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a. Abstract 
Project #199305600, ‘Assessment of Captive Broodstock Technologies’, addresses numerous challenges associated with full-term captive culture and reintroduction of Pacific salmon.  The proposal continues the following five major research objectives: 1) improve reintroduction success, 2) improve olfactory imprinting and homing, 3) improve physiological development and maturation, 4) improve in-culture survival through prevention and treatment of disease, and 5) evaluate effects of inbreeding and inbreeding depression.  Coordinated studies on nutrition, physiology, microbiology, genetics, behavior, and ecology will achieve the objectives.  Researchers will combine experimental studies on surrogate captive populations with direct sampling of ESA-listed captive populations.  The reproductive behavior and success of chinook salmon reared in experimental treatments in stream channels and natural streams will be quantified to improve reintroduction success in captive rearing programs.  Critical imprinting periods for sockeye salmon will be determined to improve imprinting and homing.  Studies of the effects of growth on incidence of early male maturity and adult quality in spring chinook salmon will be conducted to induce natural age-at-maturity for both sexes without compromising adult body size.  The effects of rearing temperature and growth rate on maturation timing, fecundity, egg size, egg quality, and reproductive behavior in spring chinook salmon will be studied to improve the productivity of adults for artificial and natural spawning.  Fertility and embryonic development will be studied in Redfish Lake sockeye salmon to improve eyed egg viability.  To reduce inculture mortality related to bacterial kidney disease, drug resistance development, pharmacokinetics, efficacy, and toxicity of azithromycin will be determined in studies on juvenile chinook salmon.  Genetic studies will continue to assess the effect of controlled inbreeding on survival, development, age structure, and other aspects of the life history of chinook salmon.  Researchers will continue to convey scientific results through the primary (peer-reviewed) literature, contract reports, regional Technical Oversight Committee meetings, and workshops/symposia.

b. Technical and/or scientific background
Over the last several decades, many of the distinct salmon populations in the Columbia River have experienced a steady decline due to habitat loss, dams, and overfishing (National Research Council (NRC) 1996; National Marine Fisheries Service (NMFS) 2000).  In response to population declines, a number of captive propagation and conservation hatchery programs have been initiated to preserve the genetic resources associated with imperiled populations and to re-introduce and restore them as the factors for decline are mitigated (NWPPC 1999).  The NMFS (2000), the Northwest Power Planning Council’s (NWPPC) Columbia River Basin Fish and Wildlife Program (2000), and several state and tribal agencies have endorsed and implemented captive broodstock programs as a safety net for populations listed as threatened or endangered under the US Endangered Species Act.  Most captive broodstock programs initially capture locally adapted, naturally produced (i.e., wild) fish and rear them in captivity to adulthood, thereby increasing the juvenile-to-adult survival.  The adults or their progeny are reintroduced into their natal environment to quickly amplify population abundance.  While captive propagation may be necessary to preserve endangered populations, several potential problems must be addressed in developing successful captive broodstock programs (those releasing F1 juveniles) and captive rearing programs (those releasing captive-reared adults).  Captive propagation removes salmon from their natural environment and culture and release practices can have profound effects on the development, physiology, behavior and ecological interactions of fish when they are released back into their native environment.  Coordinated studies on nutrition, physiology, microbiology, pathology, genetics, behavior, and ecology are necessary to advance efforts to collect, maintain and reintroduce captive populations of Pacific salmon, and eventually to improve technological developments to aid the recovery of threatened or endangered species.

Project #199305600, the Assessment of Captive Broodstock Technologies, is a multidisciplinary research project to address the numerous and difficult challenges associated with full-term captive culture and reintroduction of Pacific salmon.  The technical and scientific background for the proposed research with captive populations of chinook and sockeye salmon is described below for each of the five project objectives.

Objective 1. Improve Reintroduction Success

Captive broodstocks for recovery of threatened or endangered Pacific salmon and steelhead populations are derived from local wild populations, and salmon released as adults for natural spawning may be held in captivity for less than one full generation.  In such cases where eggs or parr are collected from the natural environment, reared to adulthood, and released for natural spawning (i.e., the‘captive rearing’ strategy), rearing environment effects on reproductive success supercede genetic concerns (such as domestication selection) associated with multiple generations of captive culture.  Sea-ranched coho salmon populations and escaped farmed Atlantic salmon have exhibited reduced reproductive success relative to wild populations (Fleming and Gross 1992, 1993, Fleming et al. 1996, 2000).  The confounded genetic effects of multiple generations of captive culture and environmental rearing effects on reproductive success reduce the relevance of such findings to captive rearing programs for recovery of ESA-listed Pacific salmon populations that are initiated with locally adapted, naturally produced fish.  Nevertheless, studies conducted between 1995 and 2001 under this same project (199305600) have demonstrated that the rearing environments associated with full-term culture, independent of genetic factors, affect reproductive behavior and reduce breeding success of both coho and chinook salmon relative to wild cohorts.

Reproductive success in salmon, defined as the ability to produce reproductive offspring, may be largely determined by breeding behavior characteristics and their underlying mechanisms.  For example, the dramatic differences in lifetime reproductive success (LRS) documented between farmed and wild Atlantic salmon were explained almost entirely by the ability of adults to spawn and produce age-0 parr (Fleming et al. 2000).  Farmed fish achieved only 19% relative adult-to-parr reproductive success and 16% relative LRS of wild salmon (Fleming et al. 2000), which means survival from parr to adult did not differ between progeny from the two populations.  Therefore, adult-to-parr reproductive success, which is largely explained by variation in breeding behavior (Foote et al. 1997, Mjolnerod et al. 1998, Fleming et al. 2000), may provide a very strong indicator of LRS, particularly as it relates to captively-reared (hereafter referred to as ‘captive’) adult salmon.  In addition, controlled breeding behavior and success studies conducted in artificial arenas produce results similar to those in natural streams (Fleming et al. 2000, Berejikian et al. 1997, Berejikian et al. 2001a) and provide an effective tool for evaluating reproductive success.

Studies of captive coho salmon (O. kisutch) show them to be competitively inferior to their wild counterparts.  Captive males participate in fewer oviposition events than wild males (Berejikian 2001a), and captive females are out-competed for nest sites (Berejikian et al. 1997).  Secondary sex characteristic development and nuptial coloration are muted, and overall body shape is altered from the wild state in captive fish (Hard et al. 2000a), and morphological characteristics have been correlated with behavioral measures of breeding success (Quinn and Foote 1994, Berejikian et al. 2001b).

Captive chinook salmon studied thus far exhibit mal-adaptive behavioral patterns not documented in wild chinook.  For example, captive females often abandon their nests without spawning and as a result fail to deposit all of their eggs, and males often exhibit little courtship response to nearby nest-digging females (Berejikian et al. 2001b).  In addition, eggs of adult captive chinook salmon spawning in natural streams suffer high mortality.  Fertilization rates are lower and post-fertilization mortality is higher than exhibited by either naturally spawning wild fish or captive fish spawned artificially (P. Kline, Idaho Department of Fish and Game (IDFG), personal communication).  Thus, poor fertilization during natural spawning may reflect deficits in behavioral communication during spawning, and high post-fertilization mortality may reflect inability to construct a suitable incubation environment (a ‘redd’). 

Captive chinook salmon also exhibit delayed final maturation and spawn timing in both natural stream and experimental arenas (Berejikian et al. in review).  Delayed spawn timing reduces chances for interbreeding with wild salmon (a main objective of the Idaho captive chinook program, IDFG 1996), and may negatively affect offspring fitness.  Salmon populations have locally adapted spawn timing, which increases the chances that offspring will emerge from the gravel under favorable environmental conditions.  For example, Einum and Fleming (2000) demonstrated selective mortality on Atlantic salmon parr produced from eggs in which fertilization was artificially delayed by 10 – 12 days.  The range of accumulated temperature units (days x °C) required for embryonic development is narrow within populations of chinook salmon (Billard and Jensen 1996).  Thus, delayed spawning of captive chinook salmon, released as adults during late summer when temperatures are declining, further delays emergence, may affect the condition of emerging parr (Beer and Anderson 2001), and magnifies the disparity between emergence timing of their offspring and that to which the population is locally adapted.

Project 199305600 aims to conduct scientific research that can be applied to improving captive broodstock methodologies to the greatest extent possible.  It addresses three critical questions regarding the release of captive adult salmon, viz: 

1) What specific environmental parameters are responsible for the documented reproductive deficiencies?

2) What mechanisms (i.e., behavioral, physiological, or morphological), either alone or in combination, are causing reduced reproductive performance?

3) How might culture environments be modified to improve reproductive performance?

Several conditions encountered by captive salmon differ from probable experiences in the natural environment.  Over the three-year course of the project, attention will be focused on two variables for which there are both scientific rationale and potential for implementing modifications to existing programs if the parameters are found to be important.  The water temperature during the period of gonadal development, and the timing of re-entry to freshwater as maturing adults, are both substantially different for captive fish and potentially contribute to reproductive deficiencies.  The proposed experimental approach is to manipulate each variable independently, and determine the effects on breeding behavior and adult-to-parr reproductive success under both experimental and natural conditions. 

In addition to documented delays in final maturation timing and spawn timing, recent studies have identified ovarian development is delayed in captive chinook salmon prior to transfer to freshwater (Swanson et al., unpublished data).  Thus, delayed final maturation may be partially caused by environmental conditions during seawater rearing.  Seawater temperatures at the Manchester Research Station, where six ESA-listed chinook salmon populations are reared, range between an average daily temperature of 9.0°C in winter to 13.5°C in summer.  In chinook salmon, gonadal development begins nearly a year before final maturation (Shearer et al. 2000), thus maturing fish experience a wide range of seasonal temperature fluctuations before re-entry to freshwater.  Little is known about the actual temperature regimes experienced by salmon in the open ocean.  However, recent information from data storage tags on other species of Pacific salmon in the Gulf of Alaska and the Bering Sea indicates that fish make vertical migrations during daylight hours and experience temperatures typically less than 11°C (Walker et al. 2000).  In the spring, the abundance of several salmon species declines dramatically in areas where sea surface (i.e., warmest) temperatures exceed 9°C (Welch et al. 1995), and in the winter the thermal maximum is approximately 6°C for sockeye salmon (Welch et al. 1998).  

Although general and limited, temperature data available suggest that rearing temperatures for captive chinook salmon may be several degrees higher than they would experience in the ocean, and may be partly responsible for the documented reproductive dysfunctions.  The negative effects of elevated rearing temperature on reproductive characteristics of captive salmonid populations are described in detail under Objective 3 below.  The proposed approach is to rear fish at ambient temperatures experienced by ESA-listed captive broodstocks, and at temperatures continuously 3°C below ambient for 11 months prior to final maturation.  Temperature effects on spawning behavior, spawn timing, reproductive behavior, and adult-to-parr reproductive success will be evaluated under experimental conditions.

Chinook salmon reared in seawater are typically not returned to freshwater until early summer, when external signs of maturation first become obvious and the risk of transferring non-maturing fish to freshwater has passed.  Diagnostics are available, or currently being developed, to identify maturing fish earlier in the year than has previously been possible.  Levels of 11-ketotestoerone in males can be used to discriminate between maturing and non-maturing males (Shearer 2000).  However, hormone determinations require handling all fish and extracting blood, and the stress of handling may outweigh the benefits of early return to freshwater.  Ultrasound techniques are being developed to identify ovarian development in females, but accuracy of the technique is not yet completely reliable, the costs are high, and it also requires a handling stress event.  Thus, it is critical to determine the importance of timing of freshwater re-entry on the reproductive behavior and success of spring/summer captive chinook salmon.  Understanding re-entry timing effects on reproductive success will help determine whether the effort, cost, and handling associated with early detection of maturation will contribute to improved reproductive success. 

The proposed study will also offer the opportunity to determine maternal effects on offspring production and fitness characteristics.  Female characteristics such as body size, spawn timing, nest site location, nest guarding ability, egg size, fecundity, and egg quality can have effects on the production of parr and their viability (Fleming and Gross 1994, Fleming 1998, Berejikian et al. 1999, Einum and Fleming 2000).  Each of these characteristics will either be measured directly or estimated from artificially spawned cohorts (see Objective 3).  Effects on growth, emigration, and abundance will be quantified under experimental conditions by applying DNA microsatellite pedigree analyses, which allows individual progeny to be unequivocally assigned to a single pair mating.

Objective 2. Improve Olfactory Imprinting and Homing

Another area of particular concern is the effect of artificial propagation and reintroduction strategies on the subsequent homing ability of released fish (Grant 1997; NWPPC 1999; 2002).  Concerns about excessive straying of hatchery-reared fish have led to a call for the re-evaluation of hatchery programs to "avoid unnatural patterns of straying by adult returns" (NRC1996) and for further research on the causes and consequences of homing and straying of hatchery-reared fish (Grant 1997; Flagg and Nash 1999).  The recent draft Mainstem/Systemwide Province Artificial Production Program Summary has indicated that studies on the effect of hatchery rearing “on straying (homing and imprinting) are needed to manage straying rates of hatchery adults” and such studies were identified as actions toward RPA 175 and 184 “needing immediate implementation” under both the BIOP and FWP (NWPPC 2002). 

The tendency to home to the natal stream to spawn is fundamental to the unique biology and management of Pacific salmon. Homing results in genetic isolation of populations of salmon uniquely adapted for conditions in their natal streams (Ricker 1972, Taylor 1991).  The final freshwater stages of these homing migrations are governed by the olfactory discrimination of home-stream water. Prior to their seaward migration, juvenile salmon learn (imprint on) site-specific odors associated with their home stream and later use these retained odor memories to guide the final phases of their homing migration (Hasler and Scholz 1983). This imprinting process is critical for the successful completion of the spawning migration and salmon that do not experience their natal water during appropriate juvenile stages are more likely to stray to non-natal sites (Quinn 1993).  While low levels of straying from the natal site are normal in the wild, inappropriate hatchery rearing conditions and juvenile release procedures can dramatically increase the level of straying by adult fish (Grant 1997, Pascual and Quinn 1994, Pascual et al.1995).  Reintroduction of salmon into the wild at inappropriate developmental periods or after insufficient periods of exposure to appropriate olfactory cues may result in elevated levels of straying (Quinn 1993; Nevitt and Dittman 1998).  Straying by released salmon can jeopardize efforts to enhance endangered populations by either lowering the effective number of spawning adults in a target population (USFWS1996) or via competition and interbreeding of hatchery salmon with endangered wild populations (Crateau 1997; Carmichel 1997). 

Hatchery rearing does not necessarily result in increased levels of straying (Labelle 1992; Quinn et al. 1989; Hard and Heard 1999).  However, rearing wild fish for even short periods in a hatchery can increase straying (McIssac 1990) and certain hatchery practices do clearly increase stray rates (Quinn 1993). For example, while salmon typically return to the site from which they were released (Ricker 1972; Donaldson and Allen 1959), fish that are reared and released from a single site generally stray less than fish transported and released off-site (Reisenbechler 1988; Boydstun et al.1992; reviewed in Quinn 1993). In general, the closer the rearing and release sites are to each other, the more likely adults will return to the rearing site (Lister 1981; Johnson et al. 1990; Slaney et al. 1993). Another important factor that may influence homing fidelity in hatchery fish is the timing of releases and reintroductions into the wild. A number of studies have identified the parr-smolt transformation as an important period for olfactory imprinting for some species (Hasler and Scholz 1983; Dittman et al.1996) and chinook salmon released just before or after smolting tended to stray more than fish released as smolts (Pascual et al. 1995; Unwin and Quinn 1993). Finally, the length of time fish are exposed (acclimated) to water at the release site prior to release may influence subsequent homing to that site (Johnson et al. 1990; Savitz et al. 1993; Kenaston et al. 2001).

Captive rearing programs for endangered wild salmon require special considerations and have unique constraints not normally required in production hatcheries. The primary goals of most programs are to 1) increase the number of individuals within a population; and 2) maintain the genetic and phenotypic integrity and complexity of the wild population until reintroduction (Flagg et al. 2000). The strategies typically employed to achieve one goal often have negative consequences for the other. The longer fish are maintained in captivity the greater the immediate increases in survival but also the greater the risk of genetic and phenotypic changes in the population (Waples and Do 1994). This is also true for reintroduction strategies. In general, the earlier in the life cycle a fish is released into its ancestral environment (or at least experiences its natal water for imprinting), the better the opportunity for proper imprinting and successful homing. However, re-introduction at these early times carries with it the risk of lower survival. These two competing concerns force managers of captive rearing programs to weigh the likely tradeoffs and benefits of different release strategies to maximize survival but minimize straying. These problems are further compounded by the need for large and expensive culture facilities to maintain captive broodstocks through all phases of their life cycle.  In most cases, these appropriate rearing facilities are not located in the ancestral watershed and in situ rearing of endangered populations is not practical.  Fish are typically reared offsite in non-homestream water and then transferred back for reintroduction (Kline and Heindel 1999). 

One example that illustrates some of these challenges for a captive broodstock/conservation hatchery program is the Redfish Lake sockeye salmon captive rearing program (Projects 199107200; 199204000). Snake River sockeye salmon were listed as endangered by NMFS in 1991 and in that same year the IDFG initiated a captive broodstock program with the ultimate goal of re-establishing sustainable sockeye runs to Stanley Basin waters (Kline and Heindel 1999). During the program’s initial years all returning wild anadromous adults (16), residual sockeye adults and wild juvenile outmigrants were captured to establish a captive broodstock.  The program dramatically increased juvenile-to-adult survival and the population numbers have increased to the point that since 1993 fish have been re-introduced annually into the Stanley Basin at several life history stages.  To avoid unanticipated negative consequences of any one reintroduction approach, the IDFG, in conjunction with the Stanley Basin Sockeye Technical Oversight Committee (SBSTOC), has adopted a “spread the risk “ strategy for reintroducing sockeye back into the wild that includes planting of eyed eggs, net pen and direct lake releases of pre-smolts, smolt releases and releasing captive adults to spawn naturally (Kline and Heindel 1999). 

Despite successful out-migrations of smolts from all the different release strategies, prior to 1999 none of these strategies successfully produced adult sockeye salmon back to Idaho.  Fish for these releases were reared at several out-of-basin facilities (NMFS hatchery at Big Beef Creek, Washington; IDFG hatchery at Eagle, Idaho, Oregon Department of Fish and Wildlife (ODFW) Bonneville hatchery) because there were no appropriate Stanley Basin facilities and to avoid the risk of cataclysmic events at a single facility. In some instances fish were transferred several times at different life stages between facilities and some groups didn’t experience Stanley Basin waters until they were released as smolts. Earlier studies with coho salmon have indicated that fish released as smolts tended to stray more than fish released as fingerlings a year prior to smolting (McHenry 1981). Concern that the lack of adults returning to Stanley Basin may be due to unsuccessful imprinting and straying, led the sponsors of the Captive Broodstock project (199107200, 199204000) and the SBSTOC to recommend that Project 9305600 initiate research on the timing of imprinting and environmental factors that influence imprinting, especially in sockeye salmon. Research to examine the timing of imprinting in Columbia River Basin sockeye salmon was initiated in 2000. In 1999, the first hatchery-produced adults returned to the Stanley Basin and as of Fall 2001, 290 adults had returned to the Stanley Basin. The majority of adult fish recovered to date have come from the smolt release group of fish that only briefly experienced Stanley Basin water before emigration. These results appear to indicate that sockeye salmon are capable of imprinting as smolts but the numbers of returning fish relative to other release groups may be more a reflection of the number of fish released and smolt-to-adult survival than homing success. The stray rates of these smolt release groups are unknown but radio telemetry and Snake River dam passage data indicated that some of these fish may be straying within the Snake River watershed (Paul Kline IDFG, personal communication).

The spread-the- risk-strategy for reintroduction of Stanley Basin Sockeye is necessitated in part by our lack of knowledge about the physiological and developmental processes underlying olfactory imprinting and the ecological factors that facilitate successful homing. For sockeye salmon reintroductions to be successful in the Stanley Basin (and throughout the Columbia Basin (e.g. Project # 200001300; 29016) salmon must be released at appropriate juvenile stages for successful imprinting. Empirical studies have provided some general rules regarding the effect of hatchery rearing and release strategies on straying (Quinn 1993) but in many cases, differences between species, watersheds, physical environment of the hatchery, release timing and location, and even basic assumptions about what should be regarded as successful homing may mask the underlying processes that are critical for imprinting and homing. Determining the critical development periods and environmental conditions for imprinting for the different salmon species will be crucial for the development and implementation of rearing and release strategies that will maximize survival without increasing straying.

To date, research on the timing of olfactory imprinting has focused on coho salmon because of their relatively simple life histories. Juvenile coho salmon generally rear in their natal stream until they smolt and migrate to sea during the second or third spring after hatching. Experiments with hatchery-reared coho salmon indicated that this smolting period is the critical period for olfactory imprinting (Hasler and Scholz 1983, Dittman et al. 1996). Unfortunately the understanding of imprinting inferred from studies of hatchery-reared coho salmon, underestimates the complexity and temporal plasticity of the imprinting process in the wild and in other salmonid species (Dittman and Quinn 1996; Nevitt and Dittman 1998). For example, sockeye salmon fry typically emerge from their natal gravel and immediately migrate to rearing areas within a lake where they live for 1 or 2 years before smolting and migrating to sea. During their homing migration, adults migrate past the outlet stream and lake where they smolted and return to their natal area to spawn suggesting that olfactory imprinting must also occur prior to or during emergence from the gravel. Studies to determine the critical period(s) for imprinting for sockeye salmon were initiated in Fall 2000 and the outcome of these experiments will help Captive Broodstock biologists develop and prioritize future rearing and release plans to minimize straying.
Objective 3. Improve Physiological Development and Maturation

Several critical reproductive problems persist with wild Pacific salmon when reared in captivity which limit the success of captive broodstock programs for recovery of depleted stocks of Pacific salmon.  These include early age of maturity of male fish relative to females, seasonal delays in spawning time of captive fish relative to wild naturally rearing fish, and highly variable gamete quality or embryonic survival.

Age of male maturity--In many salmonids, males may mature early relative to females, with the incidence varying among species, stocks, and rearing conditions for cultured fish.  Although early maturing males (precocious parr, jacks, or mini-jacks) are a natural phenotype for Pacific salmon, such as chinook, it is undesirable to produce abnormal proportions of these maturing males when fish are either released or spawned in captivity in captive broodstock programs.  For example, current release strategies for recovery of Snake River spring chinook in particular include release of mature adult fish.  Females have typically matured at age 4, while a large proportion of males are maturing at ages 2 or 3.  Therefore, the sex ratios of released fish have often been skewed toward females because of loss of males due to early maturity.  In captive broodstock programs, which spawn fish artificially in captivity, the asynchronous age of maturity might not be a critical problem if the quality of cryopreserved milt was reliably high, and rates of mortality were low.  However, high mortality occurs in maturing age +1 males when transferred to seawater.  Because these maturing males are difficult to identify prior to seawater transfer of smolts, these individuals are frequently lost from the population.  Consequently, the selective mortality of precocious males and poor quality of cryopreserved milt results in the loss of their genetic component in the population, and could reduce the effective breeding population size (Ne) of captive broodstock.  

Currently, this problem is being encountered in several Snake River chinook salmon stocks presently in captive broodstock programs.  Chinook salmon have a high degree of plasticity in its life-cycle compared with other Pacific salmon species.  Early, or precocious, male maturation can occur at several stages of the life cycle.  The incidence of early male maturity in cultured chinook salmon is often higher than in wild fish, and can be as high as 80% (Foote et al. 1997, Unwin and Glova 1997, Shearer et al. 2001).  Early maturation of males as high as 60% has been observed in some Snake River spring chinook captive broodstock programs.  More recently, the incidence of early male maturity has increased as the average size of smolts has increased in the Redfish Lake sockeye captive broodstock program (William Fairgrieve, NMFS, and Paul Kline, IDFG, personal communications), although the problem appears to be less than for chinook programs.  This problem is not unique to captive broodstock programs.  Recently, in another BPA funded project (# 1992-02200, Physiological Assessment of Wild and Hatchery Spring Chinook Salmon), Larsen and his colleagues observed high proportions of Yakima River spring chinook minijacks of hatchery origin.  Greater than 40% of the hatchery produced males appeared to be maturing at age 2, which is higher than observed for the wild population.  Thus, there is a critical need to develop methods to control age of maturity and minimize asynchronous maturation of males and females in captive broodstock programs for threatened chinook and sockeye salmon, as well as in hatcheries.

The underlying factors regulating the age of maturity in salmonids involve both genetic and environmental factors.  This has been investigated most intensively in rainbow trout, Atlantic salmon, and chinook salmon (Rowe and Thorpe 1990a, 1990b, Rowe et al. 1991, Silverstein et al. 1998, Shearer and Swanson, 2000).  The relative importance of these factors and how they interact are poorly understood, although the environmental component appears to be strong.  Because genetic selection should be minimized in a captive broodstock program for depleted stocks, rearing strategies which minimize expression of the trait are needed.  It is also important to avoid strategies which alter the seasonal timing of maturation.

It may be possible to reduce the incidence of early male maturation through alteration of abiotic conditions, such as water temperature and photoperiod, or biotic factors such as growth rates or diet composition.  The approach of the past and proposed research (Task 4) is to identify systematically factors that influence age of maturation, and to determine seasonal periods when maturation is initiated.  This information is then used to develop diets and growth regimes which allow for better control of the age of maturity, provide sufficient stored energy for appropriate life-cycle transitions, support development of gametes in adult fish, and achieve target body-size for release as adult fish.

For development of a diet and growth regimes which minimize early maturation of male spring chinook, the research program has two key areas of investigation:

· Develop diets and feeding regimes to modify body composition and growth

· Define critical periods when initiation of maturation is influenced by metabolic factors

In initial studies, body fat levels were manipulated through diet, and there was a significant positive correlation of the percent of males maturing at age 2 with body fat levels (Shearer and Swanson 2000).  Later, in an experiment in which both size and body fat levels were manipulated, growth rate or size one year prior to maturation was the primary factor affecting maturation at age 2 (Silverstein et al. 1998).  Body adiposity influenced the rate of maturation only in small fish.

Subsequently, two studies were conducted to determine the threshold of size or growth rate which influenced the onset of male maturation.  In the first study (Shearer et al. 2000) fish were fed high-protein, low-fat diets at graded ration levels.  Fish size during the first autumn ranged from 50-100 g, and 65-90% of the males matured one year later (age 2).  From this study, it was concluded that even though size or growth rate clearly influenced the rate of male maturation at age 2, the threshold had been exceeded.  In the second study (Shearer et al. 2001, 2002) fish were reared on graded rations of a commercially available diet.  The feeding regime targeted a much lower body size for the first year of rearing than the first study.  The results of these two studies combined are shown in Table 1.  For chinook, the combined data suggest that a growth trajectory which produces a fish of 10 g body weight in the first year of rearing should be used to substantially reduce maturation in the subsequent year (age 2).  This target size is similar to that of juvenile wild Yakima River spring chinook, which exhibit lower rates of early male maturation than hatchery-reared fish of the same stock (D. Larsen, NWFSC, personal communication).

Table 1.  Relationship between body size in December (age 1+) and maturation the following September (age 2) in Willamete River spring chinook salmon.

	Body Weight

(Tank mean n=2)
	Percentage Maturation

(Tank mean n=2)
	Study

	10
	12.0
	Shearer et al. 2001, 2002

	14
	19.9
	Shearer et al. 2001, 2002

	18
	29.9
	Shearer et al. 2001, 2002

	21
	33.8
	Shearer et al. 2001, 2002

	24
	34.9
	Shearer et al. 2001, 2002

	48
	66.2
	Shearer et al. 2000

	60
	75.8
	Shearer et al. 2000

	76
	78.9
	Shearer et al. 2000

	76
	88.0
	Shearer et al. 2000

	90
	92.8
	Shearer et al. 2000

	95
	87.5
	Shearer et al. 2000

	108
	51.0
	Shearer et al. 2001, 2002

	110
	81.9
	Shearer et al. 2000


Several questions remain to be addressed.  First, what are the critical periods when accelerated growth triggers the onset of maturation?  In the last two studies, fish were reared on fairly constant growth rates throughout the two years of rearing. Thus, it is not known when growth can be accelerated without triggering maturation. Since captive rearing programs have been unable to achieve wild size adults, it is imperative to know when growth can be accelerated to increase body mass and not trigger reproductive maturation. Previous work (Silverstein et al. 1998, Swanson and Shearer 2000) suggested that this period was almost one year prior to spawning.  This should be verified using current information on threshold size/growth rate for triggering maturation.  Second, are these data more generally applicable to other stocks and species of Pacific salmon?  Willamete River spring chinook salmon have been used for most of the research on growth and male maturation.  It is possible that specific thresholds for size or growth rate may vary between stocks and species. Third, what are the effects of the growth manipulations on female maturation? These questions will be addressed in the studies described below (Tasks 4 and 5)

Age of female maturation, eggs size and fecundity--One of the major aims of the captive broodstock program is to optimize the production of fertile eggs from captive broodstock, which are either introduced to the wild or spawned artificially in captivity.  Some of the females from the Redfish Lake sockeye and Snake River spring chinook salmon captive broodstocks are reported to display dysfunctional ovarian development, such as small gonads, atretic eggs, variable egg quality, reduced egg size and egg number, and delayed timing of ovulation compared with wild counterparts.  Such problems result in a significant reduction in offspring production, reducing the effectiveness of these recovery programs.

The factors which cause dysfunction in ovarian development in captive broodstocks are not known.  It is hypothesized that such abnormal development is a result of inappropriate environmental signals (e.g., food availability and temperature) during periods when females are allocating body resources towards maturation.  Thus, abnormal ovarian development may be due to rearing conditions early in the life cycle when physiological commitments to egg number and size are occurring, and/or during the year prior to spawning when ovarian growth commences.  It is essential to understand which factors influence the initial recruitment of oocytes into the pool of maturing eggs and how their development through ovulation is maintained.  The ultimate goal of the broodstock programs is to optimize these processes to maximize both egg production and quality.

Ration, growth rate, and/or body size can alter several aspects of maturation, including the physiological decision to mature, maintenance of ovarian growth, and the allocation of resources to ovarian growth.  For example, several studies in salmonids have indicated that growth during the initial freshwater stages correlated with final egg size and/or fecundity (e.g. Jonsson et al. 1996, Morita et al. 1999), and body size just after smoltification, are related to the decision to mature the following year (Duston and Saunders 1997, 1999).  Results from research on female coho salmon in the previous funding period showed that growth rate and body size during fall 1999 correlated with the decision to mature in fall 2000 (Campbell et al. 2001).  Furthermore, continued high growth in the spring was required to maintain oocyte growth.  Female coho salmon that had high growth in fall 1999 and low growth in the spring 2000 had atretic ovaries in fall 2000. These results, in addition to previously published studies, indicate that decisions involving timing of maturation and allocation of body energy resources to gonad development may be made very early in the salmon life cycle, and once such pathways are set, corrective measures later in the life cycle may be ineffective.

In Pacific salmon, little is known about the factors and mechanisms which control ovarian growth.  In semelparous fish, the response to factors which influence the physiological commitment to ovarian growth is crucial, as there is no second opportunity once this commitment is made.  Research in other fish species has shown that ovarian development involves a dynamic interaction between oocyte proliferation, growth, maturation, and death (atresia).  The resulting reproductive investment is a product of these processes.

Staff in the Physiology Team at NWFSC have developed and are continuing to develop tools to investigate the mechanisms by which growth affects changes in reproductive performance.  Most of the work to date has focused on effects of growth on male maturation in spring chinook salmon, or female maturation in coho salmon.  Coho salmon were selected for past studies because of their simple life history and the availability of essential physiological tools specific to this species.  There is a scarcity of information on effects of growth on female maturation in spring chinook salmon.  Research proposed under Task 5 will examine the effects of varied growth during two periods of rearing on egg size, fecundity, timing of ovulation, and reproductive behavior in spring chinook salmon.  The first period is the early freshwater rearing period prior to and during smoltification; the second is during the first autumn in seawater.

Seasonally delayed spawning time--In the captive broodstock program for Snake River spring chinook salmon there are substantial problems with delayed spawning time.  The degree of the delay in spawning time appears to be less for Oregon stocks (2-3 weeks) compared with Idaho stocks (3-6 weeks) and can vary slightly from year to year.  In the Redfish Lake sockeye salmon broodstock program, captive adults also display a slight delay and broader spawning period relative to wild fish.  In particular, spermiation in Redfish Lake sockeye males is often delayed relative to ovulation in females, thus the amount of milt available for fertilization has been limiting early in the season (Carlin McAuley, NMFS, personal communication).  In both these programs, there has also been a problem with highly variable survival of offspring to the eyed stage.  Because fertilization rates are often not monitored, the problem with poor embryo survival could be due to poor fertility of the gametes or developmental problems in the embryos.  It is not known to what degree the problem with delay in spawning and problems with survival of offspring are related.  The occurrence of polarized over-ripe eggs and ovaries with incompletely ovulated eggs suggests problems with final oocyte maturation and ovulation.  In addition, the decline in survival of the offspring with later spawn dates in Redfish Lake sockeye salmon suggests a problem with the ripening of the egg (Table 2).  Overall survival of embryos to the eye-stage in 1996 was 72.3%, if females were spawned prior to 6 November, whereas survival was 27.7% if females were spawned after 6 November.  Similar patterns in survival relative to spawn date were observed in 1994 and 2000, but not in 2001.

Table 2.  Survival of embryos to the eyed-stage relative to spawning date in Brood Year 1993 Redfish Lake sockeye salmon spawned in 1996 (from Carlin McAuley, NMFS).

	Week of spawning
	Spawing date
	Number of females
	% Survival to eyed-stage

	1
	Oct 17
	42
	81.0

	2
	Oct 21-23
	138
	65.1

	3
	Oct 28-30
	18
	76.5

	4
	Nov 4-6
	62
	71.4

	5
	Nov 12-13
	23
	45.7

	6
	Nov 21
	14
	31.1

	7
	Nov 25-26
	90
	10.6


The causes of the delayed maturation are not known.  Abnormal ovarian development may be due to rearing conditions early in the life cycle, during the final year prior to spawning when secondary oocyte growth is occurring, and/or during the final stages of prior to ovulation.  The seasonal delay in ovulation and asynchronous maturation of oocytes within the ovary may be a manifestation of abnormalities in the rate of oocyte development due to inappropriate environmental cues, such as temperature.  Investigations during previous funding periods aimed to determine whether delays in ovarian development were occurring during early phases of vitellogeneis and/or late during final oocyte maturation.

During the past funding period (FY 2001) reproductive development and spawning time of Brood Year 1997 (BY 97) Lemhi River spring chinook salmon captive broodstock reared in fresh water at the IDFG Eagle Hatchery and saltwater at the NMFS Manchester Research Station were compared with that of adult spring chinnok salmon that returned to the IDFG Rapid River Hatchery.  The goal of this study was to determine at which stage of oocyte growth the captive fish are delayed.  A second goal was to determine if transferring fish to chilled freshwater, 3 months prior to spawning, advanced  the spawn time of Lemhi River chinook salmon captive broodstock as has been reported for Atlantic salmon (Taranger et al. 1999).  The results of this study are not yet complete (Swanson et al. 2002), but data so far suggest that rearing environment prior to freshwater transfer had the greatest effect on spawn date.  Although spawning of both groups of captive broodstock was delayed relative to wild returning adults, the fish reared at the Eagle Hatchery were more significantly delayed than NMFS-reared fish.  Chilling water from 14oC to 9oC upon freshwater transfer did not significantly alter spawning time in either NMFS or Eagle-reared fish.  Both groups were delayed relative to wild returning adults, but the delay was greater in the Eagle-reared fish.  Examination of ovaries of Lemhi River broodstock reared at Manchester and sampled in May (3-4 months prior to spawning) suggest that some of the captive fish were delayed relative to the returning Rapid River Hatchery adults prior to freshwater transfer.  These data suggest that the problem with the delay in spawning time is partly due to delays in the process of vitellogenesis prior to freshwater entry.  Thus, the focus of the study described in Task 6 is to manipulate rearing environment prior to transfer to freshwater.

It is well known that the seasonal timing of spawning in salmonids is primarily regulated by photoperiod and temperature (Bromage 1995, Bromage et al. 1993).  Photoperiod has been successfully used to alter the time of spawning in a number of salmonids.  However, this is not presently feasible in captive broodstock programs because each group is often a mixture of maturing and non-maturing fish, and photoperiod cannot be used to advance spawn time of the maturing fish without interfering in the spawning of the non-maturing fish during the following year.  Until reliable methods are available to sort fish by maturity early in the year, and sufficient facilities are available to rear maturing and non-maturing fish separately, the use of photoperiod to synchronize and advance spawning of broodstock will not be practical.  Spawn timing has also been advanced using implants containing hormone analogues, such as gonadotropin-releasing hormone (Swanson et al. 1995).  However, the use of this drug is not permitted for released fish. 

There is growing evidence that rearing temperatures can alter the timing of spawning of salmonids (Henderson 1963, Goryczko 1972, Titarev 1975, Morrison and Smith 1986, Nakari et al. 1987 and 1988, Beacham and Murray 1988, Gillet 1991, Johnstone et al. 1992, Jobling et al. 1995, Pankhurst et al. 1996, Taranger and Hansen 1993, Pankhurst and Thomas 1998, Taranger et al. 1999, King and Pankhurst 1999, Davies and Bromage 2002).  High water temperatures have been shown to inhibit the later stages of maturation in salmonids (for rainbow trout see Billard and Breton 1977, Breton et al. 1983, Pankhurst et al. 1996, Pankhurst and Thomas 1998, Chmilevsky 1999, Davies and Bromage 2002; for pink salmon see Beacham and Murray 1988; for Atlantic salmon see Johnstone et al. 1992, Taranger and Hansen 1993, Taranger et al. 1999, King and Pankhurst 1999; for Artic charr see Gillet 1991, Jobling et al. 1995) and can cause egg over-ripening before or after ovulation with corresponding effects on embryogenesis and fry survival.

Studies have shown it is essential that eggs undergo development and are ovulated or artificially stripped at optimum temperatures to maximize survival of offspring (e.g., Billard and Breton 1977, Billard and Gillet 1981, Taranger and Hansen 1993, Pankhurst et al. 1996, Pankhurst and Thomas 1998, Davies and Bromage 2002).  A number of these studies have also reported ovarian dysfunction and poor egg quality associated with high temperatures during maturation.  For example, Pankhurst et al. (1996) described the occurrence of unovulated eggs bearing a resemblance to over-ripe eggs in rainbow trout exposed to constant water temperatures of 18 and 21°C during final maturation, a phenomenon confirmed by Davies and Bromage (2002).  In addition, relatively moderate elevations in temperature (only a few degrees difference) have been shown to reduce significantly egg fertility and survival to eyed (e.g., Pankhurst et al. 1996, Taranger and Hansen 1993).

It should be noted that there are two key differences in the rearing waters of the two captive broodstock program facilities (IDFG and NMFS); these are salinity (fresh versus saltwater) and temperature.  Ambient water temperature at IDFG Eagle Hatchery is generally constant at 14°C, but can increase during summer if the water is not chilled.  At the NMFS Manchester Research Station water temperatures range from 9oC (January) to 13oC (August).  Given the limitations of broodstock facilities with regard to temperature control of freshwater, and the expense of chilling water, it is critical to determine if water temperature is one of the underlying causes of delayed maturation and poor egg quality.  There is also an urgent need to determine the possible effects of abnormally high temperatures on the reproduction of wild stocks, as these are issues relevant to adults migrating in the Columbia River Basin and changes in ocean temperatures due to global warming.

It is impractical to determine optimal spawning temperature for all stocks in captive broodstock programs.  Therefore, an experiment to determine if reducing temperature during the seawater rearing stage can alter spawning time and fertility of eggs is proposed (Task 6).  The temperature ranges which more closely resemble temperatures experienced in the ocean phase of the life cycle will be tested (see Technical and Scientific Background under Objective 1). 

Variable survival of embryos to the eyed-stage--Production of high quality gametes and offspring is essential for the success of captive broodstock programs for recovery of depleted salmon stocks.  Generally, the survival of offspring to the eyed-stage has varied widely in captive broodstock programs, with averages in some programs around 60-70% and others near 40%.  The high variance in survival is of great concern because there is more potential for genetic selection.  For example in 1996 the overall survival of Redfish Lake sockeye salmon embryos to the eyed stage was 54.5 +/- 24.6%, with a median of 64% (Table 2).  Embryonic survival also appears to vary year to year, and with spawn date within a year (Table 2).  Although females are not always crossed with multiple males, data from the Redfish Lake sockeye salmon broodstock program suggest that the major source of variation in embryonic survival is due to the female parent (Carlin McAuley, NMFS, personal communication). This is similar to results from single parent crosses in rainbow trout where the female parent was the major factor affecting the survival of offspring to the eyed stage (Nagler et al. 2000).  Unfortunately, in the broodstock programs, poor fertilization rates are often not distinguished from poor rates of survival of embryos as the presence of embryonic cell masses is not always confirmed in the dead eggs.  Therefore, it is difficult to determine whether the underlying problem is with the fertility of the egg or with early embryonic development.  

Presently it is not know what factors are responsible for variable survival of offspring and egg fertility in the captive broodstock.  In rainbow trout, factors such as nutritional status of the female, egg over-ripening, and chemical composition of the egg have been implicated in affecting the fertility of eggs and survival of embryos (Bromage and Cumaranatunga 1988, Bromage et al. 1992).  Practices that ensure appropriate timing of the egg collection appear to have alleviated a great deal of the problem with poor fertility in female rainbow trout (Springate et al. 1984, Bromage et al. 1992).  However, problems persist even in the commercial rainbow trout industry where there appears to be a problem with variable egg quality (Nagler et al. 2000).  This could be due to age of the females, environmental factors, such as temperature, husbandry of captive fish, genetics of the parents, or diet (Brooks et al. 1997).  There may be interactive effects of these variables.  For example, high water temperature may partially disrupt the process of final oocyte maturation, making it difficult to collect the eggs at the appropriate time.

For a rational development of methods to improve survival of offspring to the eyed stage, it is critical to determine the underlying basis of the problem in the captive broodstock using single parent crosses to separate the effects of each parent and a detailed analysis of embryonic development.  Research described in Task 7 proposes to examine fertilization rates, and survival of embryos in Redfish Lake sockeye salmon captive broodstock.  

Objective 4. Treat and Prevent Bacterial Kidney Disease in Pacific Salmon Captive Broodstocks

Bacterial Kidney Disease (BKD) is one of the most prevalent salmonid diseases in wild and cultured salmon (Elliott et al. 1989, Fryer and Lannan 1993, Murray et al. 1992). Salmon, trout and char are the natural hosts of the gram-positive etiological agent, Renibacterium salmoninarum, which causes a chronic bacteremia with focal lesions in the viscera, particularly the kidney (Fryer and Sanders 1981).  BKD is especially troublesome because salmon are afflicted with the disease in both freshwater and saltwater life stages (Fryer and Sanders 1981, Banner et al. 1983).  It is the major infectious disease affecting the successful culture of salmonids in the Pacific Northwest.  In 1993 and 1994, this disease was responsible for catastrophic losses of endangered Redfish Lake sockeye salmon held as captive broodstock.  BKD-caused epizootics continue to impact captive rearing programs of both sockeye and chinook salmon (Schiewe et al. 1997, and personal communication with managers of the Oregon and Idaho captive broodstock programs).

There is no proven vaccine available to protect species of Pacific salmon from infections with R. salmoninarum (Ellis 1999).  In spite of the high prevalence of BKD, methods of control are inefficient (Elliott et al. 1989).  BKD is difficult to manage because R. salmoninarum has the ability to invade and survive intracellularly within phagocytic cells, which renders it resistant to many therapeutics (Young and Chapman 1978, Gutenberger et al. 1997).  In addition, R. salmoninarum can be transmitted from fish to fish by cohabitation as well as from adults to eggs via intra-ovum infection (Evelyn et al. 1986a).  Erythromycin has been the primary antibiotic used by fish culturists in an attempt to prevent and control R. salmoninarum (Brown et al. 1990, Elliott et al. 1989, Evelyn, et al. 1986a, Evelyn et al. 1986b, Moffitt 1998).  It is administered orally through feed or by injection of maturing adults.  However, while use of erythromycin usually results in short-term health improvement of infected fish, it fails to eliminate the infection and symptoms of disease completely, often resulting in relapse of disease in the population after cessation of treatment.  In addition, results of preliminary studies with Lake Wenatchee sockeye salmon suggest that erythromycin may have a negative effect on gamete viability.  Recent experiences with Catherine Creek, Lostine River, and Lemhi River spring chinook salmon have shown that the currently mandated treatment regimens may elicit fatal toxicity reactions.  The extent of these toxic reactions and possible long-term effects on reproductive success have been examined in a separate study performed at NWFSC by members of the Salmon Enhancement and Fish Health/Microbiology teams (W. Fairgrieve et al. unpublished).  While data are still being analyzed as of this writing, long-term prophylactic erythromycin treatment of chinook salmon from juvenile age through spawning results in significant decreases in fecundity and survival of eggs to the eyed stage.  A report and manuscript describing these results is currently in preparation.  In addition to the toxic effects, the demonstrated capacity for R. salmoninarum to develop erythromycin resistance in culture (Bell et al. 1988), and the desire to reduce the dependence on antibiotics, may limit the future utility of this control strategy.

In addition to erythromycin, another macrolide antibiotic, azithromycin, has been tested for the treatment of BKD in captive broodstock salmon.  Most antibiotics, including erythromycin, do not penetrate tissues well.  After oral or parenteral administration, they are bound to serum protein and remain in extracellular spaces.  To the contrary, azithromycin is rapidly absorbed in tissues and is widely distributed at higher concentrations in cells than in plasma or in serum, with a longer active half-life (Peters et al. 1992).  Azithromycin has been shown to be effective in reducing the intracellular viabilities of nearly all invasive bacterial species tested.  In general, azithromycin is more effective than erythromycin against Gram-negative bacteria, but marginally less active against Gram-positive organisms (Peters et al. 1992).  However, the latter is of doubtful clinical significance because of the higher and longer-acting tissue concentrations which can be achieved with azithromycin.  This view is supported by reports showing that azithromycin is somewhat more effective than erythromycin in reducing intracellular (invasive) enteric pathogens phagocytized by neutrophils (Rakita et al. 1994).  The authors suggested that the concentration of azithromycin in neutrophils may be particularly useful in treating infections caused by invasive pathogens that multiply intracellularly in host cells.  Numerous studies report greatly increased intracellular uptake and superior antibacterial activity of azithromycin over erythromycin in studies in vitro and in vivo with animals other than fish (Peters et al. 1992).  Other work compared the intracellular activity of azithromycin and erythromycin with an intracellular protozoan parasite, Toxoplasma gondii, and reported superior performance of azithromycin (Lode et al. 1996).  Azithromycin accumulated readily and remained inside macrophages infected with the protozoan, interfering with growth of the parasite (Schwab et al. 1994).  This is an important feature as considerable evidence has been collected to show that R. salmoninarum invades and survives within fish macrophoages (Gutenberger, et al. 1997).  While there are no published studies demonstrating the efficacy of azithromycin in fish, its broad spectrum activity and ability to cross into tissues make it an important antimicrobial to test for its ability to control R. salmoninarum. 

In experiments carried out between 1996-1999 under the BPA Captive Broodstock Research Program, azithromycin was shown to have a strong bactericidal activity against R. salmoninarum both in vitro and in vivo, and is effective in reducing clinical symptoms of BKD, and improving long-term survival through spawning (Strom et al. 2000, Strom et al. 2001).  The effectiveness of the drug probably lies in its ability to concentrate in polymorphonuclear leukocytes, macrophages, and fibrocytes, all cell types which R. salmoninarum is known to invade and be sequestered from the salmonid immune system (Bandin et al. 1993, Gutenberger et al. 1997).  In the same study, where the toxic effects of long-term erythromycin use are being measured, azithromycin alone was administered to a group of fish one to three times over the course of the first year after hatch, and then the fish were not medicated for the following two years.  In this group of fish, the fecundity and survival to the eyed stage were no different than the controls (W. Fairgrieve et al. unpublished).

These studies are preliminary.  Azithromycin is approved for human use only, and any application in fish would necessarily be restricted for ESA-related use under extra-label veterinary prescription (FDA Sec. 615.115 extra-label use of medicated feeds for minor species, http://www.fda.gov/ora/compliance_ref/cpg/cpgvet/cpg615-115.html).  Care must be taken in its use to avoid development of antibiotic resistance.  It should be pointed out that other Gram-negative and Gram-positive pathogens have developed resistance to azithromycin (Bermudez et al. 1998, Hoge 1998, Wondrack et al. 1996).  Prudent use also suggests that release of the antibiotic into the environment where there is the potential for human and/or fish pathogens to acquire specific azithromycin resistance through chronic exposure should also be avoided (Angulo 2000, Falkow and Kennedy 2001, WHO 1997).  Additional data regarding azithromycin efficacy and safety is needed to determine whether azithromycin should be used routinely for treatment and control of BKD in endangered salmon stocks.  These include determinations on the ability of the antibiotic to completely kill viable R. salmoninarum in vivo (in fish tissue), what tissue concentration levels are achievable through feed, the potential for R. salmoninarum to develop resistance, the depuration time in fish after cessation of treatment, and inactivation of the antibiotic during effluent treatment.

It is well established in the medical and veterinary community that long-term prophylactic use of antibiotics should be avoided where possible, specifically due to the widespread development of antimicrobial resistance (Angulo 2000, Falkow and Kennedy 2001, WHO 1997).  Either to reduce the need for antibiotic treatment of BKD, or to augment antibiotic use in endangered captive stocks, effective vaccines or other non-antibiotic-based therapeutics must be developed.  A number of experimental vaccines against R. salmoninarum have been formulated and tested, but none has proven effective enough for general use (Ellis 1999).  These have included whole-killed cells, or bacterins, heat-treated fixed whole cells (to reduce the amount of p57 protein on the surface, a putative major virulence factor), and purified p57 (Piganelli et al. 1999).

Aqua Health Limited recently licensed a vaccine (Renogen) for use in Canada and the United States for treatment of BKD in Atlantic salmon.  This vaccine is a heterologous bacterin, consisting of a preparation of the bacterium Arthrobacter sp. nov.  Its effectiveness lies in its apparent ability to induce a protective, cross-reacting immune response against R. salmoninarum infection.  The vaccine is administered as a live culture, delivered via intraperitoneal injection.  Renogen was developed primarily for prevention of BKD in net-pen-reared Atlantic salmon, where the disease can be endemic - although the severity of disease and subsequent losses are somewhat lower than what has been seen in Pacific salmon species.  The vaccine has undergone safety testing in chinook salmon pre-smolts in trials carried out at NWFSC/NFMS between 2000 and 2002.  It has also been used to vaccinate various chinook salmon stocks (broodyear 1998 to present) being reared in captive broodstock programs by IDFG and ODFW, and reared in their respective facilities, as well as at the NMFS Manchester Research Station and Burley Creek Hatchery.  No undue safety or other adverse effects have been noted as a result of the Renogen vaccination in any of these trials.  However, there appears to be little if any long-term protection of these fish from contracting BKD.  In efficacy studies carried out at NWFSC, Renogen and bacterins consisting of an attenuated (less virulent) variant of R. salmoninarum designated MT239 (Bruno 1988, O’Farrell and Strom 1999) show modest and apparently short-lived protection of chinook salmon from subsequent R. salmoninarum challenge (see Part I, section 2, past accomplishments).

This study proposes to determine whether chinook salmon vertically infected with R. salmoninarum can be treated with azithromycin at first feeding either alone or in conjunction with Renogen and/or R. salmoninarum MT239 bacterin vaccination.  The goal is to eliminate completely the pathogen in these stocks.  This would ensure that either the fish would be R. salmoninarum “free” if released for natural migration, or that the subsequent progeny of treated fish raised to adult stage for broodstock do not carry vertically-transmitted R. salmoninarum.

Objective 5. Evaluate Effects of Inbreeding and Inbreeding Depression

Inbreeding depression is a loss of fitness associated with reduced genetic variation, and has been among the most prominent genetic concerns of captive breeding programs involving threatened or endangered species for decades.  This concern stems from adverse effects of inbreeding on survival and reproductive capacity, which have been well documented in many species of captively-bred animals (Ralls and Ballou 1983), and experimental work has shown a strong link between the degree of inbreeding and fitness loss (Ralls et al. 1988).  Crnokrak and Roff (1999) summarized evidence indicating sensitivity to inbreeding depression in populations of wild animals, and Saccheri et al. (1998) demonstrated that reduced genetic variation associated with inbreeding contributed directly to extinction of populations in the wild.  In addition, evidence is mounting that a past history of inbreeding (e.g., due to historically small population size) does not necessarily buffer a population from subsequent inbreeding depression (Ballou 1997).  Some investigators now believe that inbreeding and environmental stress can interact to produce highly variable responses in inbreeding depression (Bijlsma et al. 1999, Dahlgaard and Hoffman 2000) and that this synergy can significantly increase extinction risk for small populations (Bijlsma et al. 2000, but see Armbruster et al. 2000).  How a population responds to selection and inbreeding likely depends heavily on its histories of selection and inbreeding (Lacy and Ballou 1998).

The consequences of inbreeding in most salmonids are poorly understood.  The relevant work has largely been limited to non-anadromous fish, especially brook trout and rainbow trout (Ryman 1970, Kincaid 1976a, Gjerde et al. 1983, Kinghorn 1983, Su et al. 1996, Pante et al. 2001a,b).  No general guidelines for tolerable levels of inbreeding have been proposed for salmon, but for closed aquaculture populations Tave (1993) suggested inbreeding levels exceeding 10% per generation may reduce viability or performance.  Kincaid (1976b) found reduced growth and survival in rainbow trout with inbreeding levels higher than 18%.  Su et al. (1996) and Pante et al. (2001a) reported rates of inbreeding depression of 0.8-3.3 % per 10 % increase in inbreeding for body weight in rainbow trout.

For many studies, including pedigrees of captive populations, statistical power is often too low to detect inbreeding depression (Kalinowski and Hedrick 1999).  Nevertheless, studies on salmonids have found adverse effects of close inbreeding on survival and growth (Gall 1987, Hard and Hershberger 1995).  A number of wild salmon populations exist in low abundance.  Not yet known is the extent inbreeding has led to and continues to impede viability in these populations, which aspects of the life-cycle are affected most, and whether inbreeding can limit the effectiveness of recovery efforts involving captive broodstocks.

This study attempts to address this issue by documenting the consequences of close inbreeding in a population of chinook salmon over two complete generations.  The study is conceptually simple: create a breeding design that permits at least three levels of average genetic relationship among individuals, mate the individuals to create inbred and control lines, and evaluate variation in survival and life history in these individuals and their offspring in two different environments (hatchery release and captive rearing regimes) in which individuals of different inbreeding levels are reared in common.

c. Rationale and significance to Regional Programs
The proposal addresses recommendations for Reasonable and Prudent Alternative Actions, Numbers 107, 175, 182, and 184 from the 2000 FCRPS Biological Opinion (BiOP, NMFS 2000).  The thesis of the proposal is best described by the following statement in the BiOP: “Reforms of existing hatchery programs and facilities that began several years ago must be accelerated and broadened to apply a variety of new and improved artificial production techniques that include supplementation, captive broodstock, and other strategies designed to minimize the risk of artificial production and/or maximize its benefits.”  The goal of the proposal is therefore to conduct the rigorous scientific research necessary to develop captive broodstock technology techniques and help attain the objectives of the BiOP and the NWPPC Fish and Wildlife Program.

Captive broodstocks for recovery of imperiled salmonid populations raise new uncertainties and challenges not faced by more conventional artificial propagation programs.  Captive broodstock programs can quickly increase population abundance (Schiewe et al. 1997); however, maximizing success of reintroduction to the natural environment remains a major challenge.  Objective 1 of the proposed project applies approaches and abilities to quantify reproductive success of captive adult salmon that are released for natural spawning.  Captive rearing programs for some of the Columbia River Basin’s most endangered salmon populations practice rearing and release of captive adults as either the principal or secondary component of reintroduction.  Releasing adults may act to reduce some deleterious genetic effects of artificial propagation by allowing natural and sexual selection to occur during spawning, incubation, emergence, and early rearing.  However, the generally poor reproductive performance thus far exhibited by captive adults under experimental conditions (Berejikian et al. 1997, 1999, 2001) and in their natal streams may not be as productive as more conventional smolt-release strategies, and may offset the potential genetic benefits.  The regional captive broodstock Technical Oversight Committees strongly recommended research to quantify the success of the captive rearing (i.e., adult release) strategy and research to identify environmental rearing factors that will improve reproductive performance.  

A draft (dated February 22, 2002) Mainstem/Systemwide Province Artificial Production Program Summary, prepared for the NWPPC identifies the need to determine rearing environment effects on reproductive success of captive salmon.  Currently, some programs spawn captive adults artificially and rear and release smolts (Grande Ronde spring chinook salmon), some release only adults (Salmon River spring/summer chinook salmon), others release progeny at several major life-history stages (Redfish Lake sockeye salmon), and decisions have not yet been made for more recent programs (Tucannon River spring chinook salmon).  The intensive research proposed under Objective 1 together with monitoring of current programs and adaptive management will guide future reintroduction strategies.  

The BiOP calls for research to determine whether, and to what extent, artificially propagated salmon “mask” the productivity of the natural population, primarily as it relates to more conventional smolt-release hatchery programs.  Potential for masking, however, occurs equally in situations where captive salmon are released as adults.  Evaluation of the reproductive performance of captive chinook salmon under controlled and natural conditions will help quantify the relative productivity of the captive and natural (target) populations.  

Another major uncertainty associated with hatchery reform and the conservation of naturally spawning populations is the causes and consequences of straying (i.e. gene flow) between populations of salmon (both captive and wild).  To appropriately manage captive populations it is important to understand how hatchery practices (e.g. time and size at release, rearing conditions) will affect olfactory imprinting and ultimately homing and straying.  The proposal and research described under Objective 2 to improve olfactory imprinting and homing is directed specifically at the issue of imprinting and straying in salmon released from captive broodstock programs but the this research has broader implications for imprinting and homing consistent with the criteria described in the NWPPC’s Proposal Development and Review criteria document.  Specifically, this proposal directly addresses future needs identified in the recent draft Mainstem/Systemwide Province Artificial Production Program Summary indicating that studies on the effect of hatchery rearing “on straying (homing and imprinting) are needed to manage straying rates of hatchery adults” and such studies were identified as actions toward RPA 175 and 184 “needing immediate implementation” under both the BIOP and FWP (NWPPC 2002).  By identifying developmental periods that are important for olfactory imprinting, rearing and release strategies for each salmon species can be developed to lower stray rates in both production and recovery hatcheries.  Furthermore, these studies will develop novel assays for imprinting that will further our understanding of the mechanisms underlying imprinting and allow for further cost-effective studies of hatchery practices and environmental conditions that contribute to successful imprinting and homing in both hatchery and wild fish.

Homing and straying is specifically indicated as a factor requiring investigation under RPA Action 107.  A major impediment in developing conservation and recovery plans for salmon in the Pacific Northwest has been the inability to determine the natural and induced levels of straying and the significance of straying for unaccounted losses. The inability to determine when and where fish have imprinted and whether they have strayed has confounded efforts to model population viability and the relative impacts of various management actions (McElhany et al. 2000). Imprinting studies associated with the Captive Broodstock program will directly address needs identified under this RPA. 

RPA 184 specifically calls for “employing hatchery practices that reduce unwanted straying of hatchery fish”.  The BiOP further indicates that hatchery reform measures should include development of juvenile rearing and release facilities that will improve homing fidelity.  Hatchery and captive rearing practices and facilities development that will achieve these goals must be identified and developed through further research.  The NWPPC’s Program calls for hatchery reforms that will minimize straying and the NWPPC’s Artificial Production Review calls for the development of a research study plan to investigate straying by hatchery fish (NWPPC 1999).

Bacterial Kidney Disease (BKD) caused by R. salmoninarum is the first or second most important infectious disease affecting all salmon captive broodstock programs in the Pacific Northwest.  Management strategies, such as culling eggs from infected parents to reduce the incidence of disease in captive populations, has decreased the levels of BKD from the catastrophic losses initially experienced.  However, severe outbreaks do and will continue to occur in certain populations in spite of these measures.  In the absence of completely affective control measures and vaccines, particularly those that can break the infectious cycle of vertical transmission, BKD will continue to reduce significantly the numbers of endangered fish which can be released back into the wild.

In recent years, many independent efforts have been made to develop recommendations to improve hatchery practices and reduce their adverse effects on natural salmon populations.  One of these efforts is the NWPPC’s Artificial Production Program.  The primary purpose of this program is to improve existing artificial production activities, and ensure that artificial production programs will protect and enhance naturally spawning populations.  The program, like other hatchery reform efforts, emphasizes the importance of experimental adaptive management designs for artificial production activities.  The Program indicates the importance of determining genetic effects of hatchery culture for captive broodstocks.  Among the “future needs” it identifies is the following: “Inbreeding depression remains the most important genetic concern of captive breeding programs involving threatened or endangered species.  However, the consequences of inbreeding in Pacific salmon, and whether these vary between different production environments, are not known.  Research should address these consequences with an aim to evaluating the extent to which inbreeding has led to and continues to impede viability in salmon populations.  That is, does inbreeding limit the effectiveness of recovery efforts involving captive broodstocks?”

In their document describing a conceptual framework for conservation hatcheries for salmon, Flagg and Nash (1999) emphasized that high priority must be given to basic scientific research to improve effective of conservation hatcheries.  Among the research goals they identified is the maintenance of genetic integrity of the hatchery-natural population system, and genetic protocols to achieve this goal must aim to maintain existing genetic diversity within the system as much as possible.

Finally, the Reasonable and Prudent Alternative Actions recommended in the BiOP encouraged hatchery reforms to include practices which reduce or eliminate adverse genetic, ecological, and management effects of hatchery production on natural populations.  Development of these reforms requires concomitant research to assess the consequences of reduced genetic variation in salmon populations, which this study addresses directly.

d. Relationships to other projects 
The research conducted under Project 199305600 is designed to address directly problems identified by the managers of several captive broodstock and captive rearing programs in the Columbia and Snake River Basins.  Research on improving chinook salmon reintroduction success (Objective 1) aims to optimize the adult release strategy being implemented for three Salmon River, Idaho stocks (Project 199700100), and Redfish Lake sockeye salmon (Project 199107200).  Other projects (199801001 and 2000001900) have been considering the adult release options, and research conducted under Objective 1 will assist in identifying the risks and benefits.

In addition to experimental research on surrogate captive populations, this project will continue to include direct sampling of fish from ESA-listed captive rearing programs.  Research proposed under Objective 1 will assist IDFG with experimental design, monitoring, and analysis of the breeding behavior and success of captive chinook salmon released as adults for natural spawning in their natal streams in the Salmon River Basin.  

Research examining the timing of imprinting in sockeye salmon (Objective 2) is closely linked to the Redfish Lake Sockeye Salmon Captive Broodstock Program (Project 199107200).  The imprinting component of Project 199305600 was established partly in response to concerns that improper imprinting was affecting the returns of sockeye released as juveniles into Stanley Basin.  The sponsors of Captive Broodstock project (199107200, 199204000) and the SBSTOC recommended that Project 199305600 initiate research on the timing of imprinting in sockeye salmon. Experimental odor exposures for Objective 2 have been designed to parallel and evaluate reintroduction strategies currently being tested for Stanley Basin Sockeye.  Results from our experiments will help the captive broodstock program managers prioritize future rearing and release plans.

Although the limited number of returning adult fish from the Redfish Lake Sockeye Captive Broodstock project makes statistical analysis of homing and straying patterns difficult, the extensive tagging and monitoring of juvenile and adult sockeye conducted under Project 199107200 and 199107100 provides insights into the behaviors of fish released under different strategies and some insights into the homing and straying patterns of the different release groups.

The NMFS Redfish Lake Sockeye Salmon Captive Broodstock Rearing and Research Project 199204000 provides support for our studies by sharing species-specific rearing technology developed as part of their project and the project personnel’s expertise has helped ensure successful rearing of experimental imprinted fish.

We are currently using Okanogan River sockeye for our studies identifying the critical periods for olfactory imprinting and results from these experiments may prove useful in developing reintroduction strategies for upper Columbia River sockeye salmon under project 200001300 (Evaluate an Experimental Re-introduction of Sockeye Salmon into Skaha Lake, and Project 29016 (Return of Sockeye Salmon to their Historic Range).

Initial efforts to define sensitive windows for imprinting have focused on sockeye salmon but many of the assays for imprinting should be useful for other species as well. Future studies will examine the timing of imprinting in Spring chinook salmon and these data will be useful for developing release strategies for FWP funded captive broodstock and supplementation projects throughout the Columbia River basin.
The proposed research in Objective 3 aims to solve problems presently being encountered by captive broodstock programs for recovery of Redfish Lake sockeye salmon and Snake River spring chinook salmon.  Research proposed under Task 7 of Objective 3 will monitor development of offspring of Redfish Lake sockeye salmon broodstock to determine whether poor survival of embryos is due to poor egg fertility or problems with development of embryos.  Research on the development of growth regimes which minimize early male maturity will provide information valuable to broodstock programs, as well as production and conservation hatcheries where there is a need to reduce the incidence of jacks.  Information generated by this research has been utilized to develop experimental rearing regimes to reduce the number of minijacks produced by the Cle Elum Supplementation and Research Hatchery under Project 199202200, Physiological Assessment of Wild and Hatchery Spring Chinook Salmon.  One of the mandates for conservation hatcheries is to produce fish of similar phenotype to wild, naturally-rearing fish.  Rearing regimes which sustain smolt quality, but minimize early male maturity, are needed to achieve this goal. 

Under Objective 4, research to improve in culture survival through prevention and control of disease in captive populations addresses persistent and potential problems encountered by this and other Captive Broodstock Programs within the Columbia River and Tucannon River Basins.

The fundamental goal of this objective is to break the cycle of vertical transmission of the disease in chinook salmon by treating the first feeding or juvenile life-stages.  The approach is pursuing two strategies; the first is to treat fish, vertically infected with R. salmoninarum, with azithromycin at first feeding alone.  This necessitates a series of individual studies carried out over the next three years.  In addition to determining the pharmokinetics and bactericidal activity of azithromycin, and development of azithromycin-resistance by the fish, other important studies will provide answers to the questions whether (i) vertical R. salmoninarum infections can be eliminated in first-feeding chinook salmon using azithromycin-medicated starter feed, and (ii) juvenile chinook salmon vertically-infected with R. salmoninarum can be cured by giving them azithromycin-medicated feed at any time up to smoltification age?  The second strategy, to try to eliminate the R. salmoninarum pathogen in a susceptible population, is to treat first-feeding chinook salmon with azithromycin in conjunction with vaccination to increase its effectiveness.

A responsibility associated with this type of experimentation is to evaluate the use of azithromycin with any possible negative side-effects on the fish and the environment.  Therefore, a number of follow-up studies will monitor some externalities as part of the principal studies under this Objective (4) on the use of azithromycin to eliminate the pathogen R. salmoninarum from captive broodstock populations of salmon.

Finally, basic pathological services at the Manchester Research Station are provided under Objective 4 to Projects 199606700 and 199700100.  All in-culture mortalities which might occur among the seven captive broodstock populations of ESA-listed fish held by these Projects are autopsied at Manchester to identify the disease prevalence, and recommend any treatment(s) for the survivors.

The inbreeding study under Objective 5 is probably the first study explicitly designed to evaluate inbreeding and its consequences in anadromous salmonids.  The study was implemented outside the Columbia River Basin primarily because smolt-to-adult survival rates for chinook salmon populations in the Basin are typically too low to ensure adequate numbers of breeders from hatchery releases, inclusion of which is a key component of the study’s design.  As a result, the study is not closely allied with other projects in the Basin.  Nevertheless, the results are anticipated to provide substantial information useful for detecting inbreeding depression, minimizing rates of inbreeding, and determining inheritance patterns for life history traits.  The Principal Investigator for the inbreeding study is a member of the Chinook Salmon Captive Propagation Technical Oversight Committee (TOC), which is composed of biologists from NMFS, IDFG, ODFW, Washington Department of Fish and Wildlife (WDFW), the U.S. Fish and Wildlife Service (USFWS), the Shoshone-Bannock Tribe, and University of Idaho.  The TOC meets six times annually to coordinate research and management associated with salmon captive broodstock programs in Idaho, Oregon, and Washington.

Salmon captive broodstock projects in the Basin to benefit from the information obtained during the course of this study include: Captive Broodstock Artificial Propagation (Project 5520700), Captive Broodstock Program – Manchester Research Station (Project 199606700), and the Redfish Lake Sockeye Salmon Captive Broodstock Program (Project 199204000).  In addition, methods developed and applied in the inbreeding study will be applicable to analyses in a BPA-supported project on Heritability of Disease Resistance and Immune Function in Chinook Salmon (Project 020106).
e. Project history (for ongoing projects) 

NMFS initiated the BPA-funded “ The Assessment of Captive Broodstock Technology” (Project 199305600) in response to the increasing dependence on captive broodstocks as one measure to prevent extinction of ESA-listed salmon population.  Current captive broodstock efforts for Columbia River Basin salmon stocks began in the early 1990s with a collaborative project of the NMFS, IDFG, Shoshone-Bannock Tribe, and the BPA, for the restoration of Redfish Lake sockeye salmon.  Efforts expanded in the mid 1990s with the addition of ODFW and Nez Perce Tribe and studies on six stocks of Snake River spring/summer chinook salmon.  By the late 1990s, captive broodstock protection for Columbia River Basin stocks had been further conferred on three stocks of spring chinook salmon from the mid-Columbia River and Tuccannon River, and fall chinook from Snake River, through programs coordinated by the Grant County Public Utility Department and WDFW, respectively.  

The principal goal of the effort has been to conduct scientific research to quantify risks and benefits of captive broodstock strategies and guide improvements in captive broodstock technology for Pacific salmon.  NMFS and the project collaborators completed a thorough review of scientific research relating to captive broodstock genetics, nutrition, physiology, husbandry, and fish health (Flagg and Mahnken 1995).  Key information gaps were identified and research was initiated in each discipline.  In addition, research on behavioral effects of full-term captive rearing and implications for reintroduction strategies began in 1995.  Over the course of the project, NMFS collaborators have included IDFG, ODFW, USFWS, the US Geological Service, the Universities if Idaho and Washington, the Shoshone Bannock Tribes, and Long Live the Kings (a non-profit organization).  Through regular participation in the regional TOC process, project investigators have generated specific research projects based on the most pressing problems facing captive broodstock programs.  

The accomplishments listed in Section 2 of this proposal provide information on the project’s history.  However, the history of specific scientific accomplishments are probably best summarized in the following list of over 25 peer-reviewed articles produced by project investigators from studies conducted under this project (manuscripts in press or in review are also shown). 
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In 1996 a workshop on captive broodstocks of Pacific salmon was held in Bodega Bay, California.  All the principal investigators of each project presented their latest results, and captive broodstock program managers presented project overviews.  The information, taken together, provided directions for future research.

In February 1999, project leaders of Project 199305600 initiated and led a research re-prioritization effort by soliciting advice from the regional state, tribal, and federal managers of captive broodstock programs.  Recommendations of the Stanley Basin Sockeye and Chinook Salmon Captive Propagation TOC were solicited to ensure research was being conducted in the most critical areas.  The TOC recommended continued focus on problems associated with adult reproductive performance, fitness of juveniles released from captive broodstocks, inappropriate timing of development through the life cycle, and prevention and treatment of bacterial kidney disease.  Among their highest recommendations was research associated with captive culture and imprinting of sockeye salmon.  Consequently, research on timing (i.e., stage of development) of imprinting and environmental factors affecting imprinting was initiated in June 2000.  The recommendations were integrated into subsequent work plans by phasing out high quality, but lesser applied research.  

Project leaders are currently organizing a workshop on captive broodstocks for imperiled populations of Pacific salmon, to be held in late June 2002.  The workshop will enable (i) research scientists to report on their latest research findings to assist in furthering the success of all captive broodstock programs, (ii) broodstock managers to describe the persistent and most critical problems to help scientists focus their research, and iii) fisheries managers to summarize their current policy perspectives on captive broodstocks and speculate about their future role in salmon recovery.  Through such workshops, and regular participation in TOC meetings, the project research team will continue to ensure that their work addresses the most significant biological parameters affecting the success of captive broodstock programs.

Project 199305600 is providing fundamental research for the development of captive broodstock technology to aid recovery of ESA-listed stocks of Pacific salmon (Flagg and Mahnken 1995, Flagg et al. 1995, 2000, Swanson et al. 1998, Berejikian 2001).  The research group fully recognizes that captive broodstocks can only be a successful part of population recovery, if the factors for population decline are corrected.  The achievements of this research program has helped establish captive broodstock technology as a central component of conservation and recovery of ESA-listed stocks (Flagg and Mahnken 2000).

While captive broodstocks appear vital to salmonid population recovery in the Pacific Northwest, research has shown that captive broodstocks grown under current technologies are not as behaviorally or reproductively competent as wild fish (Berejikian et al. 1997, 1999b, 2000b, 2001; Hard et al. 2000, Schiewe et al. 1997).  Project 199305600 is currently focused on knowing whether performance can be improved by modifying rearing protocols, and identifying the underlying mechanisms responsible for deficiencies.  Continued development and refinement of captive broodstock technology is necessary to provide optimal mechanisms to stabilize populations until recovery actions succeed in addressing factors for decline.
f. Proposal objectives, tasks and methods
Objectives

The five objectives of the project are as follows

1) Improve reintroduction success

2) Improve olfactory imprinting and homing

3) Improve physiological development and maturation

4) Improve in-culture survival through prevention and treatment of disease

5) Evaluate effects of inbreeding and inbreeding depression

Tasks

The following measurable Tasks will be completed.  The Objective addressed by each Task is provided in parentheses.  Some Tasks will support more than one Objective.

Task 1 (Objectives 1, 2, 3, 5)--Culture experimental salmon captive broodstocks in freshwater and seawater facilities.

Task 2 (Objective 1)--Quantify reproductive behavior and success of chinook salmon reared in experimental treatments in stream channels and natural streams.

Task 3 (Objective 2)--Determine critical imprinting periods for sockeye salmon. 

Task 4 (Objective 3)--Determine the effects of growth on incidence of early male maturity and adult quality in spring chinook salmon.

Task 5 (Objective 3)--Determine the effects of growth on maturation timing, fecundity, egg size, egg quality, and reproductive behavior in spring chinook salmon.
Task 6 (Objective 3)--Determine the effects of rearing water temperature during the seawater rearing phase on timing of spawning and egg quality in spring chinook salmon.

Task 7 (Objective 3)--Monitor fertility and embryonic development in Redfish Lake sockeye salmon captive broodstock reared at the NMFS Burley Creek Hatchery.
Task 8 (Objective 4)--Determine azithromycin drug resistance development and pharmacokinetics, azithromycin efficacy, and whether early use of azithromycin induces any observable toxicity in juvenile chinook or other environmental issues.

Task 9 (Objective 5)--Determine the effects of controlled inbreeding on survival, development, age structure, and other aspects of the life history of chinook salmon.
Methods (described by Task)

Task 1.  Culture experimental salmon captive broodstocks in freshwater and seawater facilities (Objective 1, 2, 3, and 5)—Objectives 1, 2, 3, and 5 require the full-term culture of either sockeye or chinook salmon.  The rearing treatment details are identified under their respective Tasks below.  In general, both freshwater and seawater facilities will be operated to provide fish for the proposed studies.  The NMFS seawater rearing facility, located at the Manchester Research Station, designed specifically for this project receives effluent from tanks containing ESA-listed populations of chinook and sockeye salmon (Projects 199700100 and 199107200) to reduce cost associated with pumping additional seawater from Puget Sound.  Two pumps (7 HP) are capable of delivering 2,500 L·min-1to 12 fiberglass rearing tanks (4.5-m diameter).  Solids are removed by three sand filters, which allows a UV sterilization system to remove pathogens before delivering water to the captive salmon.  Automatic feeders will be emplaced to reduce labor costs.  A float system and marine net-pen complex will also be available for rearing captive broodstock to adulthood for inbreeding studies.  

The NMFS freshwater rearing facilities at the Northwest Fisheries Science Center in Seattle (NWFSC) utilizes dechlorinated Seattle water and a recirculation system that provides 1,000 L·min-1 of pathogen-free water. The system utilizes a state-of the art biofiltration system, provides temperature control and ozone/UV sterilization for removal of pathogens. The facilities contain egg incubation facilities and over 50 experimental rearing tanks of various sizes to so that salmon can be maintained at every stage of the life cycle.  NMFS currently leases research facilities at the Big Beef Creek Research Station from the University of Washington School of Aquatic and Fishery Sciences.  Up to 1,400 L·min-1 of well water is available at a constant temperature of 10°C.  The single pass water at this site is ideal for odor exposure experiments that cannot be conducted in a recirculation system.  NMFS maintains office space, a hatchery, 16 rearing tanks (1.8-m diameter) and 3 tanks (4-m diameter) for the sockeye salmon imprinting research (Objective 2).  The University of Washington Hatchery, located on campus in Seattle, provides spawning and holding ponds for adults, freshwater raceways, and tanks for rearing of individual families, subcontracted facilities for fish marking, a chiller for incubation temperature control, and laboratory and data collection facilities.  Facilities for behavioral testing of adult salmon (Objective 2) will be completed by Fall 2003.

Task 2.  Quantify reproductive behavior and success of chinook salmon reared in experimental treatments in stream channels and natural streams (Objective 1)--A combination of behavioral observation, ecological sampling, and DNA microsatellite analyses will be combined to determine differences between experimental rearing treatments and proximate causes of individual variation in reproductive success.

Quantify reproductive behavior.  Captive chinook salmon from the Carson National Fish Hatchery (brood year 1999) have been reared at the NMFS Manchester Research Station from the eyed egg stage of embryonic development.  The salmon, which exhibit a stream-type life history, were transferred to sand-filtered, UV-sterilized seawater as yearling smolts.  In September 2002, fish will be weighed, measured, PIT tagged, and divided equally into four rearing vessels (4 m diameter).  Two tanks will receive non-chilled water similar in temperature to that experienced by six populations of ESA-listed chinook salmon (i.e., ‘standard’ temperature).  In the other two tanks, temperatures will be maintained at 3°C below standard temperature.  Feeding will follow the feed manufacturer’s specifications.  Fish will be sampled periodically to meet Objective 3.  In August 2003, age-4 maturing adults will be allocated to the following reproductive behavior and success experiment.  A total of 32 females and 32 males (8 of each sex from each tank) will be used in the experiment.  In a recently conducted study of captive chinook reproductive behavior, these sample sizes were sufficient to detect relative behavioral frequency, duration, and status differences of approximately 25% (Berejikian et al. in review) 

The spawning experiment will be conducted in a stream channel (40 x 6 m) located at the NMFS Manchester Research Station (Berejikian et al. 2001b).  Briefly, 6,800 L·min-1 of fresh water will be recirculated through the channel, with 60 L·min-1 flow through.  Water depth (10 - 35 cm), current velocities at nest sites (0.1 - 0.6 m·sec-1), water temperatures (controlled by a chiller), and gravel size (approximately 3 - 12 cm diameter) in the channel will be within the range of spawning habitat used by several Columbia River Basin chinook salmon populations in Washington State (Burner 1951).  Four flood lights positioned horizontally 4.5 m above the channel will illuminate the water surface to provide enough light (mean + SD = 4.8 + 0.9 lux) for night-time video recording (see below).

Four cameras (Watec, model 902HS; 00015 lux sensitivity @ F1.4; 26 mm lens) will be positioned approximately 3.8 m above the stream channel, so that each camera captures images from 25% of the channel.  Video signals will be recoded recorded on time-lapse recorders (Gyyr, model TLC 2124-GY) at approximately 5 frames/sec between 1700 hrs and 0730 hrs.  All night-time spawning events will be recorded and observed upon reviewing the video tapes between 0800 and 1200 hrs the following day.  During daylight, three remote underwater cameras will be used to record spawning events.  When a female begins preparing a new nest for spawning, a camera will be positioned nearby, and the video signals will be recorded in real time (JVC Super VHS, model HR S-7300-U).

In addition to the overhead video cameras connected to time-lapse recorders, and underwater video recording, reproductive behavior of fish in the stream channel will be recorded by direct observation ‘scan’ sampling.  Reproductive behaviors quantified will be categorized into three classes: nesting behavior, aggression, and spawning duration (Table 1).  Each fish in the channel will be observed for at total of 20 min daily (i.e., two 10 min ‘scans’) between 0700 and 1900 hrs from behind an observation blind.  The frequency of nest digs, covering digs, and probes (see Table 1 for definitions) will be recorded.  Two types of aggressive behaviors, attacks and threat displays, will be recorded along with the initiator and receiver of each aggressive act (Table 1).  The response variable for each behavioral frequency will be calculated as the sum of frequencies divided by the number of scans (i.e., frequency per 10 min observation).  Data generated from scan sampling and overhead and underwater video techniques will be combined to quantify the durations three reproductive phases: (i) pre-spawning duration, (ii) duration of sexual activity, and (iii) senescence, along with the number of nests spawned by each female, and the location of each nest (Table 1).

The survival of a female’s eggs may largely depend on the degree to which they are disturbed or dug up by later nesting females.  Thus, the ability of female salmon to guard their nests from intrusion by other females may contribute to their reproductive success (Fleming and Gross 1994, Steen and Quinn 2002).  Females observed biting or chasing other fish near one of her previously constructed nests will be considered in a nest guarding state.  The proportion of all scans in which females were observed nest guarding will be calculated.

Males will be evaluated for their access to nesting females and participation in spawning events.  Access to females and order of nest entry are important variables in determining male fertilization success (Mjolnerod et al. 1998).  Alpha males will be defined as those that dominated access to an ovipositing female, and are first to enter the nest and release milt during oviposition.  Subordinate beta males will be defined as those males holding position downstream of a courting pair, and frequently 'sneaking' into the nest.

Estimate egg deposition.  The ability of females to deposit eggs before death is a primary measure of breeding success (Healey 1991, Fleming and Gross 1994).  Egg deposition will be estimated by subtracting the actual number of eggs retained in the body cavity from the estimated fecundity.  Fecundity of fish spawning in the channel will be estimated from a weight–fecundity regression equation derived from cohorts reared in the same environments and spawned artificially as part of Objective 3.  Previous studies of captive chinook salmon have indicated that >70% of the variation in female fecundity can be explained by female body weight (Berejikian et al. in review).

Table 1.  Definitions of behavioral frequencies, states, and durations to be measured from chinook salmon placed into the stream channel.

	Class
	Behavior
	Definition

	Nesting behavior (frequency)

	
	Probe
	Female arches back and lowers anal fin into substrate in a developing nest 

	
	Nest dig
	Excavating dig performed during nest construction

	
	Cover dig
	Dig which either covers recently deposited eggs or covering a previously constructed nest

	Aggression (frequency)

	
	To female
	Total aggressive acts (threat displays + attacks) initiated by fish being observed towards other females

	
	From female
	Total aggressive acts (threat displays + attacks) received from other females against fish being observed

	
	To male
	Total aggressive acts (threat displays + attacks) initiated by fish being observed towards males

	
	From male
	Total aggressive acts (threat displays + attacks) received from males against fish being observed

	Duration 
	

	
	Pre-spawning
	Time between introduction to the channel and first spawning event

	
	Sexually active
	Time between first and last spawning event

	
	Post-spawning
	Time between last spawning event and death


Quantify embryo viability.  In addition to behavioral characteristics leading up to spawning, breeding success may also be largely determined by spawning synchronization effects on fertilization success (see Fleming et al. 1996) and the incubation environment created by the female during nest construction and covering.  To determine the contribution of those two factors to breeding success, the viability of eggs naturally spawned will be compared with those artificially spawned under Objective 3.  

Within two minutes of observing individual spawning events, a 30-cm piece of weighted poly-vinyl flagging inscribed with the male and female tag numbers will be placed into the center of the nest pocket, such that the flagging material will be visible after the female has completed covering the nest.  At the eyed stage of development (approximately 350 ATU °C), eggs will be removed hydraulically from a sub-sample of individual nests in which the spawning pair is known.  An equal number of nests from each treatment group will be sub-sampled not to confound the adult-to-parr reproductive success evaluations.  The proportion of viable versus non-viable embryos will be determined.  Non-viable eggs will be ‘cleared’ with an acetic acid solution to determine whether fertilization had occurred.  The proportion of viable versus non-viable eyed eggs, and fertilized versus non-fertilized eggs will each be compared between rearing treatments by one-way analysis of variance.  A bonferroni adjustment will be made to set the experiment-wise Type I error rate to 0.05.

Conduct DNA Pedigree analyses (adult-to-parr).  A pedigree analysis based on DNA microsatellites will be conducted to determine the relative success of individual captive adults to produce age-0 parr.  The experiments will circumvent a major problem of conducting similar analyses in the field because all adults will be genotyped and progeny can, therefore, be assigned unequivocally and without estimation of single pair matings.  

The downstream-end of the stream channel section will be fitted with a trap to collect parr that have emerged from the gravel and emigrated.  Parr traps will be checked daily and all parr removed.  Each daily sample will be kept separate until all parr have been collected from the traps.  All non-emigrating parr will be removed from the stream channel approximately 1 month after the emergence of the progeny from the last spawning female.  Delaying the collection will allow determination of maternal effects (e.g, egg size and number, time of spawning, spawning location) on growth as well as survival.  A subset of up to 1000 parr will be selected at random in such a manner to represent the entire sample, including emigrating parr, proportionately.  Muscle tissue samples will be taken from these parr and preserved in 100% non-denatured ethanol.

Genomic DNA will be extracted from the adult and fry tissue samples, and subjected to polymerase chain reactions (PCR) to amplify 6-12 loci that are known to exhibit microsatellite polymorphisms for chinook salmon.  A fragment analysis will be conducted on the PCR products using an Applied Biosystems 310 genetic analyzer to determine the genotypes of every individual for each locus.  The genotypes of the fry will be compared to those of the adults using the computer program CERVUS to determine the parentage of each fry.

Statistical analyses.  The two primary goals of the statistical analyses are to determine the effects of the rearing treatment on behavior and, in turn, to determine parental effects (behavior, egg size, fecundity) on reproductive success.  Two general null hypotheses will be tested:

H01:  Rearing treatment has no effect on reproductive behavior

H02:  Adult-to-parr reproductive success does not depend on reproductive behavior

A one-way multivariate analysis of covariance (MANCOVA) will be used to determine the effects of rearing treatment (the independent variable, IV), and body size (covariate) on reproductive behavior.  If significant effects on combined behavior are detected, a Roy-Bargmann step-down procedure will be used to determine the importance of DVs that are likely to be correlated (Tabachnik and Fidell 1996).  The MANCOVA with a stepdown procedure provides greater protection against inflated type-I error rates than multiple univariate ANOVA tests.  

A step-wise multiple regression analysis will be conducted to determine behavioral predictors of reproductive success in captive chinook salmon.  Behavioral IV’s will include nesting building, intra and inter-sexual aggression, nest guarding frequency, and reproductive durations.  Other predictor variables will include estimates of egg size and egg number.  Each IV will be tested for its contribution to explaining variation in adult-to-parr reproductive success, as determined by the DNA pedigree analysis.  The regression analysis will identify reproductive behaviors that predict reproductive success, and will be used to refine protocols for monitoring the reproductive behavior of ESA-listed chinook salmon released for natural spawning in their natal streams.

Quantify reproductive behavior of ESA-listed Chinook salmon in Idaho streams.  Release of captive adult chinook salmon is the main reintroduction strategy for three populations of endangered chinook salmon in Idaho.  Monitoring of adult releases in 1998 - 2001 has revealed that captive chinook salmon undergo final maturation approximately three weeks later than wild fish.  The success of the adult release strategy depends on natural maturation timing to allow for intermixing of captive and wild chinook salmon and natural emergence timing of the offspring.

It is proposed to continue assisting IDFG to evaluate the breeding success of fish reared at two different temperatures before being stocked directly into spawning streams.  The IDFG will implement an acclimation program in an attempt to achieve natural maturation timing.  Although the final design of the acclimation program will be decided through TOC consultations, preliminary suggestions have been to reduce rearing temperatures during the final three to four months prior to adult release.  

Monitoring of actual reintroductions of ESA-listed stocks is a critical component of captive broodstock programs.  Studies on chinook salmon breeding behavior have been published by NMFS (e.g., Berejikian et al. 2000a,b) as a result of the project.  NMFS expertise in evaluating breeding behavior and success of spawning salmon and invited participation will substantially improve the effectiveness of reintroduction monitoring efforts in Idaho streams, as carried out between 1998 and 2001.

The main objective is to determine the onset of sexual activity (indicated by nest digging in females and courtship in males) of fish from the two reintroduction strategies (acclimated versus non-acclimated).  All adult fish will be measured, weighed, and identified by PIT tag code as part of the ongoing IDFG pre-release sampling program.  A colored, numbered anchor tag (Floy Tag Company) will be added before fish are released into the stream(s) for natural spawning.  Behavioral observations will be made several times daily from the stream-bank during periods of reproductive activity.  The locations of each fish will be recorded several times daily.  Females will be categorized as either sexually active (i.e. digging nests, nest guarding) or post-spawning.  Males will be categorized as either courting, satellite, wandering, or inactive.  The number and timing of all spawning events will be recorded.  In a subset of spawning events, attempts will be made to collect recently spawned eggs to determine whether fertilization occurred (determined by IDFG staff).  The final details of the work-plan will be determined following discussions with IDFG at upcoming TOC meetings.

FY04 – FY05--The same general approach and behavioral, genetic, and ecological evaluation methods described for FY03 will be applied to test the main effects of time of freshwater re-entry and a two factor experiment that evaluates temperature and freshwater-reentry timing.  In FY05, experiments will be conducted on Rapid River chinook salmon, which is a stock locally adapted to the Salmon River Basin and is now in culture at the NWFSC Montlake Laboratory.  Shifting to research on locally adapted populations should improve the relevance of the findings to current programs.  The details of the experimental treatments will be developed in conjunction with Objective 3 and will be partially based on the findings from the FY03 work.

Task 3.  Determine the critical imprinting periods for sockeye salmon (Objective 2)--The overall goal of the research conducted under Objective 2 is to identify hatchery practices that influence olfactory imprinting and thereby develop strategies to minimize straying of artificially produced salmonids. The imprinting process is critical for successful completion of the spawning migration and salmon that do not experience their natal water during appropriate juvenile stages are more likely to stray to non-natal sites.  Reintroduction of captive fish into the wild at inappropriate developmental periods or insufficient periods of exposure to appropriate olfactory cues may result in elevated levels of straying. Results from these studies will help develop captive broodstock reintroduction and hatchery release strategies that will minimize straying. To determine the critical period(s) for imprinting for sockeye salmon, juvenile salmon are being exposed to known odorants at key developmental stages and will be subsequently tested for development of long-term memories of these odorants.  Results of these experiments will be important to determine the critical periods for imprinting for the offspring of captive fish that are destined for release into ancestral rivers or lakes.  

Odor exposures 2000-2002. Experiments to determine the critical period(s) for olfactory imprinting by sockeye salmon were initiated in fall 2000.  After emergence from their natal gravel, sockeye salmon immediately migrate to a lake, where they remain for 1 or 2 years before smolting and migrating to sea.  To determine the relative importance of odorant exposure during these key developmental periods and the importance of exposure duration, sockeye salmon were exposed to specific odorants as alevins/emergent fry (the period just prior to and during emergence from the natal gravel) (February 2001) or were exposed as smolts (April-May 2002).  Specifically, 4,000 Columbia River sockeye salmon were obtained from the Colville Tribe Cassimer Bar Salmon Hatchery (eyed eggs) in November 2000.  This population was chosen as a surrogate for endangered Redfish Lake sockeye in part because they also have a relative extensive migration downstream and upstream migration through the Columbia River Basin and hydroelectric facilities.  Embryos were transferred to the NW Fisheries Science Center and reared in chilled dechlorinated Seattle City water. Fish were divided into three treatment groups 1) alevins/emergent fry exposure, 2) smolt exposure, 3) control. The smolt exposure group will be further divided into three groups with different exposure lengths. The alevins/emergent fry were continually exposed to a mixture of imprinting odorants (phenylethyl alcohol (PEA), L - Arginine, L - Threonine, and L – Glutamate) at a final concentration of 100 nM each from February 1 to March 5, 2001.  PEA has been used extensively as an odorant for studying imprinting (Hasler and Scholz 1983; Nevitt et al. 1994; Dittman et al. 1996, 1997).  Amino acid odorants have also been used in imprinting studies (Morin et al 1989) and the three amino acids used in this study represent potent odorants that activate distinct receptor types in the olfactory epithelium (Hara 1992).  The use of these odorants anticipates the future development of new molecular assays for olfactory imprinting (see below).  Fish were moved to the University of Washington’s Big Beef Creek Research station in August 2001 and will be maintained there until the end of the experiment. Beginning in February 2002 until 1 June 2002, 12 fish/treatment from each exposure group are being sacrificed every three weeks for physiological sampling of gill Na+/K+ ATPase activity (McCormick 1993) and plasma thyroxine (Dickhoff et al. 1982) to assess smolting.  To assess how long fish need to experience their natal water prior to release, the smolt exposure groups were continuously exposed to the imprinting odorants for six weeks (15 April – 24 May 2002); 1 week (29 April – 24 May 2002); or 1 day (24 May 2002). These exposures are designed to approximate natural releases of fish into a lake the spring prior to smolting (6 weeks), releases of smolts into a lake (1 week); releases of smolts into outlet streams (1 day).  All groups will be maintained separately until after the parr-smolt transformation (31 May 2002), then marked by treatment and reared communally to maturity.   

EOG and behavioral testing of imprinting.  Assessment of imprinting will begin in Fall 2002 by measuring olfactory sensitivity to exposure odorants using electro-olfactograms (EOG), a relatively simple electrophysiological technique that has been used extensively in fishes to measure the sensitivity of the olfactory epithelium to specific odorants (Hara 1992, Sorensen and Caprio 1997).  EOG responses reflect the summated responses of many receptor neurons in the olfactory epithelium (Ottoson 1971).  Because the olfactory epithelium is apparently sensitized to specific odors during imprinting (Nevitt et al. 1994, Dittman et al. 1997), the EOG may provide a rapid, sensitive, and cost-effective method for assessing sensitization to imprinted odorants.  Briefly, the EOG technique involves placing a recording electrode near the medial surface of one lamella within the olfactory rosette and monitoring electrical activity in response to perfusion of the rosette with odorants.  Development and testing to ready the EOG apparatus for testing odor-exposed sockeye was initiated during 2001.  Initial results using coho salmon, a species for which sensitive periods for imprinting have been identified, indicated that the EOG technique is effective for measuring olfactory sensitivity to exposure odorants and preliminary result suggest that salmon exposed to amino acid odorants during sensitive imprinting periods demonstrated a heightened sensitivity to these odorants relative to control fish.  EOG assessment and validation with coho salmon will continue through fiscal year 2002-2003.  During fall 2002, 10 fish/treatment group will be tested for heightened EOG sensitivity to the exposure odors relative to reference odorants. Differences between treatment groups in EOG responsiveness to specific odorants will be examined by analysis of variance (ANOVA) followed by Fisher’s PLSD. Significance for all analyses will be established at the P<0.05 level.  We are also collecting and freezing olfactory rosettes from all sacrificed fish for later analysis of odorant receptor mRNA levels.  This molecular approach to assay for olfactory imprinting is being developed as part of another project but may be easily adapted to this study if successful.

Behavioral testing of odorant exposed salmon will begin in Fall 2003. Odorant recognition and attraction experiments will be conducted in a two-choice maze similar to that described in Dittman (1994).  Briefly, maturing salmon will be released into a downstream section of the maze and traps in each arm of the maze will allow fish to move upstream into either arm but not allow them to leave.  Exposure odors will be continuously pumped into one arm of the maze to a final concentration equivalent to the concentrations fish experienced as juveniles.  Each day fish making choices will be removed, identified, and arm choice will be recorded.  Assuming behavioral responses to imprinted odors will be similar those previously observed for coho salmon (Nevitt et al. 1994; Dittman et al. 1996), power analysis (α=. 05) indicates that approximately 75 fish from each experimental group will be needed for behavioral testing. 

There is evidence that salmon must undergo sexual maturity to demonstrate heightened olfactory sensitivity and behavioral attraction to imprinted odors (Hasler and Scholz 1983, Dittman et al. 1997).  Therefore, the majority of the behavioral and EOG evaluations of olfactory imprinting will be conducted in Fall 2003 when these fish are expected to mature.  While a few early maturing males (2-20% in captive Redfish Lake sockeye salmon; W. McAuley  (personal communication) will be available in September 2002 to test for the importance of maturation for recognition of imprinted odorants, the requirement for significant numbers of maturing fish (and therefore full-life cycle rearing) to test for imprinting is a major obstacle for development of routine assays for imprinting.  Recent studies suggest that the maturational hormone GnRH can stimulate migratory behavior in homing salmon (Dittman, unpublished) and heightened olfactory sensitivity (Eisthen et al. 2000).  Using coho salmon exposed to imprinted odorants during smolting (March - May 2001), the known critical period for imprinting in hatchery-reared coho, we will test the efficacy of GnRH analog implants for inducing EOG olfactory sensitivity to imprinting odorants in odorant-exposed fish.  If successful, GnRH implants will also be used for EOG evaluations of odorant-exposed sockeye in Fall 2002 to determine the timing of imprinting in the experimental sockeye salmon. 

Odor exposures 2002-2003. In Fall 2002, upper Columbia River sockeye salmon eggs while be obtained to initiate a second experimental group of odorant exposed fish for studying the timing of imprinting and the effects of artificial incubation and early rearing environments on imprinting.  Particular emphasis will be placed on experimental treatments that parallel rearing and release strategies that are being tested as part of the Snake River Sockeye Salmon Captive Broodstock program (BPA Project # 199107200).  Results from fall 2002 EOG testing may also influence the experimental design. Based on the current and projected release strategies for Stanley Basin sockeye we anticipate the following odor exposure experiments:  Columbia River sockeye salmon (eyed eggs) will be obtained from upper Columbia River in November 2000.  Embryos will be transferred to the UW Big Beef Creek facility and reared in constant 10 °C well water.  In this experiment fish will be exposed to imprinting odorants for longer durations to parallel release strategies utilized in Stanley Basin.  Specifically, fish will be divided into four treatment groups 1) eyed egg to smolt exposure (odor exposures history similar to eyed egg plants and naturally produced fish); 2) fry to smolt exposure (similar to Sawtooth hatchery rearing and smolt release); 3) pre-smolt to smolt exposure (similar to fall presmolt releases into Stanley Basin lakes); 4) brief smolt exposure (Bonneville/Eagle hatchery rearing and smolt release).  Long-term odor exposure experiments will utilize a single amino acid odor because the expense of amino acid odorants precludes long-term exposures to complex mixtures of these defined odorants.  Based on results from electrophysiological and molecular studies of amino acid odorants and their receptors, one amino acid odorant will be chosen for long-term exposures.  After odor exposure fish will be marked and reared communally at the BBC facility.  EOG and molecular testing for imprinting will be conducted throughout 2003-2005.  Behavioral testing of maturing fish will be conducted in Fall 2005.

Task 4.  Determine the effects of growth on incidence of early male maturity and adult quality in spring chinook salmon (Objective 3)--The hypothesis to be tested is that increased growth after the spring equinox does not induce maturation in the subsequent autumn.  It is speculated that a critical period exists during the autumn/winter when attainment of a threshold growth rate (or size) will initiate maturation for the following year.  To determine if there are stock differences in the effects of growth on male maturation, the hypothesis will be tested using Willamete River (WR) spring chinook salmon together with two parallel treatment groups of Rapid River (RR) spring chinook salmon.  Maturation of age 2 males in all groups (Task 4), and age-3 and age-4 males and females (Task 5) will be examined in the two extreme treatment groups of the WR and RR fish.  In Task 5, the age-3 and age-4 maturing fish will be used in experiments to examine the effects of early growth history on reproductive success (behavior, fecundity, egg size and fertility). 

In autumn 2001, eggs from WR and RR spring chinook salmon were obtained and incubated at the NWFSC Montlake Laboratory.  In February 2002, fry were stocked into tanks containing re-circulated freshwater and are being fed a commercial feed (BioOregon starter).  After two months the fish were split into treatment groups and fed a commercial grower diet (BioOregon) in one of eight growth regimes.  Each growth regime consists of a combination of two growth rates: (T8) with target size of 8 g, and (T60) with target size of 60 g in December 2002.  The timing of the shift from T8 to T60 is varied by treatment group to encompass the hypothetical sensitive window (September-December) for initiation of maturation for the subsequent fall.  Previous studies have indicated that the period when meiosis is evident throughout the testis of maturing fish occurs by April-May, indicating that the fish are committed to maturation the subsequent fall.  It is speculated that increased growth during or after this spring period will not initiate maturation for the fall.  The design of the growth manipulations is represented in Table 2.

WR fish will be divided into eight treatments (WRA-H; 2 tanks per treatment) and RR fish will be divided into two treatments (RRA and RRH; 2 tanks per treatment).  All fish will be reared on the lowest growth rate from first feeding (February 2002) through June 2002.  Two groups, WRH and RRH, will be maintained on the T8 until the end of the first phase of the experiment in October 2003.  Starting in June 2002, the ration in two groups, WRA and RRA, will be increased to produce a growth rate comparable to the rate that would produce a target size of 60g in December 2002 (T60).  At about two-month intervals, the ration of additional groups, WRB-WRG, will be increased to produce a T60 growth rate.  Ration adjustments up to T60 will be made on 21 September (WRB), 21 November (WRC), 21 January (WRD), 21 March (WRE), 21 May (WRF), and 21 July (WRG).  Sample weights will be collected monthly to monitor growth and adjust ration accordingly.  During the two month intervals from June 2002 through 21 September, samples of 20 WR fish per tank will be collected for proximate composition, gonad histology, and plasma levels of 11-ketotestosterone (11KT) in males only.  The intermediate sample collection is necessary to assess the progress of maturation, and also obtain information on the reliability of 11 KT for predicting maturation rates in male fish.  Previous studies (Shearer et al. 2000, 2001) have indicated that increases in 11 KT levels in maturing spring chinook salmon occur as early as 10 months prior to spawning.  This is not surprising given that a number of studies have shown that 11 KT regulates spermatogenesis in fish (Miura et al. 1991, Nagahama et al. 1994 ).  A reliable predictor of male maturation would allow for early sorting of maturing from non-maturing fish, and prevent losses of early maturing males after seawater transfer.

At the end of the experiment, 100 fish per tank will be examined for sex and maturity.  RR fish will not be sampled until the end of the experiment in October 2003.  The percent maturation in all treatment groups will be compared by ANOVA.  If the sensitive period for growth-induced maturation occurs during the first autumn/winter, it is expected that the highest level of maturation will occur in the RRA, WRA-B groups and the lowest in groups RRH and WRE-H.  Groups WRC and WRD may be intermediate as the late onset of increased growth may only trigger maturation in the larger fish within the tanks.  Extra fish in the WRA, RRA, WRH, and RRH groups will be reared for use in a future experiment (Task 5) to examine the effects of growth on reproductive success (behavior, adult size, fecundity, egg size).

Table 2.  Growth regimes for experimental groups.  Each growth regime consists of two growth rates:  T8 = target size of 8 g, and T60 = target size of 60 g in December 2002.  Changes in growth will be made in the middle of indicated months.  Willamete River (WR) and Rapid River (RR) spring chinook salmon will be used for the experiment.  The hypothetical “sensitive” period when high growth influences the onset of maturation occurs from September-December.  

	Stock/Treatment
	Period of low growth rate (T8)
	Period of high growth rate (T60)
	Predicated rate maturation of age 2 males

	WRA
	Feb 2002-Jun 2002
	Jun 2002- Oct 2003
	High

	RRA
	Feb 2002-Jun 2002
	Jun 2002- Oct 2003
	High

	WRB
	Feb 2002-Sept 2002
	Sept 2002- Oct 2003
	High

	WRC
	Feb 2002-Nov 2002
	Nov 2002- Oct 2003
	Intermediate

	WRD
	Feb 2002-Jan 2003
	Jan 2003- Oct 2003
	Intermediate

	WRE
	Feb 2002-Mar 2003
	Mar 2003- Oct 2003
	Low

	WRF
	Feb 2002-May 2003
	May 2003- Oct 2003
	Low

	WRG
	Feb 2002-Jul 2003
	Jul 2003- Oct 2003
	Low

	WRH
	Feb 2002-Jun 2002
	Jun 2002- Oct 2003
	Low

	RRH
	Feb 2002- Oct 2003
	none
	Low


Task 5.  Determine the effects of growth on maturation timing, fecundity, egg size, egg quality, and reproductive behavior in spring chinook salmon (Objective 3)--Most of the research to date to control age of maturity in male spring chinook has not examined the effects of the growth regimes on female maturation.  Given that these growth regimes will potentially be used on groups of mixed sex, it is important to assess the effects on females.  Recent studies by Campbell et al. (2001) with coho salmon have shown that increased growth in the first fall in seawater is critical for initiation of maturation the following year.  In addition, reduced growth in the spring prior to spawning induces ovarian atresia in fish that have initiated vitellogenesis.  Thus, the consequences of altered growth in females during critical phases of gametogenesis can have severe consequences, particularly for semelparous species.  

The proposed experiment was designed to examine the following premise.  Egg size and fecundity are determined during specific seasonal windows during the life cycle of the female salmon.  One or more physiological aspects of growth (such as body size, growth rate, and lipid reserves) are determined during specific developmental windows.  The specific hypotheses to be tested are:  

H01.  Growth during rearing of juveniles in freshwater influences egg size and fecundity;

H02.  Growth during the fall of the second year (age-3 spawners) and the third year (age 4 spawners) of rearing influences the decision to mature, egg size, and fecundity;

H03.  Growth during the spring of the third year (age-3 spawners) and the fourth year (age-4 spawners) influences egg size and fecundity; and

H04.  No stock differences exist in the effects of growth on reproductive performance.

The approach is to produce female WR and RR spring chinook salmon of a range of body sizes and growth rates by varying ration during three periods of the life cycle: first feeding through smolting, first fall in seawater, and spring prior to spawning.  The relationship between body growth during various points of the life cycle and ovarian development will be determined.  For this study, fish from Task 4 will be utilized.  Effects of growth during early freshwater rearing and the first summer in saltwater on subsequent commitments to egg number and age of maturation will be examined.  During winter 2003, 150 fish from the WRA, RRA, WRH, and RRH (see Task 4) will be PIT-tagged and sexed using genetic markers for Y chromosome (Du et al. 1993).   This marker has been validated as a reliable genetic sex marker for the Carson stock of spring chinook salmon (L. Park, NMFS, personal communication).  After smolting in May 2003, 25 males and 75 females per treatment group will then be transported to NMFS Manchester Research Station and randomly distributed into 4 circular tanks (4 m i.d.) supplied with filtered and UV-treated seawater, and maintained on ambient photoperiod and temperature.  All fish will be fed the same ration through mid-September 2003.  At that time, fish from the initial treatments will be equally divided into two growth regimes (high and maintenance ration).  The goal of this study is to examine the role of growth history in the freshwater rearing phase compared to that of the seawater rearing phase on adult body size and reproductive performance characters such as age of maturation, fecundity, egg size, fertility and reproductive behavior in an experimental spawning channel.  The majority of females from these groups are expected to mature in fall 2005, but maturation at age-3 during 2004 will be monitored.  During rearing in seawater, growth will be monitored by periodic measurements of length and weight.  Because handling should be minimized, data will be collected prior to transfer to seawater, during September 2003, January 2004, April 2004, September 2004 and April 2005, and at spawning 2005.  In early April, prior to spawning each year, fish will be examined by ultrasound and sampled for sex steroid analysis.  Maturing fish will be transferred to freshwater and food will be withdrawn.  Age and time of spawning, fecundity, egg size, behavior, and fertility will be monitored as described for Task 6. 

Task 6.  Determine the effects of rearing water temperature during the seawater rearing phase on timing of spawning and egg quality in spring chinook salmon (Objective 3)--The hypothesis to be tested is that reduced water temperature during the 7 months of saltwater rearing prior to spawning does not alter reproductive performance (timing of spawning, fecundity, fertility, and behavior).  The overall design of this experiment is to divide adult spring chinook salmon into two treatment groups (2 tanks per treatment) which differ in water temperature profiles during the final 7 months of rearing in saltwater (October-April), and then transfer fish in May to a common freshwater environment maintained at a constant 10-11°C until spawning in August prior to spawning.  All treatments will be conducted in replicate tanks.  Fish will be reared in fiberglass tanks (4 m i.d.) in filtered and UV-treated saltwater at the NMFS Manchester Research Station.  Two temperatures will be compared: ambient (low of 9 oC in January, high of 13 oC in August), and chilled (low of 6 oC in January and high of 9 oC in August).  Carson Hatchery spring chinook salmon presently being reared at Manchester will be used for this study.  It is expected that 30% of the males will mature in September 2002, and the remaining fish (300) will mature in September of 2003.  The temperature study will be conducted on fish maturing in 2003.

All fish will be PIT-tagged to identify males that will mature in 2002, and tissue collected for genetic sex identification in May 2002.  In the following week, blood samples of those fish identified as genetic males will be collected, enlarged testes will be identified by ultrasound, and blood plasma will be analyzed for 11-ketotestosterone (11-KT).  Levels of 11-KT have been shown to be an index of male maturation and can be used to discriminate maturing from non-maturing males up to 10 months prior to spawning (Shearer et al. 2000, 2001).  Ultrasound will be used in concert with the 11 KT measurements to identify maturing males and gain experience with the use of the ultrasound machine.  Age-3 maturing males will be removed for a separate experiment.  The remaining fish will be reared at Manchester in replicated tanks containing saltwater.  Depending on numbers of females available, a fifth tank with ambient temperature will be maintained for periodic lethal sampling to determine progress of gonadal development.  Temperature treatments will begin in October 2002.  Fish will be fed a standard ration of Moore Clark Pedigree Salmon Brood Diet, adjusted for rearing temperature, until late April or early May 2003.  Food will then be withdrawn and the fish weighed, examined by ultrasound for gonadal development, and transferred to common rearing tanks containing freshwater at constant temperature (10-11oC).

Commencing in late August 2003, fish will be checked manually at weekly intervals for maturity.  Once the first ovulated female is detected, fish will be checked every 3-4 days.  This frequency of handling fish is necessary to identify the timing of ovulation as precisely as possible without inducing excessive handling stress.  Eggs will be divided into three lots of 200, and fertilized with milt from three different males.  Milt from all males will be examined for motility.  Non-motile sperm will be discarded.  Fertilized eggs will be incubated at 9 °C, and survival to eyed and swim-up stage will be monitored.  All dead eggs will be preserved in Stockard’s solution, and later examined to verify the presence of a developing embryo.  Three batches of 200 ovulated eggs will also be photographed to document presence of polarized, over-ripe eggs.  Treatment effects on all parameters (body size, composition, fertility, fecundity, egg size, and spawn date) will be determined by ANOVA.  Spawned carcasses will be analyzed for proximate composition to determine temperature effects on mobilization of energy reserves.  Spawning behavior and reproductive success in the experimental spawning channel will be monitored in 32 females and 32 males under Objective 1.  It is expected that the number of replicate females per spawning date will vary, but it is anticipated that a minimum of two to three females per tank per treatment per spawn date will be available for the manual spawning phase of the experiment.  If available, three females per spawn date per replicate tank will be used for estimates of fertility and embryonic survival.  If insufficient males are available for one-one crosses, a pooled sample of milt will be used for each spawn date and only the female component of fertility will be examined.

Task 7.  Monitor fertility and embryonic development in Redfish Lake sockeye salmon captive broodstock reared at the NMFS Burley Creek Hatchery (Objective 3)--Pending a permit for collection of eggs and embryos from Redfish Lake sockeye salmon captive broodstock, the following monitoring of offspring survival is proposed.  During the spawning period in fall 2002 and 2003, fertilization rates and development will be monitored in embryos from six females per spawning date for five spawning dates.  Batches of 240 eggs will be collected from each randomly selected female, and divided in half and fertilized by milt from two different males.  Each male will be tested on a minimum of three females.  Only milt with > 80% motile sperm will be used.  Eggs will be photographed, to look for characteristics of over-ripe eggs, fertilized, and incubated according to normal hatchery protocols in isolated containers (10 cm diameter circular containers with nylon mesh bottoms) within heath trays maintained in fresh water at 9-10 °C.  Fertilized eggs and embryos (20 per time) will be sampled at random at the following times: 12 hr, 3 days, 8 days, 15 days, 19 days and at the eyed-stage.  Dead eggs/embryos will be counted, and all sampled eggs will be fixed in Stockard’s solution to identify the presence of embryonic tissue and to determine the stage of development.  Each sampling will be scored for the survival to key developmental stages.  The effects of parent and spawn date on fertilization rates and development of embryos will be tested by two-way ANOVA.  At total of 7,200 eggs will be needed for this study.  If collection permits allow, this study will be repeated over two spawning seasons for Redfish Lake sockeye salmon broodstock reared at the Burley Creek Hatchery leased by NMFS.
Task 8.  Determine azithromycin drug resistance development and pharmacokinetics, azithromycin efficacy, and whether early use of azithromycin induces any observable toxicity in juvenile chinook or other environmental issues (Objective 4) --The objective behind this task is to break the cycle of vertical transmission of the disease in chinook salmon by treating the first feeding or juvenile life-stages.  The approach is pursuing two strategies; the first is to treat fish, vertically infected with R. salmoninarum, with azithromycin at first feeding alone.  This necessitates a series of individual studies carried out over the next three years.  In addition to determining the pharmokinetics and bactericidal activity of azithromycin, and development of azithromycin-resistance by the fish, other important questions ask whether (i) vertical R. salmoninarum infections can be eliminated in first-feeding chinook salmon using azithromycin-medicated starter feed, and (ii) juvenile chinook salmon vertically-infected with R. salmoninarum can be cured by giving them azithromycin-medicated feed at any time up to smoltification age?

The second strategy to try to eliminate the R. salmoninarum pathogen in a susceptible population is to treat first-feeding chinook salmon with azithromycin in conjunction with vaccination to increase its effectiveness.

As part of the principal study on the use of azithromycin to eliminate the pathogen R. salmoninarum from captive broodstock populations of salmon, a number of sub-tasks are necessary to examine some general issues regarding the use of azithromycin and possible side effects on the fish and/or the environment.

In FY 2003, four sub-tasks will be carried out to determine the pharmacokinetics of azithromycin, and drug resistance development.

Determine the minimal inhibitory and minimal lethal concentrations (MIC and MLD, respectively) needed for azithromycin action on R. salmoninarum.  The MIC and MLD of azithromycin (measured in µg/ml) will be determined for R. salmoninarum strain ATCC 33209 (wild-type) using standard antibiotic disk methodology on lawns of R. salmoninarum grown on KDM2 agar medium.  Results on KDM2 agar will be compared to values obtained in KDM2 broth culture.


Frequency of spontaneous azithromycinresistance development in R. salmoninarum.  Spontaneous generation of azithromycin resistant strains will be measured by plating various strains of R. salmoninarum on KDM2 agar medium containing MIC and MLD concentrations of azithromycin.  Bacterial broth cultures at ~1 x 108 CFU/ml will be spread on the plates and incubated at 15 oC for up to 10 weeks.  Serial 10-fold dilutions of identical inoculum will be plated on KDM2 without antibiotics to determine actual CFU/ml in the culture.  Colonies that appear on the plates will be verified as R. salmoninarum by the fluorescent antibody test using fluorescein-labeled polyclonal R. salmoninarum antiserum, and individual colonies will be picked and recultured in the presence of the antibiotic to verify that the resistance is genuine and stable.  An identical study will be carried out with cultures grown in broth in the presence of the antibiotics instead of plates.  The only difference with this group is that after incubation for 10 weeks in broth, the cultures will be plated on selective media to obtain viable counts.  The frequency of resistance development will be calculated.  Strains to be tested in this manner will include the ATCC 33209, a fish-passaged ATCC 33209, and random isolates from ESA fish reared at Manchester in the presence of erythromycin, the latter group to determine if there is any correlation between prophylactic macrolide use and resistance selection.


Azithromycin uptake, target tissue specificity, depuration.  Uptake of azithromycin by fish will be measured by feeding 5-10 g juvenile chinook Biodiet containing azithromycin calculated to deliver the drug at a rate of 30 mg/kg fish body weight per day for 14 days.  At various times before, during, and after treatment (at 3 day intervals, until drug concentration returns to zero), representative samples will be sacrificed and uptake of the drug measured in organs known to be targeted by R. salmoninarum, including liver, kidney plus spleen, and the brain, as well as the gut (feces) and whole body.  Measurement of azithromycin will be by a standard plate-disk assay originally developed for measuring tissue concentrations of erythromycin using Sarcina lutea as the susceptible test strain (Evelyn et al. 1986b).  This method has been in use for a number of years.  In a previous study (W. Fairgrieve et al., manuscript and report in preparation) measured uptake and persistence of anzithromycin was measured in whole body samples of fish administered in this fashion.  Preliminary results show that concentrations of azithromycin reach up to 70 µg/g at the end of feeding, with measurable levels (~5 µg/g) 10 weeks after cessation of treatment.


Develop medicated starter mash, collect chinook eggs for December hatching.  Working with resident NWFSC fish nutritionists and culturists, azithromycin will be incorporated into starter mash (BioOregon Starter Mash 2), which will be used to deliver the antibiotic to first feeding salmonids.  NWFSC staff has already had success with this technique to deliver azithromycin to first feeding salmonids.  In addition, working with staff at the Manchester Research Station, chinook eggs will be obtained from known R. salmoninarum infected females.  Presence of R. salmoninarum in the eggs will be verified by testing representative lots by RT-PCR, an extremely sensitive test (Rhodes et al. 1998).  Members of the Fish Health/Microbiology team have experience in maintaining fertilized eggs through hatching in facilities at both the Manchester and Montlake laboratories.

In FY 2004, the following four sub-tasks will be conducted to determine the efficacy of azithromycin.  


Carry out azithromycin treatment trials on vertically-infected first feeding Chinook.  All treatment studies will follow the same general pattern.  Chinook from known R. salmoninarum positive adults will be collected at the swim-up stage and separated into four groups of approximately 500 fish each.  Time-0 samples (10-20 fish) will be analyzed for the presence of R. salmoninarum by FAT, ELISA, and RT-PCR.  When feeding commences, one group will be fed unmedicated starter mash.  The other groups will be fed the azithromycin-medicated starter mash.  One group will only be fed once at 30 mg/Kg fish/day for 14 days; two groups will be fed azithromycin a second time, approximately 8 weeks after the end of the first treatment; one of these groups will be fed azithromycin a third time, again 8 weeks after the end of the second treatment.  Ten fish samples will be removed at weekly intervals to measure azithromycin concentrations in the fish (through 10 weeks past last azithromycin treatment).  All mortalities will be screened by R. salmoninarum-specific FAT and ELISA, and if necessary, RT-PCR.  Depending on the extent of BKD-losses, after six months, 10 fish in each group will be screened for presence of the pathogen to determine if the antibiotic cleared the organism. Testing on small fish (time 0, < 2 month) will be on the viscera and the rest of body.  With larger fish, the liver, kidney and spleen, and remaining viscera (gut, heart, brain) will be tested.  If possible, ~100 fish from each group will be carried through smoltification, transfer to seawater at Manchester, for up to 18 months.


Carry out azithromycin treatment trials on vertically-infected juveniles (pre and post smolt).  An identical experiment will be carried out on juvenile chinook salmon from infected parents, either pre or post-smoltification and transfer to seawater, with the exception that the fish will be fed with BioOregon Biodiet, either in the medicated or non-medicated forms.  In addition, group size will be 200 fish, and only 5 fish samples will be taken at each weekly time point.

Repeat treatment trials if necessary.  If necessary, any needed repeats of these trials with azithromycin alone will be carried out to in FY2005.

In FY 2004, t
he following sub-tasks to develop a strategy to eliminate BKD infections from captive populations using azythromycin treatment in association with vaccines.

Combined Renogen and R. salmoninarum MT239 bacterin vaccinations with azithromycin treatment (juvenile pre and post-smolt strategy).  In parallel with the azithromycin treatment study on pre/post smolting chinook, an identical set of fish will be vaccinated with either Renogen or Renogen+MT39 bacterin (to be determined based on experiments either currently in progress or to be carried out in FY2002-2003).  Vaccination will be carried out at the same time as initiation of azithromycin treatment, and will follow the following general protocol.  One 150 fish azithromycin-treated group (a 3-dose group) will be mock-vaccinated via IP injection of 0.1 ml PBS (control group.  The other azithromycin-treated groups (150 fish each, treated once, twice, or three times with azithromycin as outlined above) with 0.1 ml of live Renogen ( 1.2 x 10-5 g/fish following manufacturer’s protocol) or a mixture of Renogen and fixed MT239 (1 x 105 cells/fish).  Twenty-eight days later the fish will be boosted with the same vaccine (PBS, Renogen, or Renogen/MT-239) delivered IP.  As above, five fish samples will be removed at weekly intervals to measure azithromycin concentrations in the fish (through 10 weeks past last azithromycin treatment) and presence of R. salmoninarum by FAT, ELISA, and possibly RT-PCR.  All mortalities will be screened in the same manner.


Repeat treatment trials if necessary.  Again, needed repeats of these trials with these vaccines will be carried out in FY2005.  In addition, if newer vaccine formulations are available by this point (a subject of continuing research by this group), they will be tested in the presence and absence of azithromycin.

In FY 2005, the following sub-tasks will be carried out to determine whether early use of azythromycin induces any observable toxicity or other environmental side effects


Long term grow out of fish known to be cleared of R. salmoninarum infections.  Depending on space available, representative fish from each test group will be reared as long as possible to assess any changes in growth and maturation.  This data will augment a current study that is measuring specific histological changes in fish treated with azithromycin as described above (W. Fairgrieve, unpublished).


Determine residual azithromycin concentration in water from unconsumed food and waste.  The amount of residual azithromycin in tank water from feed or from fish feces will be determined using the same antibiotic concentration assay described above.  This will serve as baseline information on the potential for release of azithromycin into the effluent stream.


Determine depuration in effluent, and effectiveness of effluent treatment (chlorine, ozone).  The effects of chlorination and ozonation on the activity of azithromycin will be carried out in the NMFS Montlake and Manchester pathology wet laboratories, respectively.  Chlorination of fish culture effluent is typically carried out by draining the water from fish tanks into a retention tank providing a 10-minute retention time in the presence of chorine at a flow rate of 8-10 gpm.  Chlorine concentration at the end of the retention tank is kept at ca. 3.5 ppm.  In the system that treats effluent from the Montlake pathology wet laboratory, chlorine levels are continually monitored via a sampling port at the discharge end of the retention tank.  A computer controlled metering pump injects additional chlorine in the inlet end of the retention tank when chlorine levels fall below the 3.5ppm level.  Ozonation of effluent at the Manchester Research Station is carried out in a system that has a maximum capacity of 22,500 gallons at 1,500 gpm.  The minimum ozone contact time in the system is 15 minutes, with dissolved ozone concentration at 1-1.5 ppm.

To determine whether azithromycin activity survives treatment, the following experiments will be carried out.  For the effect of chorination on azithromycin activity, approximately 25 to 50 10-20 g fall chinook (or other available surrogate species) held in fresh water in the Montlake pathology laboratory will be fed Biodiet + azithromycin at a rate of 30 mg azithromycin/kg fish body weight per day for 14 days.  At the end of the 14 days, and 14 days following the cessation of antibiotic feeding, effluent will be sampled pre- and post-chlorination and analyzed for azithromcyin activity using our standard antibiotic concentration assay.  Similarly, depuration of azithromycin activity by ozonation will be measured, using similar size and number of fish with the exception that they will be held in sea-water at the Manchester pathology laboratory.  

Task 9:  Determine the effects of controlled inbreeding on survival, development, age structure, and other aspects of the life history of chinook salmon (Objective 5)

The conceptual approach adopted in this study is a simple one: mate individuals of known genetic relationship to produce different levels of inbreeding in a population, and measure its consequences for genetic variability and life history variation in two environments.  A brief synopsis of the study to date follows (major achievements are outlined above under Project history):

The initial mating design was established in 1994 from 150 (30 male, 120 female) adult chinook salmon as they returned to the Grovers Creek Hatchery.  A paternal half-sib breeding design (often referred to as North Carolina Design 1, Falconer and Mackay 1996) was used to establish the initial family structure.  The 1994-brood progeny of these fish either were released from the Hatchery or reared in marine net-pens at MRS, maturing between 1995 and 1999; most fish returned as three- and four-year-old adults in 1997 and 1998.  Adults in each of these years were mated to create first-generation inbred (F2 generation of the study) fish to be reared at and released from the University of Washington Hatchery (UWH).  These fish have been returning to UWH since 1999.  However, due to a) the small release numbers, b) the predominant tendency of Grovers Creek Hatchery chinook salmon to mature as three- or four-year-old fish, and c) low survival of the 1997-brood, most of these F2 fish are expected to return to UWH in 2002 as four-year-old 1998-brood adults (about 60 three-year-old 1998-brood adults returned in 2001; no 1997-brood adults returned).  This will effectively complete the first generation of inbreeding for the study.

The next phase of the study begins with broodstock collection in 2002.  From an estimated 500 to 2,000 adults returning to UWH in 2002, the second-generation inbred lines will be established.  Very few (probably < 5-10) fish are expected to return in 2003, and only a few early maturing males should return in 2004 or 2005.  Therefore, the second generation of inbreeding depends almost entirely on the 2002 return.  From this return, up to 150 full-sib families will be established—up to 50 in each of three experimental lines (progeny of mates chosen at random—the control, progeny of matings between half siblings, and progeny of matings between full siblings).

In addition, up to about 20 random matings will be established to create gynogens, which for the purpose of this study are completely inbred individuals (homozygous at all loci). Gynogenesis is a process in which an egg is fertilized with sperm that does not contribute its chromosomes to the zygote.  It is typically initiated by the fertilization of an egg with milt that has been irradiated to inactivate the paternal genome, followed by pressure or temperature treatment to replicate the maternal chromosomal complement.  The performance of these gynogens in combination with that of the control and inbred lines will be evaluated to provide an additional point of reference for measuring inbreeding depression.  Although the fitness of gynogens may be affected by factors independent of inbreeding, the performance of these fish should provide a glimpse of the magnitude of inbreeding depression at higher inbreeding levels without the additional 4-5 generations normally required to achieve those levels.

The mating assignments before spawning will be identified by sampling tissue from each adult that enters the UWH holding pond, marking the fish with a PIT tag and one or more floy tags, and placing it into a holding tank for up to a week until it is ready to spawn.  Fish will be checked for ripeness every 2-4 days.  The tissue sample will allow determination of the pedigree of each fish in real time using DNA microsatellite “fingerprinting,” and this information will be used to make the mating assignments; the parents and grandparents of these fish have already been fingerprinted.  To initiate the pedigree analyses as soon as tissues can be sampled from adults to minimize the delay between gamete collection and fertilization, DNA will be extracted from tissue samples as soon as possible after gametes are collected.  Most gametes will therefore be stored on ice and oxygen for up to 48 hours before fertilization.  For each spawning date, parents of known lineage from within each line will be mated together at random to establish the second-generation experimental groups.  Stored milt will be checked for motility before fertilizing gametes.

When an adult is ready to spawn, biological information will be collected from the spawner, including 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).  Each fish will be photographed for morphometric analysis, and the CWT from each tagged fish removed and decoded in situ to determine the age of the fish and the inbreeding assignment of its parents.

In 2003 and 2004 the bulk of experimental work will be associated with culture of experimental fish.  Progeny will be reared under one of two regimes: hatchery released (coded-wire tagged, CWT) or captive (CWT fish that will also be tagged individually with PIT tags).  Each treatment group will receive fish from full-sib families divided among four inbred “lines” (Table 3).  For the hatchery-released group, in May 2003 approximately 1,000-3,000 CWT fish from each family will be released as smolts from UWH.  From each of these families, 25-50 fish will be marked with PIT tags and transferred as smolts in May 2003 to the Manchester or Mukilteo Research Stations, where they will be raised to adulthood in seawater netpens or tanks.

Table 3.  Distribution of 2002-brood families among the genetic groups and rearing regimes.  Individual full-sib families will be split among the two rearing regimes as described in the text.  Numbers of families are projections only.

	
	
	Genetic group
	
	

	Regime
	Control
	Half-sib mated
	Full-sib mated
	Gynogen

	Hatchery released
	50
	50
	50
	20

	Captively reared
	50
	50
	50
	20


For the 2002-brood progeny, data will be collected for stage-specific survival, growth and development rate, and meristic and morphometric variation.  Smolts will be marked with family-specific coded-wire tags, with most fish released from the hatchery to sea in June 2003, and up to 5,000 (with up to 50 representatives from each full-sib family) PIT-tagged for grow-out to adulthood in captivity.  Released fish will return to UWH from 2003 to 2007 (most of these returning in 2005 and 2006).  Captive fish will mature over the same interval.  Collectively, these data will provide a comparison of second-generation inbreeding effects on early life-history traits and, through examination of the control population, an assessment of relative environmental influences in consecutive generations on these traits.

If sufficient adults and rearing facilities are available, an additional set of experimentally inbred lines may be established with chinook salmon from the UWH (or a similar) broodstock.  This set of lines would serve two purposes: (1) provide an independent replicate for the entire inbreeding study, using a distinct but closely related population for the experiment; and (2) safeguard against loss of Grovers Creek fish due to catastrophic failure at one of the culture facilities, or predation during the marine culture phase.  It also provides an opportunity to examine the effects of inbreeding and outbreeding operating simultaneously in chinook salmon.  However, the ability to establish this replicate population depends on the availability of surplus UWH adults and incubation and rearing space at UWH.  If this replicate is established, a hierarchical breeding design would duplicate that described by Hard et al. (1999).

General linear models and analyses of variance in survival and early growth within and among lines will be relied on to test the hypotheses stated above, and evaluate the effects of inbreeding on these characters, following methods developed by Lynch (1988) and Lynch and Walsh (1998) and described in Hard and Hershberger (1998).  If necessary, these tests will be followed by retrospective power analyses (Cohen 1988) to determine the magnitudes of observed differences necessary to detect significant inbreeding depression.  Survival and growth will be compared among the three experimental groups:  progeny of parents mated at random but excluding matings between siblings (control), progeny of full-sibling parents (corresponding to an average increase in the inbreeding coefficient, F, of 0.25 in one generation), and progeny of half-sibling parents (corresponding to an average increase in F of 0.125 in one generation).  For each trait, the coefficient of inbreeding depression (Lande and Schemske 1985) will be computed to provide direct comparison of inbred and control groups.  Where it is possible to do so from the survival data, the number of lethal equivalents per gamete will be estimated together with the cost in survival associated with one generation of full-sib mating using the methods described by Morton et al. (1956), Ralls et al. (1988), and Kalinowski and Hedrick (1998).

Analysis of inbreeding depression after one generation of inbreeding will be based upon the data collected from the captive 1997- and 1998-brood fish up to 4 years old, and should be completed by summer 2003.  The evaluations to determine if the three experimental lines differ in stage-specific survival, growth, development rate, and meristic and morphometric variation will probably be completed by this time.

g. Facilities and equipment
Seawater culture facilities

The NMFS seawater rearing facility to be used in this study is located at the Manchester Research Station and receives pumped seawater.  Two pumps (7 HP) are capable of delivering 2,500 L·min-1 to 12 fiberglass rearing tanks (4.5 m in diameter).  Three sand filters remove solids, and a UV sterilization system removes pathogens before delivering water to the captive salmon.  A float system and marine ne-pen complex will also be available for rearing captive broodstock to adulthood for inbreeding studies.  The NMFS Mukilteo Research Station also provides seawater raceways for rearing captive broodstock to adulthood

Freshwater culture facilities

The NMFS freshwater rearing facilities at the Northwest Fisheries Science Center in Seattle (NWFSC) utilizes dechlorinated Seattle water and a recirculation system that provides 1,000 L·min-1 of pathogen-free water.  The system utilizes a state-of the art biofiltration system, provides temperature control and ozone/UV sterilization for removal of pathogens.  The facilities contain egg incubation facilities and over 50 experimental rearing tanks of various sizes to so that salmon can be maintained at every stage of the life cycle.  NMFS currently leases the Big Beef Creek Research Station from the University of Washington School of Aquatic and Fishery Sciences.  Up to 1,400 L·min-1 of well water is available at a constant temperature of 10°C.  The single pass water at this site is ideal for odor exposure experiments that cannot be conducted in a recirculation system.  The NMFS maintains office space, a hatchery, 16 rearing tanks (1.8 m i.d.) and 3 tanks (4 m i.d.) for the sockeye salmon imprinting research (Objective 2).  The University of Washington Hatchery, located on campus in Seattle, provides spawning and holding ponds for adults, freshwater raceways, and tanks for rearing of individual families, subcontracted facilities for fish marking, a chiller for incubation temperature control, and laboratory and data collection facilities. Facilities for behavioral testing of adult salmon (Objective 2) will be completed by Fall 2003. 

Spawning channel

An experimental spawning channel located at the NMFS Manchester Research Station will be used to evaluate the reproductive behavior and success of captive salmon.  The facility provides the ability to introduce replicate groups of spawners, and evaluate their behavior directly and through continuous video recordings.  Temperature, substrate composition, and water currents can be manipulated to provide a naturalistic spawning environment.  Naturally-spawned embryos incubate in the gravel and have the opportunity to feed on natural insect production upon emergence.  Behavior patterns of captive adults placed in the channel are very similar to those exhibited by captive adults released into their natal Idaho streams, indicating that the stream channel provides a suitable assay.  Details are provided under Objective 1.

Genetic laboratories

NMFS has genetic laboratories at the NWFSC Montlake and Manchester laboratories.  Both are capable of, and available for conducting necessary genotyping and pedigree analyses.  The Marine Molecular Biology Laboratory facilities at the University of Washington are available for genotyping and pedigree analysis.

Microbiology laboratories

The Fish Health/Microbiology laboratories at NWFSC-Montlake encompass approximately 170 m2 . These are conventional microbiology and molecular biological research facilities, containing equipment and items that will be used in the project, including thermocyclers, agarose and acrylamide electrophoresis equipment (including a PhastSystem unit), gel documentation systems, ambient and refrigerated microcentrifuges, high speed centrifuges, ultracentrifuge, spectrophotometer, fluorometer, large-capacity autoclave, etc.  The laboratory contains a Kodak Image Station for real time image capture of chemiluminescence and fluorescence (used for ethidium bromide stained DNA, Southern and Western blots).  Two ABI 310 Genetic Analyzers are available for use in DNA sequencing and small DNA fragment analysis.  A variety of incubators are available for simultaneous growth of cultures at 15°C, 20°C, 25°C, 30°C, and 37°C.  Independent tissue culture laboratory space is maintained for two laminar flow biological safety cabinets, and CO2 incubators for 37°C and 25°C cultures.  Two ultra cold (-70°C) freezers, several -20°C freezers, several refrigerators, and a walk-in cold room are available for sample and reagent storage.  Microscopy equipment includes an Olympus CK2 inverted microscope for cell culture examinations and a Zeiss Axioskop transmitted/epifluorescence microscope with an attached 35 mm camera system (film and digital).

The Fish Health/Pathology laboratory at NWFSC Manchester Research Station encompasses approximately 50 m2 with 11 m2 of bench space.  The laboratory contains a 76 x 63 cm fume hood, two sinks, Nikon EFD-3 epifluorescence microscope, a Bausch and Lomb compound light microscope with teaching head, 0.7 m3  refrigerator with 6 ft3 freezer, 51 x 91 cm. locker for flammables, and 2.3 m3 glass covered shelves for glassware and chemicals.

Fish disease laboratories

All salmon to be used in the studies proposed will be raised on site in one of several rearing facilities specifically designed for salmon culture at NWFSC.  For infectious disease challenge studies they will be moved either of the following laboratories:

The Fish Health/Microbiology team maintains a small, self-contained disease-challenge laoratory.  This is a limited access laboratory with special operating procedures in place to avoid contamination of other fish rearing facilities at NWFSC.  This is a single pass, freshwater system.  There are twenty 0.3 m “challenge” tanks in this laboratory and three holding tanks, each with it’s own water intake and outflow, and each capable of holding 50-100 10-15 g fish for an experiment.  The laboratory is effectively “quarantined” from the other fish-rearing labs by virtue of its separate water supply, dechlorinator, and chiller.  To ensure sterilization of contaminated water, the system is connected to a chlorinator approved by WDFW, and the local sewage treatment utility for water treatment prior to it being returned to the sewer system.  The laboratory also has its own autoclave for sterilizing contaminated equipment.  

The Microbiology/Pathology laboratory at the Manchester Research Station has a quarantined “wet” laboratory containing sixteen 1.5 m circular tanks.  Inflow water is sand filtered and UV treated, while effluent is ozonated prior to return to Puget Sound.  The facility has been approved by WDFW for use in pathogen challenge work.  Connected to the challenge laboratory is the Fish Disease Pathology Laboratory.  This ~33 m2 laboratory contains standard microbiological equipment, fish necropsy equipment, two sub-ambient incubators, autoclave, freezer, and refrigerator.  

Olfactory physiology laboratory

The NWFSC has a state-of-the-art electrophysiological station that can be utilized for electro-olfactograms, electro-encephalograms and olfactory nerve recordings of salmon of all sizes.  These facilities include a Nikon stereomicroscope, a temperature-controlled and computer-driven perfusion system, a vibration table, amplifier, oscilloscope and micromanipulators for recording and computers and Labview software for data acquisition. The olfactory physiology laboratory at the NWFSC also has all equipment necessary for standard molecular biology procedures including PCR, cloning, electrophoresis, DNA sequencing. The NWFSC also has an ABI real-time PCR machine available to this project for gene expression quantification.
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Section 10 of 10. Key personnel

In its FY01 review of Project 199305600 the ISRP requested an organizational description of the project, including the role of subcontractors.  The current organizational structure is provided below, followed by resumes for key personnel.  We have limited key personnel resumes to Principle and co-principle investigators.  Resumes for biologists and technicians are available upon request. 

Abbreviations:

PSMFC,  Pacific States Marine Fisheries Commission:  

UW, University of Washington

FOA, Frank Orth Associates

Organizational Structure of BPA Project #93-056

Objective 1.  Improve reintroduction success

Principal Investigator

Dr. Barry Berejikian, NMFS


Associate Investigators
E. Paul Tezak, NMFS






Donald VanDoornik, NMFS






David Kuligowski, NMFS

Jeff Atkins, PSMFC






Eric Kummerow, PSMFC

Objective 2.  Improve olfactory imprinting and homing

Principal Investigator

Dr. Andrew H. Dittman, NMFS


Associate Investigator

Darran May, UW

Objective 3.  Improve physiological development and maturation

Co-Principal Investiagtors
Dr. Penny Swanson, NMFS






Dr. Karl D. Shearer, NMFS






Dr. Briony Campbell, UW

Associate Investigators 
Paul Parkins, PSMFC






Jon Dickey, UW

Objective 4.  Improve in-culture survival through prevention and treatment of disease

Evaluate effects of inbreeding and inbreeding depression


Principal Investigator

Dr. Mark Strom, NMFS


Associate Investigators
Dr. Linda Rhodes, NMFS

Dr. Lee Harrell, NMFS






Cyndy Rathbone, PSMFC

 Evaluate Effects of Inbreeding and Inbreeding Depression

Principal Investigator

Dr. Jeffrey J. Hard, NMFS


Associate Investigators
Dr. Kerry Naish, UW






Jason Miller, FOA

1) Dr. Barry A. Berejikian


0.5 FTE

Project Duties:  Project Leader and Principal investigator (Objective 1).

Education:

Ph.D. Fisheries Science, University of Washington, Seattle, WA, 1995.

M.S. Fisheries Science, University of Washington, Seattle, WA, 1992.

B.S. Fisheries Science, California Polytechnic State University, San Luis Obispo, CA., 1990.

Employer:  National Marine Fisheries Service, Northwest Fisheries Science Center, Resource Enhancement & Utilization Technologies Division.

Position:  Fisheries Research Biologist, Team Leader (Behavioral Ecology), NMFS employee since 1994.

Present assignment: Dr. Berejikian is the current Project Leader of the BPA funded Assessment of Captive Broodstock Technologies Project (199305600), and conducts research to identify the effects of captive rearing on adult reproductive behavior and success.  He is a Co-principal Investigator on the “NATURES” project, evaluating environmental parameters on the behavioral attributes of steelhead and chinook salmon juveniles.  

Previous research/expertise:  Dr. Berejikian is a behavioral ecologist.  His graduate research dealt with juvenile steelhead behavior and predator-prey interactions.  He is an expert in quantifying Pacific salmon breeding behavior and success, and juvenile behavioral ecology of salmonids.  He has published numerous recent papers in the peer-reviewed literature and is regularly invited to speak at national and international meetings.

Five Relevant Publications:

Berejikian, B.A., E.P. Tezak, L. Park, S.L. Schroder, and E.P. Beall, and E. LaHood.  2001.  Male dominance and spawning behavior of captively-reared and wild coho salmon (Oncorhynchus kisutch).  Can. J. Fish. Aquat. Sci.  58:804-810.

Berejikian, B.A., E.P. Tezak, and S.L. Schroder.  2001. Reproductive behavior and breeding success of captively-reared chinook salmon (Oncorhynchus tshawytscha).  N. Am. J. Fish. Manage. 21:255-260. 

Berejikian, B.A., E.P. Tezak, and A.L. LaRae.  2000.  Female mate choice and spawning behavior of chinook salmon (Oncorhynchus tshawytscha) under experimental conditions.  J. Fish. Biol. 57:647-661.

Berejikian, B.A., E.P. Tezak, S.L. Schroder, T.A. Flagg, and  C.M. Knudsen.  1999.  Competitive differences between newly emerged offspring of captively-reared and wild coho salmon (Oncorhynchus kisutch). Trans. Am. Fish. Soc. 128:832-839.

Berejikian, B.A., E.P. Tezak, S.L. Schroder, C.M. Knudsen, and J.J. Hard.  1997. Reproductive behavioral interactions between wild and captively-reared coho salmon (Oncorhynchus kisutch).  ICES J. Mar. Sci. 54:1040-1050.

2) Dr. Andrew H. Dittman


1.0 FTE

Project Duties:  Principal investigator (Objective 2).

Education:

Ph.D., Fisheries /Pharmacology, University of Washington, Seattle, WA, 1994

B.A., Biochemistry, Dartmouth College, Hanover, NH. 1982.

Employer:  National Marine Fisheries Service, Northwest Fisheries Science Center, Resource Enhancement & Utilization Technologies Division.

Position:  Fisheries Research Biologist, NMFS employee since 2000.

Present assignment: Dr. Dittman is a research biologist in the Behavioral Ecology team and the Integrative Biology Program. His laboratory conducts research on olfactory-mediated behaviors in fishes with an emphasis on imprinting, homing and straying in Pacific salmon.  He is the lead investigator on the olfactory imprinting component of the BPA funded Assessment of Captive Broodstock Technologies Project 199305600. 

Previous research/expertise: Prior to his position at NMFS, Dr. Dittman was a Burroughs Wellcome fellow in the Department of Molecular and Cell Biology at the University of California, Berkeley and a post-doctoral Fellow at the Northwest Fisheries Science Center. He has been conducting molecular, physiological and behavioral research on salmon olfactory imprinting and homing for over 15 years. He has published numerous papers in the peer-reviewed literature and is regularly invited to speak at national and international meetings.

Five Relevant Publications:

Speca, D. J., Lin, D. M., Sorensen, P. W., Isacoff, E. I., Ngai, J. and A. H. Dittman. 1999.  Functional identification of a goldfish odorant receptor. Neuron 23:487-498.

Nevitt, G. A, and A. H. Dittman 1998.  A new model for olfactory imprinting in salmon. Integrative Biology. 1:215-223.

Dittman, A. H., Quinn, T. P., Nevitt, G.A., Hacker, B. and D. R. Storm. 1997.  Sensitization of olfactory guanylyl cyclase to a specific odorant in coho salmon. Neuron 19:381-389.

Dittman, A. H., Quinn, T. P. and G. A. Nevitt. 1996.  Timing of imprinting to natural and artificial odors by coho salmon (Oncorhynchus kisutch). Canadian Journal of Fisheries and Aquatic Sciences. 53:434-442.

Dittman, A. H. and T. P. Quinn. 1996.  Pacific salmon homing: mechanisms and ecological basis. Journal of Experimental Biology. 199:83-91.

3) Dr. Penny Swanson


0.5 FTE

Project Duties:  Principal investigator (Objective 3).

Education:

Ph.D. Zoology, University of Washington, Seattle, WA, 1986.

M.S. Endocrinology and Reproductive Physiology, University of Wisconsin, 
Madison, WI, 1980.

B.S. Zoology, University of Washington, Seattle, WA 1978

Employer:  National Marine Fisheries Service, Northwest Fisheries Science Center, Resource Enhancement & Utilization Technologies Division.

Position:  Physiologist, Team Leader (Physiology), NMFS employee since 1990.

Present assignment: Dr. Swanson is a lead investigator on the BPA funded Assessment of Captive Broodstock Technologies Project (93-056).  She directs project research related to age of maturity, timing of spawning and physiological assessment of broodstock.  She supervises all staff involved in this research, including Dr. K. Shearer, Dr. Briony Campbell, Dr. Brian Beckman, Jon Dickey, Nicholas Hodges, and Paul Parkins.  The primary goals of this research are to develop rearing regimes to control the age of maturity and seasonal timing of spawning, and to improve gamete quality.  The research aims to the determine the effects of growth at key life history stages on the age of maturation, fecundity and egg size and to determine the effects of rearing temperature on timing of spawning and gamete quality.  She also directs basic research on the regulation of gonadotropin and gonadotropin-releasing hormone receptors.  She is also a Principal Investigator on a NMFS-funded project to evaluate the effects environmental enrichment on brain development in juvenile salmonids.  This project is in collaboration with Dr. Gabrielle Nevitt, at Univ. California, Davis.  As leader of the Physiology Team at the NWFSC, she oversees the research activities of seven Ph.D.s, three laboratory technicians, two hatchery staff and one graduate student.

Previous research/expertise:  Dr. Swanson is a reproductive physiologist.  Her graduate and postdoctoral research dealt with isolation of pituitary gonadotropins from salmon and determining their role in regulation of the growth and maturation of the ovary and testis of salmon.  She is an expert in reproductive physiology of fish, primarily on the physiology and biochemistry of gonadotropins.  She has worked on marine, freshwater and anadromous fish.  In collaboration with Dr. Y. Zohar and Dr. W.W. Dickhoff, she worked on characterizing controlled-release implants containing analogues of GnRH to control timing of ovulation and spermiation in Pacific Salmon.  Her current research focuses on the endocrine mechanisms of puberty onset in salmonids, and effects of growth on this process.  She has published numerous papers in the peer-reviewed literature and is regularly invited to speak at national and international meetings, is a member of the International Fish Endocrinology Committee, and NRICGP-USDA Animal Reproduction Panel Member.  

Five Relevant Publications:

Swanson, P.  1991.  Salmon gonadotropins: reconciling old and new ideas, pp. 2-7.  In A.P. Scott and J.P. Sumpter (editors), Reproductive Physiology of Fish.  University of East Anglia Press, Norwich, England.

Slater, C.H., Schreck, C.B., and Swanson, P.  1994.  Plasma profiles of sex steroids and gonadotropins in maturing female spring chinook salmon (Oncorhynchus tshawytscha).  Comp. Biochem. Physiol. 109A:167-175.

Davies, B., Bromage, N., and Swanson, P.  1999.  The brain-pituitary-gonadal axis of female rainbow trout (Oncorhynchus mykiss): effects of photoperiod.  Gen. Comp. Endocrinol. 115:155-166.

Planas, J.V., Athos, J., Goetz, R. and Swanson, P.  2000.  Regulation of ovarian steroidogenesis in vitro by gonadotropins during sexual maturation in coho salmon (Oncorhynchus kisutch).  Biol. Reprod. 62:1263-1269.

Shearer, K.D. and P. Swanson.  2000.  The effect of whole body lipid on early sexual maturation of one-plus age male chinook salmon.  Aquaculture 190:343-367.

4) Dr. Karl D. Shearer


0.5 FTE

Project Duties: Co-principal Investigator (Objective 3).

Education:

Ph.D. Fisheries Science, University of Bergen, Norway, 1991.

M.S. Fisheries Science, University of Washington, Seattle, WA, 1986.

B.S. Fisheries Science, University of Washington, Seattle, WA,  1971

Employer:  National Marine Fisheries Service, Northwest Fisheries Science Center, Resource Enhancement & Utilization Technologies Division.

Position:  Fisheries Research Biologist, NMFS employee since 1980.

Present assignment: Dr. Shearer is an investigator on the BPA funded Assessment of Captive Broodstock Technologies Project (93-056) and conducts research to determine the relationship between growth and early male sexual maturation.  He is also examining the dietary requirements of the sablefish. 

Previous research/expertise:  Dr. Shearer is a fish nutritionist.  His graduate research dealt with determination of the mineral requirements of salmonids.  He has managed a commercial salmon farm and was the Biologist-in-Charge of the Inland Fisheries Research Station in Australia  from 1972-1979.  He has published numerous recent papers in the peer-reviewed literature and is regularly invited to speak at national and international meetings.

Five Relevant Publications:

Shearer, K.D.  2000.  The effect of diet composition and feeding regime on the proximate composition of farmed fishes, pp 31-41.  In S.C. Kestin and P.D. Warriss (editors), Farmed Fish Quality. Blackwell Science.

Shearer, K. D.  2000.  Design, analysis and modeling of nutrient requirement studies in fish: a critical review.  Aquacult. Nutr. 6:91-102.

Shearer, K.D. and Swanson, P.  2000.  The effect of whole body lipid stores on early maturation of male spring chinook salmon (Oncorhynchus tshawytscha).  Aquaculture 190: 343-367.

Shearer, K.D.  1995.  The use of factorial modeling to determine the dietary requirements for essential elements in fish.  Aquaculture. 133: 57-72.

Shearer, K.D.  1994.  Factors affecting the proximate composition of cultured fishes with emphasis on salmonids.  Aquaculture. 119: 63-88.

5) Dr. Briony Campbell                1.0 FTE

Project Duties:  Co-principal investigator (Objective 3)

Education:

Ph.D. Aquaculture, University of Stirling, Stirling, Stirlingshire, Scotland, 1996.

M.Sc. Biology, University of New Brunswick, Fredericton, NB, Canada, 1989.

B.Sc. Hons. Applied Biology, University of Bath, Bath, Avon, England, 1985.

Employer:  University of Washington. School of Aquatic & Fishery Sciences.

Position:  Research Associate, UW employee since 2000.

Present assignment: Dr. Campbell is a collaborator and on the BPA funded Assessment of Captive Broodstock Research Project and conducts research to identify environmental effects on the reproductive success of captive broodstock.  She is a lead investigator on studies to examine the effects of growth on female reproductive success in coho and chinook salmon, and effects of rearing temperature on spawning time in chinook salmon . She has also been the Lead Researcher on the broodstock portion of the National Marine Aquaculture Initiative funded Sablefish aquaculture demonstration Project, evaluating and developing techniques for the artificial control of marine fish reproduction.  

Previous research/expertise:  Dr. Campbell is a reproductive biologist.  Her graduate research dealt with environmental effects on the reproduction of rainbow trout.  Her area of expertise centers on the environmental (including photoperiod, temperature and nutrition) control of reproduction in salmonids and a variety of other fish species. She has published several recent papers in the peer-reviewed literature on the effects of the environment on the reproductive system and regularly presents at national and international meetings.

Five Relevant Publications:

(published as Davies)

Davies, B., and N.R. Bromage.  2002  The effects of fluctuating seasonal and constant water temperatures on the photoperiodic advancement of reproduction in female rainbow trout.  Aquaculture. 205:183-200.

Davies, B., N.R. Bromage, and P. Swanson.  1999.  The brain-pituitary-gonadal axis of female rainbow trout Oncorhynchus mykiss: effects of photoperiod manipulation.  Gen. Comp. Endocrinol. 115:155-166.

Davies, B., J.T. Dickey, and P. Swanson.  1999.  Regulation of FSH (GTH I) and LH (GTH II) in coho salmon (Oncorhynchus kisutch): the action of recombinant human activin A and testis extract.  In Proceedings of the 6th international symposium on reproductive physiology of fish, July 4-9 1999, Bergen, Norway. P 486.

Davies, B., L.T. Hannah, C.F. Randall, N.R. Bromage, and L.M. Williams.  1994.  Central melatonin binding sites in rainbow trout (Oncorhynchus mykiss). Gen. Comp. Endocrinol. 96:19-26.

Davies, B., C. Randall, and N.R. Bromage.  1992  Absolute day-length and the entrainment of an endogenous clock controlling reproduction in the female rainbow trout.  Aquaculture 100:321-322.
6) Dr. Mark S. Strom
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Project Duties:  Principal investigator (Objective 4).

Education:

Ph.D. Microbiology, University of Washington, Seattle, WA, 1992.

M.S. Microbiology, University of Washington, Seattle, WA, 1982.

B.S. Microbiology, University of Washington, Seattle, WA, 1977.

Employer:  National Marine Fisheries Service, Northwest Fisheries Science Center, Resource Enhancement & Utilization Technologies Division.

Position:  Microbiologist, Team Leader (Fish Health/Microbiology), NMFS employee since 1992.

Present assignment:  Dr. Strom is the team leader of the Fish Health/Microbiology team at NWFSC, National Marine Fisheries Service, and holds Affiliate Faculty appointments in the University of Washington Department of Microbiology/School of Medicine and School of Fisheries.  Current research areas of the Fish Health/Microbiology team include studies on virulence mechanisms utilized by the salmon pathogens Renibacterium salmoninarum and Aeromonas salmonicida and the human pathogen Vibrio vulnificus, and the development of molecular-based diagnostic tools.  Applied studies include testing potential R. salmoninarum vaccines, and determining the role of infectious disease in juvenile smolt delayed mortality through the Columbia River hydroelectric system.  In addition, the Fish Health/Microbiology team is responsible for disease diagnostics and pathology on salmon reared in the Manchester Field Station and Burley Creek Hatchery Captive Broodstock programs at the NWFSC, and Dr. Strom serves as the NMFS Technical Pathology Representative to the Pacific Northwest Fish Health Protection Committee.

Previous research/expertise:  Dr. Strom is a microbiologist specializing in molecular pathogenesis of bacteria.  His graduate work dealt with the mechanisms of pathogenesis utilized by the bacterium Pseudomonas aeruginosa, focusing on mechanisms of protein secretion used by many pathogens to elaborate toxins and degradative enzymes, and on mechanisms used by bacteria to colonize a host.  He has published numerous recent papers in the peer-reviewed literature and is regularly invited to speak at national and international meetings.

Five Relevant Publications:

Masada, C.L., S. LaPatra, A. Morton, and M.S. Strom.  In Press.  An Aeromonas salmonicida type IV pilin is required for virulence in rainbow trout (Oncorhynchus mykiss).  Dis. Aquat. Org.
Nilsson, W.B. and M.S. Strom.  2002.  Detection and identification of bacterial pathogens of fish in kidney tissue using terminal restriction fragment length polymorphism (T-RFLP) analysis of 16s rRNA genes.  Dis. Aquat. Org. 48:175-185.

Rhodes, L.D., T.H. Grayson, S.M. Alexander, and M.S. Strom.  2000.  Description and characterization of IS994, a putative IS3 family insertion sequence from the salmon pathogen, Renibacterium salmoninarum.  Gene 244:97-107.

O'Farrell, C.L. and M.S. Strom.  1999.  Differential expression of the virulence-associated protein p57 and characterization of its duplicated gene msa in virulent and attenuated strains of Renibacterium salmoninarum.  Dis. Aquat. Org. 38:115-123.
Rhodes, L.D., W.B. Nilsson, and M.S. Strom.  1998.  Sensitive detection of Renibacterium salmoninarum in whole fry, blood, and other tissues of pacific salmon by reverse transcription-PCR.  Mol. Mar. Biol. Biotechnol. 7:270-279.
7) Dr. Jeffrey J. Hard
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Project Duties:  Principal investigator (Objective 5).

Education:


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


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


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.  In Press.  Selection on chinook salmon life history under harvest. In A. Hendry and S. Stearns (editors), Salmonid Perspectives on Evolution. Oxford University Press, Oxford, U.K.

Wang, S., J.J. Hard, and F.M. Utter.  In Press.  Genetic variation and fitness in salmonids.  Conserv. Genet.

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.  J. Fish Biol. 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.  Environ. Biol. Fish. 58:61-73.

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

8) Dr. Kerry A. Naish
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Project Duties:  Co-principal investigator (Objective 5).

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, 1988

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

Position:  Assistant Professor since 2000.

Present assignment:  Dr. Naish is currently an Assistant Professor in the School of Aquatic and Fishery Sciences.  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 Aquaculture Geneticist with the Overseas Development Administration in Swansea, Wales, U.K.  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, K.A., A.E. Elz, J.J. Hard, T. Sakamoto, R.G. Danzmann, and L.K. Park.  In preparation. 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. Can. J. Fish. Aquat. Sci. 56:2248-2261.

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

Naish, K.A., M. Warren, 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). Mol. Ecol. 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). J. Fish Biol. 42A:75-89.
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