation of a clupeid (Limnothrissa miodon) 34 years after introduction into Lake Kivu, East Africa. Journal of Fish Biology 47, 127-144.

Carvalho G.R. & Hauser L. (1994) Molecular genetics and the stock concept in fisheries. Reviews in Fisheries and Fish Biology, 4, 326-350.

Hauser L., Beaumont A.R., Marshall G.T.H. & Wyatt R.J. (1991) Effects of sea trout stocking on the population genetics of landlocked brown trout, Salmo trutta L., in the Conwy River system, North Wales, U.K. Journal of Fish Biology, 39 (A), 109-116.


Name:


Paul Bentzen

Address:

Dept. of Biology, 

Dalhousie University





Halifax, Nova Scotia B3H 4J1

Telephone:

902-494-6567  

Fax:


902-494-3736

E-mail:

paul.bentzen@dal.ca

Education:


Ph.D., 1989, McGill University, Department of Biology



M.Sc., 1982, University of British Columbia, Department of Zoology

B.Sc. (1st class Honours), 1978, McGill University, Department of Biology

Employment:

2001 – present: 
Professor and Department of Fisheries and Oceans Chair in Fisheries Resource Conservation Genetics, Dalhousie University, Department of Biology

1999 – 2001: 
Associate Professor, Univ. of Washington, School of Aquatic and Fishery Sciences

1993 – 1999: 
Assistant Professor, University of Washington, School of Fisheries

1991 – 1993: 
Research Associate, Dalhousie University, Marine Gene Probe Laboratory/Ocean Production Enhancement Network, 

1989 – 1991: 
FCAR, NSERC Postdoctoral Fellow, Dalhousie Univ., Department of Biology 

Research Interests:  Molecular ecology of fishes, with emphasis on the patterns of population structure and reproductive success in salmonids.

Selected Relevant Publications (total = 49) 

Kinnison, M.T., P. Bentzen, M.J. Unwin, T.P. Quinn. 2002. Reconstructing recent divergence: evaluating non-equilibrium population structure in New Zealand salmon. Molecular Ecology (accepted)

Wenburg, J.K., and P. Bentzen. 2001. Microgeographic population structure in the coastal cutthroat trout (Oncorhynchus clarki clarki): genetic and behavioral evidence for restricted gene flow. Trans. Am. Fish. Soc. 130: 1051-1069

Bentzen, P., J.B. Olsen, J.E. McLean, T.R. Seamons and T.P. Quinn. 2001. Kinship analysis of Pacific salmon: insights into mating, homing, and timing of reproduction. Journal of Heredity 92:127-136.

Olsen, J.B. P. Bentzen, M.A. Banks, J.B. Shaklee and S. Young. 2000. Microsatellites reveal population identity of individual pink salmon to allow supportive breeding of a population at risk of extinction. Trans. Am. Fish. Soc. 129: 232-242.

McConnell, S.K., P. O'Reilly, L. Hamilton, J.M. Wright, and P. Bentzen. 1995.  Polymorphic microsatellite loci from Atlantic salmon (Salmo salar): genetic differentiation of North American and European populations.  Can. J. Fish. Aquatic Sci. 52:1863-1872.

24

