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Section 7.  Abstract

In response to Task 4.1.c in the NMFS Proposed Recovery Plan and to Measure 7.4D.1 in the NPPC F & W Program, this research project develops information needed to overcome some of the problems that limit the yield of viable offspring from Pacific salmon stocks reared in captivity, and assesses some of the genetic consequences of captive broodstock programs.  While basic fish husbandry techniques are well established and widely used for rearing juvenile salmonids from gametes collected from returning adults, and domesticated stocks of salmonids in the commercial aquaculture industry, numerous problems have persisted when rearing wild stocks of Pacific salmon in captivity throughout the life-cycle.  These problems include poor survival of adults to spawning, poor quality gametes, and abnormal seasonal timing of spawning.  The success of captive broodstock programs for stock restoration purposes is largely dependent on producing a high yield of offspring that do not differ substantially from the founder stock in genetics, behavior, appearance, or physiology.    Solutions to the problems encountered by broodstock programs are needed to maximize the effectiveness of these programs as rehabilitative tools.  In addition, the reproductive success of captively-reared fish must be evaluated to determine if release of captively-reared adults is a viable strategy.    The overall goals of this project are 1) to develop diets, rearing regimes, hatchery practices,and  drug therapies that improve survival of adults to spawning, gamete quality, and viability of offspring and that can be applied to captive broodstock programs for depressed stocks of Pacific salmon; 2) to assess quantitative genetic risks of captive broodstock programs to natural populations; and 3) to develop reintroduction strategies for captively-reared fish.  Results from this research will be published in peer-reviewed journals, annual reports and scientific meetings.

Section 8.  Project description

a.
Technical and/or scientific background

INTRODUCTION

One of the current barriers to restoration of many depleted stocks of Pacific salmon (Oncorhynchus spp.) in the Columbia River Basin is the availability of suitable numbers of juveniles for supplementation.  The Northwest Power Planning Council's Columbia River Basin Fish and Wildlife Program was recently amended to include development and implementation of captive broodstock technology to aid recovery of salmon stocks (Phase II; Measure VI.B.6.A.2).  Captive broodstock programs are a form of artificial propagation.  However, they differ from traditional hatchery programs in one important respect:  fish are cultured in captivity for their entire life cycle.  

Like salmon hatchery programs, however, captive broodstock programs are not without problems and risks to natural salmon populations.  Captive broodstock programs can sustain high mortality, which may increase a population's risk of extinction if the captive component is a substantial fraction of this population.  Rearing systems must be designed and operated to minimize the risk of loss due to disease, poor reproductive performance of adult fish, and poor survival of offspring once released into the native habitat.  Additional risks include genetic change imposed on a population by a captive broodstock program, genetic interaction between captive and natural fish in the wild, and ecological impacts of releases of captive fish on natural populations.

Although captive broodstock technology has been widely applied to other vertebrates, its application to restoration of depleted stocks of Pacific salmon is in its infancy.  Recent experience with captive broodstock programs has indicated that substantial problems exist with:  1) poor survival of fish to spawning; 2) inappropriate timing of sexual maturation; 3) poor quality gametes; and 4) reintroduction of captively-reared fish.  In addition, there are not adequate therapies available for treating fish once disease, particularly bacterial kidney disease, occurs, and the reproductive success of captively reared adult fish and the survival of offspring from captively reared fish when released into the wild is unknown . We are conducting and propose to continue a multi-faceted research program designed to overcome these problems by establishing rearing regimes, diets, and environmental conditions that lead to appropriate body coloration, size, and timing of development through the life cycle, and high survival rates of broodstock and their offspring.  Our literature review also indicated that little research has been done that relates directly to the genetic consequences of captive broodstock programs for Pacific salmon.  Therefore, we are conducting quantitative genetic experiments to characterize some important potential effects of captive culture on the genetic constitution of the cultured population.   The experiments require access to one or more large source populations and much of the rearing capacity of a single facility for up to four fish generations.

The project has three primary goals:  1) to develop standard, efficient hatchery practices for rearing captive Pacific salmon broodstock that will yield the greatest number of high-quality offspring (those that are as similar to the founder stock as possible), 2) to determine the genetic consequences of captive broodstock programs for natural salmon populations, and 3) to evaluate the reproductive success of captively-reared adult fish compared to wild fish and the viability of captively-reared offspring upon release .  The work proposal has been divided into four major research elements: 1) effects of diet and growth on age of maturity, adult morphology, smoltification, body coloration, and gamete quality ; 2) fish health; 3) reproductive ecology of captively-reared adult salmon; and 4) research on quantitative genetic consequences of captive broodstock programs for Pacific salmon populations.  

Element 1- Effects of Growth and Diet on Age of Maturity, Smoltification, Body Coloration, and Gamete Quality in Chinook and Sockeye Salmon

One critical problem for captive rearing of chinook salmon is loss of fish due to early sexual maturation of males.   In many salmonid species, males may mature early relative to females, with the incidence varying among species, stocks, and rearing conditions for cultured fish.  The chinook salmon has a high degree of plasticity in its life cycle compared to other Pacific salmon species.  Early, or precocious, male maturation can occur at several stages of the life cycle.   Jacking rates as high as 90% have been observed (Hard et al., 1985), although most chinook stocks exhibit rates around 5-15% (Heath, 1992).   In a captive broodstock program, it is undesirable to produce mature males at a time when females of the same stock are not mature.  Although this milt from early maturing males could be cryopreserved, this technique is not yet sufficiently reliable to obtain consistenly high quality sperm.   In addition, selective mortality of precocious males could reduce the effective breeding population size (Ne) of a captive broodstock.    Thus, there is a critical need to develop methods to minimize precocious male maturation in captive broodstock programs for endangered fish species.  

The time of sexual maturation is controlled by genetic, abiotic (e.g., photoperiod, temperature, salinity) and biotic (e.g., diet, growth rate, energy stores) factors.  The relative importance of these factors and how they interact are poorly understood.   Because genetic selection should be minimized in a captive broodstock program for depleted stocks, rearing strategies which minimize expression of the trait should be developed.  Research to date, primarily from Atlantic salmon, indicates that growth rate, size and levels of stored energy at specific times of year, or critical periods of the life cycle are important factors affecting the incidence of precocious maturation.  It may be possible to minimize the incidence of precocious male maturation through alteration in rearing conditions, growth rates, and diet.  However, before methods that minimize the rate of precocious male maturation can be developed, research is necessary to determine how stored energy levels (body fat content), growth rates, or rates of energy deposition at critical developmental stages either permit or prevent the onset of maturation in chinook salmon. 

Growth rate and body fat levels
We are attempting to develop diets and growth regimes that sustain somatic growth and provide sufficient stored energy for appropriate life-cycle transitions, development of gametes in adult fish, and achieve target size for adult fish.  To develop a diet and growth regime that minimizes early maturation of male spring chinook salmon, we are engaged in two key areas of investigation.  In initial studies we manipulated body fat levels through diet and found a significant positive correlation of percent of males maturing at 2-years of age with body fat levels.  Second, we investigated whether reduced growth during the autumn/winter period can reduce the number of males maturing at one or two years of age and found that severe ration restriction reduces early male maturity, but ration reduction during a 2 or 4 month period during the winter was insuffient to reduce the rate of maturation of males at 2 years of age.  Results from this study are consistent with previous studies in Atlantic salmon which indicated that severe ration restriction can reduce the incidence of early male maturity.   However, a protocol which utilizes severe ration restriction may have undesireable effects on smoltification, maturation of females in subsequent years, and ability of mangers to achieve target sizes for adults.  One of the problems with previous research in this area is that effects of size, growth rate, and rate of energy deposition could not be distinguished.   Therefore we conducted a study varying ration and fat levels and found that  size or growth rate was the primary factor affecting the rate of maturation of 2-year old fish, and fat level was a secondary factor (Shearer et al. 1997; Silverstein et al. 1997).  

The aim of ongoing experiments is to more precisely determine how rapidly male chinook salmon can be grown from first feeding to two years of age without increasing the incidence of maturation.  Since growth rate has been shown to affect both smoltification and immunocompetence we are examining the effects of growth on these factors.  Fish are being reared on high protein, low fat diets to reduce the effects of body fat levels on early male maturity.    Once a threshold growth rate for early male maturity is established, we propose to conduct experiments whereby we reduce growth during the winter months using both ration and water temperature in an attempt to reduce growth below threshold levels only during critical months when the physiological commitment to mature is made.    In these studies of the effects of growth and body energy stores on early male maturity we are monitoring growth, reproductive development, smoltification, immune function (see Element 2), and body morphology.   

Variable dietary protein:energy levels
In a second part of our studies on growth in salmonids, we are investigating the effects of variable dietary protein :energy ratios on age of maturity and adult morphology in chinook salmon.  The natural diet of chinook salmon during the post-juvenile marine phase of its life cycle consists mainly of herring, anchovy, other small fish, and squid.  When this diet is expressed in terms of proximate composition, protein, lipid, and ash (bones) fractions constitute more than 95% of the diet.  If a feed were formulated to mimic the natural diet of chinook salmon in the ocean, it would be approximately 50% protein, 32% lipid, and 10% ash (Higgs et al., 1995).  Feeds used to rear post-juvenile chinook salmon in captivity, e.g., net-pen farming, have a proximate composition of 45% protein, 18-22% lipid, and 12% ash, with the remaining constituents being crude fiber (~2%) and nitrogen-free extract (soluble carbohydrates) as the remainder.  Farmed chinook salmon fed diets containing higher levels of lipid throughout the seasons accumulate excessive amounts of body fat, mainly during the period of declining day length.  In contrast, the natural diet of chinook salmon during the early phases of marine life history, e.g., copepods, decapods, amphipods, and euphausids, contains much higher dietary lipid levels than pelleted feeds.  The protein and lipid levels of each average 52% and 37% for copepods, 73% and 12% for decapods, 47% and 24% for amphipods, and 54% and 22% for euphausids, respectively (Higgs et al., 1995).  Squid contain 78% protein and 13% lipid, while gastropods average 44% protein and 22% lipid.  Despite this high lipid diet, wild post-juvenile chinook salmon do not accumulate excessive levels of body fat, most likely a consequence of activity level and caloric intake.

The natural diets of juvenile salmonids in freshwater consist mainly of aquatic and terrestrial insects.  Many published studies have documented the natural diet of juvenile salmonids, both in terms of prey and in terms of nutrient intake, beginning with Embody and Gordon (1924) and most recently reviewed in depth by Higgs et al. (1995).  These studies conclusively show that the proximate composition of natural diets of juvenile salmonids is approximately 45% protein and 15-17% lipid.  Although the natural diet of juvenile chinook salmon in freshwater consists of insects having lipid levels ranging from 2-39%, on a dry weight basis, the main four groups of insects consumed by juvenile chinook average 53% protein and 16.5% lipid, similar to the composition of freshwater copepods and small fishes.  Like wild post-juveniles, juvenile chinook are distinctly different from hatchery-reared chinook in body fat deposits, particularly in the amount of fat in visceral stores.  These differences are greater among stream-type juvenile chinook than among ocean-type.

The body conformation of chinook salmon reared in captive broodstock programs differs from that of wild fish.  The main difference in body conformation is length to girth ratio, with captively-reared fish having a lower length to girth ratio, meaning that they tend to be shorter and fatter.  This difference is presumably related to dietary energy intake and differences between wild and captive fish in activity level.  Dietary energy intake is similar between wild and captively-reared fish, when expressed in terms of proximate composition, or percentage of the diet as protein and lipid.  However, dietary energy intake is a function of the proximate composition of the diet as well as feed intake.  Wild fish consume less food during certain periods of the year than do captively-reared fish.  Rarely are chinook salmon with full stomachs captured in the fisheries, except in nearshore areas where fish are feeding heavily during the months before entering freshwater to spawn.   Recent BPA-funded studies with chinook salmon (W. W. Dickhoff, 1997) have identified annual variations in levels of the metabolic hormones IGF-1 and growth hormone which provides a metabolic rationale for numerous observations made for over 40 years concerning the higher level of whole body lipid in hatchery-reared fish compared to wild salmon.  During periods of declining day length, circulating levels of these hormones are low and protein synthesis rates in the body are reduced.  Fish convert both dietary protein and lipid into stored body fat during these periods.  In contrast, when day lengths increase, body metabolism patterns change, with increases in protein synthesis rates and lypolysis, resulting in lower percentage whole body fat levels.  When feeding levels are adjusted to correspond with this pattern of anabolism and catabolism, survival to hatchery return increases.  With respect to changing dietary requirements as fish grow and develop, it is well known that the scope for growth of Pacific salmon decreases with fish size (Brett, 1979).  Thus, the protein needs of salmon, expressed as a percentage of dietary metabolic energy, decrease with fish size.  McCallum (1985) reported that juvenile chinook salmon required 1.3-1.6 g protein per kg fish per day at the maintenance level, e.g. no growth.  The amount of protein intake to support weight gain varies with fish size and dietary energy intake but growth increases linearly in juvenile salmonids consuming between 6 and 18 g protein per kg fish per day (Fairgrieve, 1992).  Therefore, we are investigating the effects of a diet of variable protein and energy on growth, age of maturity, adult morphology and reproductive performance in spring chinook salmon.    

Element 2- Fish Health 

To reduce mortality due to disease in captive broodstocks there are two strategies: employ hatchery practices, environmental conditions, and feeding regimes which maintain good fish health and minimize disease transmission, and utilize effective drug therapies once disease outbreaks occur.  In 1987, the Pacific Northwest Fish Health Protection Committee ranked bacterial kidney disease (BKD) as the major deterrent to the successful culture of salmonids in the Pacific Northwest.  In 1993 - 1994 this disease was responsible for catastrophic losses of endangered Redfish Lake sockeye salmon being held as captive broodstock and many other cases of severe mortality among Snake River Chinook salmon broodstocks have been reported.  We are conducting research in two areas in an attempt to reduce mortality due to disease in captive broodstock.  First, we are testing new drug therapies for treating BKD and evaluating possible toxicity of erythromycin.   Second, we are investigating the effects of nutrition and rearing temperature on immune function.   In previous funded periods, we developed a range of standard assays to assess both humoral and cellular mediated immunity and have used these assays to assess immunocompetence in experimental fish reared on different water temperatures or under a range of growth conditions.   Our results suggested that high ration (growth rate) reduces immunocompetence.  We propose to extend those studies to more thoroughly evaluate the effects of high growth on immune function and disease resistance.

Drug Therapies
Presently there is no vaccine available to protect salmon from infections with Renibacterium salmoninarum, the causative bacterium of BKD.  Erythromycin has been the primary antibiotic used by fish culturists in an attempt to prevent and control R. salmoninarum (Elliott et al. 1989), administered orally through feed and by injection of maturing adults.  However, while use of this drug results in short term health improvement of infected fish, it fails to completely eliminate the disease and symptoms often return upon cessation of treatment.  Compounding the problem is that transmission of the disease occurs both horizontally and vertically.  Prophylactic erythromycin treatment of spawning females or its use during water hardening of eggs does seem to reduce some of the vertical transmission of R. salmoninarum to eggs (Evelyn et al. 1986, Bullock and Stuckey 1986, Groman 1983), but in general this practice has not led to satisfactory results.  In spite of these shortcomings, prophylactic administration of erythromycin has become increasingly common in recent years, particularly in captive broodstock programs involving ESA listed stocks of sockeye and chinook salmon. This use is not without cost.  Results of preliminary studies with Lake Wenatchee sockeye salmon suggest that erythromycin may have a negative effect on gamete viability.  Recent experiences at Manchester Field Station with Catherine Creek, Lostine River, and Lemhi River spring chinook salmon have shown currently mandated treatment regimens may elicit fatal toxicity reactions.  In light of these observations of low efficacy of erythromycin combined with potential toxic and reproductive success effects during prolonged prophylactic use, there is a clear need for additional study in these areas. 

Alternative antibiotics: azithromycin
Azithromycin is a promising candidate for use as a therapeutic and prophylactic treatment for BKD. This new macrolide antibiotic concentrates in polymorphonuclear  leukocytes, macrophages and fibrocytes (Peters et al. 1992).  R. salmoninarum has been shown to invade these cell types which in turn protect the organism from the host humoral immune system. (Bandin et al.  1993; Gutenberger et al. 1997).

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 that can be achieved with azithromycin.   This view is supported by reports that show that azithromycin is somewhat more effective than erythromycin in reducing intracellular (invasive) enteric pathogens that were 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 in vitro and in in vivo studies with animals other than fish (Peters et al. 1992).  Other work compared the intracellular activity of azithromycin and erythromycin against 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).  While there are no published studies demonstrating the efficacy of  azithromycin in fish, it’s broad spectrum activity and ability to cross into tissues make it an important antimicrobial to test for its ability to control R. Salmoninarum.
Experiments conducted during previous funding periods have produced evidence that azithromycin may be a more effective antibiotic for treatment of BKD infections in captive broodstock.  In 1996, we conducted trials to determine the efficacy of azithromycin in sockeye salmon by simulating an epizootic of BKD.  Survival rates for the 3 treatment groups were as follows: azithromycin 57%, erythromycin 8%, and 0% for the control group.  The non-infected sockeye salmon from the stocking population remained relatively healthy (<0.1% mortality).  Necropsies in most fish revealed severe kidney lesions and other signs typically associated with clinical BKD.  Currently we are examining approximately 10% of mortalities in all treatments using fluorescence antibody test (FAT) to confirm the presence of Renibacterium salmoninarum the causative agent of BKD. 

To determine if multiple dosing with azithromycin would have toxic or deleterious effects on sockeye salmon or their offspring, 200 of the surviving azithromycin treated fish were randomly distributed into four 5 ft. diameter tanks (50/tank).  They had all received the initial dose (30mg/kg fish/day for 14 days) of azithromycin at the beginning of the experiment.  For this test, 2 tanks (100 fish) were fed 30 mg/kg fish/day for 14 days at 4 month intervals for a total of 4 treatments of azithromycin.  The other 2 tanks were fed the non-medicated control feed during the treatment period.  The four tanks received a Biodiet feed when they weren’t being medicated.  At maturity (3 years), 14 pairs (28 fish) were randomly selected from each treatment  and were spawned using a 1/1 cross.  We are currently testing all of the parents using FAT and ELISA.  Overall, offspring viability has exceeded that observed by other captive-reared broodstocke and there were very few anomalies.   Preliminary results show there were no significant differences in survival of gametes to swim-up between fish treated once with azithromycin and those treated four times.

Attempts to show the efffectiveness of azithromycin as a prophylactic therapeutant against BKD in chinook salmon have to date resulted in mixed results.  In June 1998 a study was initiated to determine the effectivness of azithromycin compared to erythromycin as a therapeutic agents against existing BKD.  This experiment is presently ongoing.  However, preliminary results show that therapeutic treatment with either erythromycin or azithromycin did offer protection in the form of longer survival.  Bacterial loads of survivors has yet to be determined.  Representative survivors as well as the uninfected control fish will be maintained in captivity to determine the effect of azithromycin treatment on sexual maturation, egg quality, and reproductive success, as outlined below (Objective 2.3).  These experiments will capitalize on the effort expended to initiate this subtask and will confirm the results observed previously in our studies of azithromycin in sockeye salmon.

Toxicity of prolonged or repeated use of erythromycin 
As discussed in the introduction, results of preliminary studies with Lake Wenatchee sockeye salmon suggest that erythromycin may have a negative effect on gamete viability.  Eyed egg survival for sockeye that were prophylactically treated with erythromycin up to four times per year and spawned during 1994 and 1995 ranged from 40-60% (Flagg et al. 1997).  In contrast, for 1994-brood sockeye which had been treated with azithromycin once before smoltification and up to three additional times after transfer to seawater, egg viability ranged from 85-89% (Lee Harrell, personal communication).  Ovarian inflammation in rainbow trout fed erythromycin thiocyanate has been reported (Piper 1961).  However, no experimental data are currently available regarding the effects of long-term erythromycin prophylaxis on gonadal development and egg viability in any salmonid species.  Controlled studies to determine whether erythromycin treatment has a negative effect on gamete quality are especially relevant to the success of captive rearing of ESA listed stocks.

In addition to these effects on gamete viability, recent experiences at Manchester Field Station with Catherine Creek, Lostine River, and Lemhi River spring chinook salmon have shown currently mandated treatment regimens may elicit fatal toxicity reactions.  Typically, affected fish exhibit reddened skin in the cranial region, and swim erratically or quiver shortly before death, suggesting neurological involvement.  Extensive liver damage has also been observed in moribund or dead fish.  Experience has shown that terminating treatment alleviates the red-head condition.  Similar toxic reactions to erythromycin have been reported in rainbow trout (Piper 1961, Warren 1963), but no data currently exist regarding the sensitivity of other salmonid species to this antibiotic, and it is not known if sensitivity increases with repeated treatments.  Additional data are needed to fully document the conditions leading to the development of this syndrome.

Improving disease resistance
Flagg and Mahnaken (1995), in a review of the status of broodstock technology for Pacific salmon, highlighted the importance of understanding the complex relationships between fish nutrition, reproductive physiology, and fish health when developing fish husbandry practices. An ideal fish health managment program for the captive propagation of sockeye or chinook salmon will have it’s foundation in a rearing environment that provides the most favorable conditions for growth and survival. Such conditions are very important because they help to maintain fish at their best physiological status to resist infection by pathogenic microorganisms, many of which are currently considered untreatable because of the lack of effective chemotherapeutants or vaccines.

We neither fully understand the host defenses of salmonids, nor whether they modulate with seasonal and life stage changes, or differing rearing conditions. To help answer those questions, researchers at the Western Fisheries Research Center in Seattle, Washington (U.S. Geological Survey) have developed a panel of hematological, immunological, and serological assays that can be used to measure the effects of different rearing conditions on the immune system of captively-reared salmonids. This panel of assays was used to measure nonspecific and specific immune functions of sockeye salmon from each of two temperature groups at various points during rearing. It was the first comprehensive monitoring of disease resistance systems in sockeye salmon for an entire lifecycle, and provided the methods and baseline information for future studies with captively-reared salmonids.

Bacterial kidney disease (BKD), caused by Renibacterium salmoninarum, is considered to be present worldwide among cultured and wild salmonid fishes (Fryer and Sanders 1981). Current control measures have proven ineffective in eliminating the disease (Elliott et al. 1989), and BKD can often be the limiting factor in the artificial propagation of of salmonids. Chinook salmon are considered to be one of the most susceptible salmonid species to infection by the kidney disease bacterium (Bell 1987).

Captive propagation programs have been started to aid in the restoration of threatened or endangered spring chinook salmon stocks in Idaho and Oregon. These programs now rely on the capture of juvenile fish from wild or natural production areas of the Columbia River and Snake River Basins as sources of broodstock. There is frequent speculation that spring chinook salmon originating from wild or natural production areas have a lower prevalence of BKD than their hatchery counterparts. However, testing of wild and hatchery spring/summer chinook salmon smolts in the Snake River Basin has not shown lower prevalences and levels of R. salmoninarum infections in wild smolts (Elliott and Pascho 1994). These findings help to explain why some of the chinook salmon introduced into captive propagation programs have BKD.

Modifications of cultural practices that may exacerbate disease have been suggested as a way to reduce mortality from BKD (Klontz 1983), and among them, there has been considerable interest in the effect of diet composition. There is evidence that many of the specific and nonspecific host defenses of salmonids and other fishes are effected by specific dietary components (Reviewed by Landolt 1989; Blazer 1991, 1992; Waagbo 1994). Their effects on disease resistance to BKD, however, are not completely understood. One objective of the research being conducted under Project 93-56 is to measure the effect of growth rate on the ability of captively-reared chinook salmon to resist disease. The first measurements of specific and nonspecific immune parameters were completed during 1998.  Preliminary results suggest the certain functions of a chinook salmon’s phagocytic cells become impaired as the ration (and growth) is increased. These cells are the fish’s first line of defense against bacterial pathogens such as R. salmoninarum, and any suggestion of their impairment by the diet only emphasizes the need for more information on the role of nutrition in fish health and disease resistance. 

The failure to recogonize deleterious effects by certain fish cultural practices may be part of the reason why vaccination of salmonids for BKD has been only marginally effective. Salmonids can respond to bacterins made of killed R. salmoninarum (Evelyn 1987; Paterson et al. 1981; Paterson et al. 1985; and McCarthy et al. 1984), but there is no clear correlation between a fish's ability to produce an antibody response to a bacterin and protection from BKD. Some researchers believe that the success of a vaccine may ultimately be dependent upon the salmonid fish species being immunized and the antigens of R. salmoninarum selected for a bacterin (Evelyn et al. 1988).  However, genetic immunization with the new generation of DNA vaccines (Wolff et al. 1990) may hold promise for immunizing fish against BKD. Humoral and cellular immunity can be initiated by directly injecting the DNA coding for the vaccinating protein. Recent results obtained with infectious hematopoietic necrosis virus (Anderson et al. 1996) confirmed that genetic immunization can be effective with salmonids.

In our current funded research, the general immune status of spring chinook salmon fed different amounts of a controlled ration is being measured to investigate whether the levels of fat or the growth rate may be effecting their disease resistance, or the ability of fish to be vaccinated against BKD by genetic immunization. Understanding the relation between those factors and disease resistance in salmonids will be an immense benefit to all captive broodstock programs.

Element 3- Reintroduction strategies and reproductive success of captively-reared salmon
Improving reproductive performance of captively-reared adult fish
Recent studies conducted under previous funding periods have identified deficiencies in the reproductive success of captively reared coho and chinook salmon (e.g., Berejikian et al. 1997).  The poor performance of captively reared salmon has been associated with differences in secondary sex characteristics (Hard et al. in prep), which develop in wild salmon as energy stores are metabolized during spawning migrations (Brett 1995).   Poor fin quality and swimming performance have also been observed in captively reared chinook salmon released to spawn naturally in experimental channels and in natal streams.  For adult reintroduction to be successful, culture environments must be developed that improve the morphology, physiology, and ultimately, reproductive performance of captively reared adult fish when released into their native habitat to spawn.

Exercise and starvation are natural parameters of anadromous salmonid migration, but in this respect, current husbandry practices do not simulate environmental conditions encountered by wild fish.  Exercised fish are better adapted to exhaustive exercise, have greater red and white muscle mass, and exhibit reduced post-swimming stress acidosis than their non-exercised counterparts. Wild Atlantic salmon collected during their spawning migration exhibited extreme, persistent lactoacidosis, but no mortality after exhaustive exercise (Tufts, et al., 1991).  Exercise and starvation increase red and white muscle mass and facilitate mobilization of stored reserves in juvenile steelhead (Barrett and McKeown, 1988).  Exercise conditioning of striped bass (Morone  saxatilis) increased growth, red and white muscle mass, and improved swimming performance (Young and Cech, 1994ab).  Healing of wounded fins (fin wounding is very common in captive broodstocks) may also be improved by exercise conditioning (Joergensen and Jobling 1993).  However, no studies have evaluated the effects of exercise conditioning on adult reproductive characters or performance.  

We hypothesize that exercise conditioning of captively reared salmon through maturation will: 1) improve body composition (i.e, decrease fat and increase muscle mass), 2) promote greater development of secondary sex characteristics, and ultimately 3) improve reproductive performance.  Improved female condition should increase their ability to dig nests, and deposit and cover eggs in the gravel.  Improved development of male secondary sexual characteristics should increase female willingness (mate selection) to spawn with them (Berejikian et al. 1997).  

Element 4- Quantitative Genetic Consequences of Captive Broodstock Programs

The primary focus of our present research to determine the genetic consequences of captive broodstock programs for natural salmon populations is a study of inbreeding depression in chinook salmon.  Inbreeding depression, a reduction in fitness caused by the mating of close relatives, has for decades been a prominent genetic concern of captive breeding programs involving threatened or endangered species.  This concern stems from adverse effects of inbreeding on survival and reproductive capacity that 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).  A recent study (Saccheri et al. 1998) has clearly demonstrated that reduced genetic variation associated with inbreeding can contribute directly to extinction of wild populations.  Furthermore, 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).  The consequences of inbreeding in most salmonids are poorly understood; the relevant work has been limited to nonanadromous fish, especially brook and rainbow trout.  Nevertheless, these studies found adverse effects of close inbreeding on survival and growth in these species (Hard and Hershberger 1995).

Even if inbreeding depression leads to higher risk of extinction, it is difficult to evaluate this risk relative to other risks, such as catastrophic loss or domestication of animals in captivity, and population fragmentation or local extinction in the wild.  This is particularly true in light of recent evidence that inbreeding depression may reduce fitness sharply at intermediate levels of inbreeding (Frankham 1995) and its extent is likely to vary in different environments (Pray et al. 1994).  Research on the consequences of inbreeding in anadromous salmonids would be most useful in characterizing the relationship between inbreeding and inbreeding depression and the environmental sensitivity of inbreeding depression.  For captive broodstock programs, this information would help to evaluate the risk of inbreeding depression against other risks (such as the risk of domestication); this in turn would help to formulate guidelines for determining: 1) under what population scenarios a captive broodstock or captive rearing program should–and should not–be initiated based on current inbreeding levels, 2) what captive population sizes should be maintained and for how many generations, and 3) what characteristics of the captive environment are most important to simultaneously reduce risk of inbreeding depression and domestication.

b.
Rationale and significance to Regional Programs
One of the current barriers to restoration of many depleted stocks of Pacific salmon (Oncorhynchus spp.) in the Columbia River Basin is the availability of suitable numbers of individuals for release back into their habitat.  The Northwest Power Planning Council's Columbia River Basin Fish and Wildlife Program was recently amended to include development and implementation of captive broodstock technology to aid recovery of salmon stocks (Phase II; Measure VI.B.6.A.2).  Captive broodstock programs are a form of artificial propagation that are intended to give listed stock a “jump start” on the road to recovery.  Although captive broodstock programs for listed salmon are technologically well enough to be started, they are not without problems and risks to natural salmon populations.  Captive broodstock programs can sustain high mortality, which may increase a population's risk of extinction if the captive component is a substantial fraction of this population.  Rearing systems must be refined and operated to minimize the risk of loss due to disease, poor reproductive performance of adult fish, and poor survival of offspring once released into the native habitat.  Additional risks include genetic change imposed on a population by a captive broodstock program, genetic interaction between captive and natural fish in the wild, and ecological impacts of releases of captive fish on natural populations.  The proposed project on technology assessment addresses some established problems and actively cooperates with on-going captive broodstock programs to address new problems as they arise.

c.
Relationships to other projects
Information from this project is used to improve technology used for ongoing Captive Broodstock Programs for Redfish Lake Sockeye Salmon and Snake River Chinook Salmon.  Problems encountered by these programs are used to develop research needs for this research project.

d.
Project history (for ongoing projects)

This project was initiated in 1993.  During the first year an extensive literature review was conducted to assess the current status of captive broodstock technology and identify critical research needs.  A multidisciplinary and multiagency research team was assembled to address identified research areas problems as they have emerged from ongoing captive broodstock programs.  Research was initiated in FY 95.  We are presently in our fourth year of research.  Many of the ongoing experiments require rearing of fish for one or more generations, thus the major results of several studies initiated in FY95 will not be forthcoming until  FY99.  Major results and publications  are summarized below.

Literature review:

Flagg, T.A., and C.V.W. Mahnken. 1995. An assessment of the status of captive broodstock technology for pacific salmon. Final report to the Bonneville Power Administration, Contract DE-AI79-93BP55064, 285 p. plus appendices (Available from Bonneville Power Administration, Public Information Center - CKPS-1, P.O. Box 3621, Portland, OR 97208).

Major Results:

1.  Completed studies of effects of rearing sockeye salmon in fresh water or seawater on reproductive performance.  Sockeye salmon broodstock reared in fresh water throughout the life cycle had higher survival than those reared for a period in seawater, but the timing of spawning, age of maturity and quality of gametes did not differ.  However, body size of both sexes and egg size in seawater-reared fish were slightly smaller.  

2.  Completed studies on induction of ovulation and spermiation in sockeye salmon using gonadotropin-releasing hormone analog.  Timing of spawning in mature sockeye salmon males and females can be controlled (advanced and synchronized) with gonadotropin-releasing hormone analog without impairing gamete quality.  This technology is now available to hatchery managers to prevent loss of gametes due to prespawning mortality and synchronize male and female broodstock.

3.  Completed studies on the effects of high and low growth rates, and varying levels of dietary fat on maturation of spring chinook salmon males.  Both growth rate and body fat levels can affect the number of male spring chinook salmon maturing at 2 years of age, with growth rate being the predominant factor.  The number of early maturing males was lowest when fish were reared on reduced ration and low fat/high protein diets.  These results suggest that early maturation of male chinook salmon may be reduced by reducing growth rate.  

4.  Completed initial tests of azithromycin as a therapeutant for bacterial kidney disease in sockeye salmon .  Azithromycin was more effective than erythromycin in reducing mortality due to bacterial kidney disease.  No apparent negative effect of the drug was found on fertilizability of eggs produced from broodstock treated with azithromycin.

5.  Completed studies of the reproductive success of wild versus captively-reared coho salmon.  Wild coho salmon spawned with captively-reared salmon, but wild males dominated captively-reared males resulting in fewer offspring from captively-reared males. There was no significant difference between the wild and hatchery-reared fish in the quality of gametes or survival of offspring.  However, fry from wild females had more orange fin coloration that those from captively-reared females.  

6.  Completed initial study on the effects of feeding carotenoid-supplemented diets on reproductive performance of sockeye salmon broodstock.  Cartoneoid supplementation of broodstock diets did not alter gamete quality or the percentage of maturing fish.   

7.  Completed initial studies of the effects of live-foods on growth and behavior of first feeding fry.   Fry fed commercial diets fed on live foods as well as those fed live-food from the time of first feeding.  These results suggest behavioral imprinting on live food is not necessary for fry prior to release.  

8.  Completed development of standardized assays for cellular and humoral mediated immunity in sockeye salmon.    Initial tests of immunocompetence of fish reared on either 8 or 12 C water inidicated that no major differences in immune function could be detected.

9.  Completed study on the effects of rearing temperature (8 or 12 C) on growth, development, smoltification, maturation and immune function of sockeye salmon.    No major differences in immune function could be detected between the two groups.  However, fish reared on 12 C were larger than those reared on 8 C.  None of the fish reared on 8C matured at 3 years of age, compared to approximately 30% of those reared on 12C.   The majority of fish matured at age 4 and there was no effect of rearing temperature on survival of offspring to the eyed-stage.    These data indicate that rearing sockeye salmon at 12 C has no negative effect on gamete quality.

10.  Completed initial phase of inbreeding experiment.

11.  Successfully incorporated erythromycin into Artemia and a vehicle to treat first-feeding fry.

Captive Broodstock Research Project (9305600) Publications and Reports

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

Flagg, T. A., C. V. W. Mahnken, and K. A. Johnson.  1995.  Captive broodstocks for recovery of depleted populations of Pacific salmon.  Am. Fish. Soc. Symp. 15:81-90. 

Flagg, T. A., and C. V. W. Mahnken (editors).  1995.  An assessment of captive broodstock technology for Pacific salmon.  Report to Bonneville Power Administration, Contract DE-AI79 93BP55064, 285 p.  (Available from Northwest Fisheries Science Center, 2725 Montlake Blvd. E., Seattle, WA 98112).  This report contains the following chapters:  

1)
The Captive Broodstock Concept:  Application To Rearing Pacific Salmon, by T. A. Flagg, F. W. Waknitz and C. V. W. Mahnken, pp. 1-1 to 1-60.

2)
Quantitative Genetic Consequences of Captive Broodstock Programs for Anadromous Pacific Salmon (Oncorhynchus spp.), by J. J. Hard and W.K. Hershberger, pp. 2-1 to 2-75.
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1)
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Committee Participation

Stanley Basin Sockeye Technical Oversight Committee:  Tom Flagg, Carlin McAuley.

Chinook Salmon Captive Propagation Technical Oversight Committee:  Tom Flagg, Carlin McAuley.

Chinook Salmon Captive Broodstock Technical Oversight Team, Oregon:  Carlin McAuley. 

e.
Proposal objectives  
Element 1- Effects of Growth and Diet on Age of Maturity, Smoltification, Body Coloration, and Gamete Quality in Chinook and Sockeye Salmon

Objective 1.1 The effect of growth rate on early male maturation, smoltification and immunocompetence in juvenile spring chinook salmon containing low levels of body fat.

Objective 1.2  Determine effects of reduced temperature and ration during winter months on early male maturation in chinook salmon

Objective 1.3  Determine effects of constant vs. variable dietary protein and energy intake on growth, body conformation, natural spawning success, spawning behavior, and reproductive performance of chinook salmon.

Element 2- Fish Health
Objective  2.1   Monitor the nonspecific and specific immune functions of groups of spring chinook salmon reared on high protein low fat diets and reduced water temperature during winter months (Objective 1.2).

Objective 2.2:  Test the effectiveness of azithromycin as an emergency treatment against acute BKD in chinook salmon (Oncorhynchus tshawytscha).

Objective 2.3  Effects of long-term anti-BKD prophylactic treatment regimens with erythromycin on disease incidence, gonad development, and gamete quality in fall chinook salmon (Oncorhynchus tshawytscha).

Element 3- Reintroduction strategies and reproductive success of captively-reared salmon

Objective 3.1  Determine the effects of exercise on body composition, morphology and breeding success of captively reared chinook salmon.

Objective 3.2  Determine the relative effects of natural emergence, remote site incubation (egg boxes), and fry releases on the early growth of chinook salmon juveniles.

Objective 3.3  Compare the natural breeding success of freshwater- and sea water-reared chinook salmon in their natal habitat

Element 4- Quantitative Genetic Consequences of Captive Broodstock Programs
Objective 4.1  Determine effects of inbreeding depression on fitness of a chinook salmon population

f.
Methods
Element 1- Effects of Growth and Diet on Age of Maturity, Smoltification, Body Coloration, and Gamete Quality in Chinook and Sockeye Salmon
Objective 1.1 The effect of growth rate on early male maturation, smoltification and immunocompetence in juvenile spring chinook salmon containing low levels of body fat.

In spring 1998, we initiated an experiment to determine the effects of growth rate on survival, growth rate, smoltification, age of maturity, immunocompetence, adult body size, fecundity and egg size. Six groups (in duplicate) of Willamette River spring chinook salmon (1997 brood) are being reared from start feeding to age 2+ on graded rations (100= satiation, 90, 80 70 60 and 50% of satiation) of a high protein (55%), low fat (8%) feed (Table 1) and a seventh group is being fed BioDiet at the 60% level, which serves as a commercial diet control group.  Two additional replicate tanks of the 100% ration were added to permit extensive sampling of maturing and nonmaturing fish within one treatment group.   

Table 1. Composition of experimental diets

 (based on estimated proximate composition of feed

 ingredients).

Ingredient




(g/kg)
Anchovy meal -herring meal mix (1:) 
550

Concentrated liquid fish  


200

Wheat mids 



140

Whey




20

Vitamin premix



30

Vitamin C




10

Trace element premix


10

Krill meal




30

Choline chloride



10

CMC




5

Guar gum




5

Each tank initially contained 700 fish.  Fish are being reared in recirculated fresh water at the fish holding facilities at the Northwest Fisheries Science Center, Seattle, WA.  Water temperatures fluctuate between 10-12 C. Artificial light on a natural photoperiod is being used.  Fish in each tank are being batch weighed and counted monthly to determine the mean fish weight in each tank.  Twenty fish are being individually weighed and measured monthly to determine condition factor.  Samples for proximate analysis and visual examination of testes are being collected every month (10 fish/tank).  To monitor the effects of the treatments on smoltification, samples of gill tissue for gill Na/K ATPase and blood plasma for thyroxine and insulin-like growth factor analyses are being collected from 6 fish per tank during Oct-Dec of 1998 and Mar-May and Oct-Dec of 1999.  For the monitoring of smoltification samples will be collected biweekly during the aforementioned periods.   Immunocompetence will be assessed by Northwest Biological Research Division (USGS) personnel using methods described in Objective 2.2.  Briefly, sixty fish from each tank are being challenged at three points in the study (Table 2).  To monitor effects of the treatment groups on maturation, gonads are removed and weighed in all fish sacrificed for sample collection.   In addition, we sample fish from the 100% ration groups for which we have two additional replicate tanks.  From June 1998 through October 1999 we are sampling 10-20 fish per tank with the goal of obtaining sufficient numbers of maturing and nonmaturing male fish.  Samples of pituitary glands and blood are being collected for gonadotropin analysis, and gonad tissue will be collected for histology.  Results of this analysis will aid us in determining more precisely critical periods for initiation of sexual maturation in this species.  

The final sampling will take place in October 1999. At this time all fish will be sexed and the incidence of male maturation will be assessed by determining gonadosomatic indices of all fish.   If facilities are available, groups of fish from each treatment will be maintained for another 2 years (through October 200) to evaluate effects of ration on female age of maturity, fecundity, and egg size.   We are concerned that reduced ration may be advantageous to reduce maturation of 2-year old males, but may have negative consequences on female maturation in the subsequent years.  

Table 2. Sampling plan each year and month.

1998

1999

ND
JFMAMJASOND
JFMAMJJASO

1234

GGGGGGGGGGG
GGGGGGGGG

III    IIII
      IIII


          PPPPPPPPPP
PPPPPPPPPPP


1 obtain eggs, 2 first feeding, 3 distribute fish in to tank sand begin variable ration treatments, 4 final sampling and terminate experiment 

I= immunocompetence challenge

P= proximate composition determination

S= smoltification status determination

G= samples for gonad histology and gonadotropin measurements

The effect of ration on body composition will be determined using allometric analysis of body weight versus total body fat.  The effect of growth rate on smoltification and immunocompetence will be determined by regression.  The relationship between growth rate and the incidence of sexual maturation (%) will be examined using regression after arcsin transformation of percentage data.    Sample and data analysis will be done during October 1999 through October 2000.  

Objective 1.2  Determine effects of reduced temperature and ration during winter months on early male maturation in chinook salmon
As of autumn 1998, the growth of fish reared in the experiment described in Objective 1.1 has far exceeded that of wild or typical hatchery-reared fish, yet fish have body fat levels of less than 4%, which is about half that of a typical hatchery reared fish.   To date, no significant maturation at one year of age was observed in the experimental groups despite the large size of yearling fish (60-100 g body weight).    In an attempt to mimic a more natural growth cycle, we propose to test whether fish fed a high protein low fat diet and exposed to a combination of reduced temperature and ration during the winter months exhibit a seasonal growth cycle more similar to wild fish.  We will evaluate the effects of treatments on growth, smoltification, age of maturity, and disease resistance.  Willamette River spring chinook salmon (broodyear 1998)  will be fed at first feeding the diet described in Table 1.   Fish will be divided into four groups (duplicate tanks per group):  1) high ration , constant temperature; 2) high ration, reduced winter temperature; 3) low ration, constant temperature; and 4) low ration, reduced winter temperature.   The level of ration will be determinded from results of experiment described in Objective 1.1.   Fish  will be reared in recirculated fresh water at the fish holding facilities at the Northwest Fisheries Science Center, Seattle, WA.  Water temperatures in the constant temperature group will range from 10-12 C.  In the reduced winter temperature groups, water temperature during November through February will be reduced to 6 C.  Artificial light on a natural photoperiod is being used.  Fish in each tank are being batch weighed and counted monthly to determine the mean fish weight in each tank.  Twenty fish are being individually weighed and measured monthly to determine condition factor.  Samples for proximate analysis and visual examination of testes are being collected every month (10 fish/tank).  To monitor the effects of the treatments on smoltification, samples of gill tissue for gill Na/K ATPase and blood plasma for thyroxine and insulin-like growth factor analyses are being collected from 6 fish per tank during Oct-Dec of 1999 and Mar-May and Oct-Dec of 2000.  For the monitoring of smoltification samples will be collected biweekly during the aforementioned periods.   Immunocompetence will be assessed by Northwest Biological Research Division (USGS) personnel using methods described in Objective 2.2. To monitor effects of the treatment groups on maturation, gonads are removed and weighed in all fish sacrificed for sample collection.  The final sampling will be during Dec. 2000 when the reproductive status of all fish will be assessed.   The effects of treatment on growth, percentage maturing fish, smoltification and immunocompetence will be determined by ANOVA.  

Objective 1.3  Determine effects of constant vs. variable dietary protein and energy intake on growth, body conformation, natural spawning success, spawning behavior, and reproductive performance of chinook salmon.
Chinook salmon of the Priest Rapids strain (1998 brood year) will be obtained as eggs from the Washington Department of Fish and Game Sandpoint and transferred to the fish culture laboratory of the Aquaculture Research Institute, University of Idaho, Moscow, Idaho.  The fish will be divided into four dietary treatment groups, with two replicate groups receiving each dietary treatment.  Subsamples of juvenile fish from two dietary treatments will be evaluated with respect to behavior, coloration, and fitness in connection with juvenile re-introduction strategies.  The majority of the fish will continue in these dietary treatment groups to adult maturation.  These fish and fish from the other two dietary treatment groups will mature in Fall, 2001or 2002, meaning that they will be exposed to the various dietary treatments for three or four years before spawning.  The fish will be bulk-weighed, measured for length, and counted quarterly, and two fish from each replicate tank will be removed quarterly for determination of gonadosomatic index (GSI), and proximate composition.  At adult maturation, males and females will be identified, and fish from each dietary treatment group will be split into two groups, one to continue in tanks until spawning, and the other to be placed in an observation channel (artificial stream) for behavioral studies to assess their ability to compete with wild maturing chinook salmon and successfully spawn.  The wild maturing chinook salmon will be the cohorts of our captively-reared fish, captured as they return to Priest Rapids.  Thus, this study will provide an opportunity to produce fish of differing size, conformation, and external coloration and test their reproductive success in an experimental setting similar to that in the wild.  This portion of our proposed research will be conducted in concert with similar studies at the Manchester Experimental Laboratory, NMFS, Manchester, Washington, and be designed to complement on-going behavioral research at that facility.  Fish that remain in tanks will be spawned in a factorial design so that eggs from each female are fertilized with milt from three males from each dietary treatment, and vice versa.  A total of 20-25 males and females from each dietary treatment group will be spawned, and survival of offspring from each cross to swim-up will be enumerated.

Element 2- Fish Health
Objective  2.1   Monitor the nonspecific and specific immune functions of groups of spring chinook salmon reared on high protein low fat diets and reduced water temperature during winter months (Objective 1.2).
During 2000 and 2001, the immunological competence of fish in each group will be assessed once by measuring selected factors related to specific and nonspecific host defense mechanisms (Swanson et al. 1995). The results from these measurements will provide relative estimates of the general immune status of fish from each of the groups, and if the levels of a given diet component affect their disease resistance.  Fish for this experiment will be reared as described in Objective 1.2.    We will test the following null hypothesis:  There will be no detectable differences in the humoral responses to the p57 protein of R. salmoninarum by groups of spring chinook salmon fed a modified commercial diet with various levels of one component.

To measure the specific immune response to the p57 protein of R.  salmoninarum, a recombinant p57 protein will be produced in an E. coli expression system as previously described, and used to vaccinate fish from each ration group. At specific intervals following vaccination, fish from each vaccinate group will be bled and their specific humoral response to the p57 protein will be measured with the IgM-ELISA.  The realtive abilities of fish from four treatment groups to produce a humoral response to the recombinant p57 protein will be compared during early summer (Mid-June) of 1999, and early spring (March-May) and early summer (May -July) of 2000.

Experimental subgroups and rations. For each vaccination trial, 60 fish will be removed from each of the two replicate tanks in the appropriate ration groups. After vaccination, the fish in those subgroups will be maintained on the same feed ration as the tank from which they originated

Vaccination with the p57 protein. All of the fish in each subgroup will be injected intraperitoneally with 200 µL of a single concentration of the recombinant p57 protein in Freund’s incomplete adjuvant. Following vaccination, subgroups will be reared separately under the same conditions as the corresponding experimental (ration) groups.

The levels of specific serum immunoglobulin to the p57 protein will be measured in unvaccinated fish, and in fish sacrificed at regular intervals after vaccination. To obtain serum from unvaccinated fish, individual blood samples will be taken from 10  fish sacrificed from each subgroup just before injection of the p57 protein. Each blood sample will be clotted overnight at 4C, then centrifuged at 2,000 x g for 10 min to recover a serum sample for analysis in the IgM-ELISA.  The levels of specific immunoglobulin among diet groups after vaccination will be compared by analysis of variance (p0.05). Sample sizes are based on the criteria described by Amend 1981.

We will also test test the following null hypothesis: 

There will be no detectable differences among treatment groups in the humoral responses to a DNA vaccine based on the gene for the p57 protein of R. salmoninarum various levels of one component.

The ability of fish from each of the diet groups to produce a humoral response to the p57 protein of R. salmoninarum after vaccination with a DNA vaccine will be evaluated during the spring (April-June) of 1999. The methods will be based on those described by Anderson et al. (1996). Control bacterins will include killed R. salmoninarum and the p57 protein in complete Freund’s adjuvant. Monitoring of the humoral response and quantification of immunoglobulin levels wlll be done as described above. All vaccinations will be done at the Western Fisheries Research Center, Seattle, Washington.  Statistics. The levels of specific immunoglobulin among diet groups after vaccination will be compared by analysis of variance (p0.05). Sample sizes are based on the criteria described by Amend 1981.

Finally, we will test the following null hypothesis: There will be no detectable differences in the nonspecific immune functions among groups of spring chinook salmon fed a modified commercial diet with various levels of one component.

The nonspecific immune functions of fish from the ration groups will be measured during August 1999 and June-July 2000 according to the methods described by Swanson et al. (1995). For each evaluation, subgroups of 30 fish will be randomly choosen from each feed group. Briefly, a total of 15 fish will be tested from each replicate tank of a given feed group; five fish will be removed from each tank by repeated dip-netting every other day for 5 days. Fish will be anesthetized with tricaine methanesulfonate (MS-222), then the weight and fork length was determined to calculate the condition factor. The condition factor will be calculated according to the method described by Piper et al. (1982). Condition factor values will be corrected for the use of metric measurements by the formula C = 36.14K, where C and K are condition factors based on English and metric units, respectively.  A blood sample will be taken by caudal vein puncture for the hematocrit, leukocrit, and plasma protein determinations. Duplicate smears of whole blood will be made for each fish, then the remainder of each sample was allowed to clot overnight at 4C and centrifuged at 5,000 x g for 20 min. The serum divided into 2 vials and stored at -80C.

On each sample date, a five fish-pool of anterior kidney tissue will be prepared from each subgroup. The anterior kidney will be aseptically removed and a small portion from the center of the sample used to make kidney several imprints on each of two glass microscope slides. The tissue imprints will be air-dried, then fixed in absolute methanol for 5 minutes for differential cell counts. The other slide will be stored at 4C for the myeloperoxidase assay. Leucocytes will be purified from the remaining tissue in each pool by gradient centrifugation for use in the phagocytosis and NBT assays.  A single factor nested ANOVA (P0.05) will be used to compare means among the temperature groups for certain nonspecific immune parameters. Count data will be compared by chi-square analysis (P0.05). Sample sizes are based on the criteria established by Amend 1981.

Objective 2.2:  Test the effectiveness of azithromycin as an emergency treatment against acute BKD in chinook salmon (Oncorhynchus tshawytscha).
Results obtained in our previous studies with sockeye salmon demonstrate that azithromycin can be extremely useful in preventing BKD from overwhelming a captive broodstock.  However, routine use of azithromycin or any antibiotic to prophylactally treat bacterial disease in animals should be avoided when possible to reduce the chance of antibiotic resistance development.  A recent report from the World Health Organization entitled “The Medical Impact of the Use of Antimicrobials in Food Animals” recommends prudent use of antibiotics where supported by appropriate diagnostic tests. While this report was directed at the use of antimicrobials in food animals, it is sound advice for the use of antimicrobials in all situations.  Aquisition of antimicrobial resistance by bacteria is increasingly commonplace, and in fact, azithromycin resistant bacteria have already developed during treatment of human infections (Bermudez et al. 1998; Hoge et al. 1998).  Couple this with the expense of this antibiotic and the fact that it will probably never be approved for routine prophylactic use in fish, it is clear that the use of azithromycin or other antimicrobials should be viewed as a “last resort” option for endangered populations.  The following experimental plan takes this view into account.  It should also be pointed out that while evidence aquired in our preliminary studies suggests that higher survival rates are obtained in BKD-challenged sockeye salmon treated with azithromycin versus erythromycin, a limited analysis of these survivors for the presence of R. salmoninarum by the sensitive RT-PCR assay shows that at least some of the fish are still chronically infected, showing evidence of the bacterium in blood and ovarian fluid.  Therefore it will be important to determine if the progeny of these survivors are also infected, in order to assist the decision making of captive broodstock managers who must evaluate whether it is appropriate and safe to return these fish fo their native habitat.

Experiments carried out in fiscal years 1998 and 1999 have focused on comparisons of erythromycin vs. azithromycin as therapeutic agents in chinook salmon previously infected with R. salmoninarum and showing pathological signs of acute BKD, in order to mimic a more realistic scenario of disease presentation.  These experiments will be extended to determine optimum dosage levels and the effects of multiple treatments on appearance of overt clinical disease.  Fish experimentally infected and treated in this manner will be analyzed for the presence of R. salmoninarum by our most sensitive methods (RT-PCR) in order to determine whether complete clearance of the organism is attainable. General experimental protocols previously developed and described will be followed.

Approximately 1400 fall chinook or sockeye salmon will be separated into two equal groups in tanks supplied with pathogen free seawater at the Manchester Laboratory; 1 group will be designated as unchallenged fish, and one designated as BKD-challenged.  Fish will be fed a standard unmedicated diet, and during adaptation to the tanks, randomly selected fish will be screened for the presence of BKD by ELISA and FAT of kidney tissues, and by RT-PCR of blood samples.  Prior year pre-screening has shown that ~25% of the fish infected with R. salmoninarum.  The group designated for challenge will be inoculated intraperitoneally (IP) with a dose of R. salmoninarum (ATCC strain 33209) designed to produce clinical acute BKD (approximately 1 x 106 bacteria/12 g fish).  The group designated unchallenged will be inoculated IP with an equivalent volume of phosphate buffered saline to duplicate the stress of handling and inoculation of the challenged fish.  This group will also serve as a negative control for any deleterious effects of subsequent antibiotic treatment, activation of quiescent pre-existing BKD, or the appearance of other unrelated disease and mortality.  

After inoculation, the fish will be randomized and transferred into 8 4-foot diameter tanks per group, with each tank containing 75 fish. Ten days post challenge (a time period preliminary experiments showed that first mortalities from this challenge would occur), fish will be switched to feed supplemented with the antimicrobials (duplicate tanks for each).  Initial experiments have used  erythromycin at 100mg/Kg/fish/day for 28 days (standard dosage under University of Idaho INAD), azithromycin at 10 mg/Kg/fish/day for 14 days (low dose), azithromycin at 30 mg/Kg/fish/day for 14 days (high dose), and no medication.  Followup experiments will include a broader range of azithromycin dosages (5-50 mg/Kg/fish/day), and multiple treatments from 2-4 times in a year.  The health of the fish will be monitored, and all mortalities necropsied to verify death by BKD.  Kidney tissues will be examined by FAT to determine levels of R. salmoninarum.  Representative fish from all treatments will be routinely sampled and analyzed for the presence of the bacterium.  In older fish where blood draws are feasible, the RT-PCR assay for R. salmoninarum will be performed on blood in order not to sacrifice the fish.

Representative survivors as well as the uninfected control fish will be maintained in captivity to determine the effect of azithromycin treatment on sexual maturation, egg quality, and reproductive success, in conjunction with Objective 2.3. These experiments will capitalize on the effort expended to initiate this subtask and will confirm the results observed previously in our studies of azithromycin in sockeye salmon.

Objective 2.3  Effects of long-term anti-BKD prophylactic treatment regimens with erythromycin on disease incidence, gonad development, and gamete quality in fall chinook salmon (Oncorhynchus tshawytscha).
There are three main goals under this objective.  The first is to determine how captive fall chinook salmon broodstock gonad development, gamete viability, and survival of the progeny though the swim-up stage is affected by long-term prophylactic administration of erythromycin or azithromycin.  Secondly, if the experimental fish are found to be naturally infected with R. salmoninarum, we will measure the effects of two erythromycin treatment regimens (two or four treatments annually) on BKD incidence, from the first feeding fry through mature adult life history stages.  And lastly, this study will allow us to determine whether erythromycin toxicity responses are related to treatment frequency; this aspect of the study will include a measurement of residual tissue concentrations and will document underlying tissue damage associated with the syndrome.  Initial experiments will focus on erythromycin as it is the current antibiotic of choice and the one apparently causing the severe toxic side effects.  In the following year(s) similar studies will examine the long-term effects of azithromycin treatment, especially if experiments carried out in Objective 2.2 continue to show that this antibiotic is more efficaceous for treatment of BKD in a captive broodstock setting.

The initial first year experimental plan will include the following treatments:

Phase 1 – First feeding to smolt stage
1.  No treatment.

2.  Erythromycin administered orally at a rate of 100 mg/kg fish body weight per day for 28 days, with the first treatment administered at intiation of exogenous feeding, the second treatment administered during sexual differentiation (2 g average weight),  and the third just prior to smoltification (ca. 7 g average weight).

3.  Erythromycin administered orally at a rate of 100 mg/kg fish body weight per day for 28 days, with the first treatment administered during sexual differentiation (2 g average weight), and the second just prior to smoltification (ca. 7 g average weight).

4.  Erythromycin administered orally at a rate of 100 mg/kg fish body weight per day for 28 days, with the only treatment administered just prior to smoltification (ca. 7 g average weight).

Phase 2 – Smolt to mature adult stage
1.  Erythromycin administered orally at a rate of 100 mg/kg fish body weight per day for 28 days, with one treatment every 90 days beginning at trial initiation and continuing until 3 months prior to spawning.

2.  Erythromycin administered orally at a rate of 100 mg/kg fish body weight per day for 28 days, with one treatment every 180 days beginning at trial initiation and continuing until 3 months prior to spawning.

3.  No treatment.

The following experimental plan will be followed.   George Adams Fall Chinook Salmon will be transferred to the Big Beef Creek Hatchery.  During the fry to smolt stage the fish will be held indoors in fourteen 2 m x 1 m circular tanks. During the smolt to mature adult stage the fish will be held outdoors in six 6 m x 1.5 m circular tanks.  Tanks, equipment, and fish used in the study will be physically isolated from ESA stocks.  Just prior to initiation of exogenous feeding, 400 fish will be randomly stocked into each of 14 isolation tanks (two tanks per experimental treatment). At smoltification, 120 fish from each tank will be PIT tagged and divided randomly into three groups of 40 fish each which will be combined as follows:

Tank 1: Forty fish from Treatments 1-7, replicate A

Tank 2: Forty fish from Treatments 1-7, replicate A

Tank 3: Forty fish from Treatments 1-7, replicate A

Tank 4: Forty fish from Treatments 1-7, replicate B

Tank 5: Forty fish from Treatments 1-7, replicate B

Tank 6: Forty fish from Treatments 1-7, replicate B

Feeding procedures and growth management:  First feeding fish will be fed with artemia for at least 28 days, until the fish receiving medication complete their course of treatment. Thereafter, fish will be fed using timer activated automatic feeders with supplemental hand feeding of the unmedicated diets, according to predetermined growth schedules which have been developed from existing data.  Feeding levels will be adjusted to produce similar growth in all experimental treatments.  Fish will be fed by hand during all periods of medication.

Data collection:  Fish in each treatment will be weighed and measured at monthly intervals, during the presmolt stage, and once per year just prior to spawning (October).  During the presmolt stage, fish will be collected before the initiation of exogenous feeding, and after each antibiotic treatment regimen. After smoltification, sampling will be conducted once annually, coincident with the onset of final maturation. At least ten female and ten male fish will be collected from each replicate.  Histological examination of the gonads to determine initiation and extent  of  tissue damage, and for residual erythromycin levels.  Liver, kidney, spleen, and brain tissues will also be examined for signs of erythromycin toxicity.  Kidney tissues collected at each scheduled sampling, or obtained from moribund or dead fish will be examined for the presence of Renibacterium salmoninarum using the fluorescent antibody (DFAT) and/or RT-PCR techniques.

Gamete quality:  Females from each treatment group will be paired with males in a factorial arrangement  which will permit detailed evaluation of male and female gamete quality.  Fertilized eggs from each mating will be incubated in isolation to hatching.  Subsamples of eggs will be examined to measure fertilization and survival to the eyed stage.  Fry will be counted, measured, and weighed at swim-up, and samples taken for BKD analysis.

 Element 3- Reintroduction strategies and reproductive success of captively-reared salmon

Objective 3.1  Determine the effects of exercise on body composition, morphology and breeding success of captively reared chinook salmon.
Offspring of wild Dungeness spring chinook salmon (1996 brood year) will be cultured under two different rearing regimes at the NMFS Manchester Marine Experimental Station.  Two hundred, fifty-four chinook salmon, will be divided into four 13 ft circular tanks supplied with pathogen-free sea water.  Fish in two of the tanks will be cultured under existing protocols for endangered chinook salmon populations.  Fish in the other two tanks will be subjected to increased current velocities in the tanks (greater than 1.0 body length per second; Berg 1996) for several hours each day.

The morphology of sexually mature chinook salmon grown in high and low velocity tanks will be compared by measuring morphometric characters associated with sexual maturation and reproductive fitness (kype length, snout-eye distance, girth, body depth, head shape, caudal peduncle depth, and caudal fin area).  Each character will be adjusted for body size by regressing each character against body weight and calculating residual values from that relationship (Fleming and Gross 1994).  Residual character values will be analyzed by multivariate ANOVA to determine whether exercise affected the morphology of these adults.  The body composition of chinook salmon adults grown under the two treatments will be analyzed for protein and fat levels.  The findings will be compared to similar analyses of wild chinook salmon obtained from published literature.

Samples for morphological and body composition analyses will include all the fish used in the spawning experiment (sampled at death), as well as all remaining fish not used in the spawning experiment.

To assess reproductive performance, all four possible mating combinations of exercised (E) and non-exercised (NE) males and females (i.e., E ( with E (, E ( with NE (, NE ( with E (, NE ( with E () will be created, and male-female pairs will be placed into an experimental stream channel at Manchester.  Eight pairs for each combination will be placed into isolated 5-m long by 3-m wide stream channel sections (one pair per section).  The frequency of courtship, nest digging and aggressive behaviors exhibited by each pair will be recorded by repeated scan sampling from the time they are introduced until spawning is complete.  During periods of nest construction and spawning, behavior will be recorded on video tape by placing remote video cameras into the appropriate sections.  Continuous pre-and post-spawning behavior will be collected in this fashion for as many spawning events as possible.  The scan and focal (video) sampling will provide for quantification of:  1) total spawning duration (time from first to last spawning), 2) number of spawning events, 3) pre-spawning courtship, nest digging and aggressive behavior, and 4) post-spawning behavior.  Percent egg deposition (an important measure of female breeding success) will be calculated by subtracting the number of eggs retained at death from the female’s estimated fecundity.  Statistical analyses of each dependent variable will be conducted using a two-way ANCOVA with female population, male population and their interaction as the main effects and female body weight as the covariate.

We also propose under this objective to establish and monitor an exercise rearing program for a steelhead (O. mykiss) captive broodstock (1998 brood year).  Reproductive success experiments will be conducted on mature age-4 adults in 2002 to test null hypotheses similar to those stated above. 

Objective 3.2  Determine the relative effects of natural emergence, remote site incubation (egg boxes), and fry releases on the early growth of chinook salmon juveniles.  
 In addition to releasing ESA-listed captively reared chinook salmon adults for natural spawning, some artificially spawned embryos were stocked into remote site incubation (RSI) systems in several Salmon River, Idaho tributaries in 1998.   Evaluation of RSI success in these programs is problematic because no external marks can be applied and identification of internal marks (e.g., thermal otolith marks) requires lethal sampling.  Thus, we propose experimental studies using a surrogate, non-listed population.

We will test the following null hypothesis:  Growth of fry from three possible release strategies (eggs buried in gravel, eggs stocked in stream-side incubators, and emergent fry release) does not differ either in the presence or absence of competition with fish produced from the other release strategies.  At the eyed stage of development, eggs from a common lot will be allocated to one of the three release strategies in the experimental stream channel at the NMFS Manchester facility. The stream channel will be divided into 16 sections that are similar in area, flow, depth, velocity, substrate, and insect production.  Eyed eggs will either be 1) placed in hatch boxes and buried in artificially created nests, 2) placed into a remote site incubator (RSI), or 3) stocked into the channel as newly emerged fry. Four of the sections will receive fish from an RSI (one RSI per section), four will receive buried eggs, four will receive fry from hatchery incubators, and four will receive eggs or fry from each of the three strategies (to examine competitive effects on growth).  Daily instantaneous growth rates of fish from each strategy will be analyzed by a ANOVA.

Objective 3.3  Compare the natural breeding success of freshwater- and sea water-reared chinook salmon in their natal habitat
The first releases of ESA-listed adult captively reared chinook salmon occurred in 1998.  Preliminary information from the Idaho Department of Fish and Game (P. Hassemer, pers. comm.) indicates that female chinook salmon reared in sea water (NMFS, Manchester, WA) may have exhibited greater spawning success than those reared in freshwater (IDFG, Nampa, ID).  In future years, captively reared adults will continue to be released into a section of Bear Valley Creek, Idaho, where they can be observed from the stream banks.  Access of adult salmon in and out of  the stream section can be controlled at a temporary weir.  

We will test the following null hypothesis:  breeding success of captively reared chinook salmon does not depend on whether they were reared in fresh or sea water.  In cooperation with the IDFG Monitoring and Evaluation Program, behavioral measures of breeding success and estimates of egg deposition will be collected on adults in a similar manner as that described in Objective 3.1.  Because these fish will have the ability to move throughout the stream section (several kilometers), their movements will also be tracked, and locations recorded using a Global Positioning System.  Data on breeding behavior and success of both groups will be analyzed separately for each sex by ANCOVA.   

Element 4- Quantitative Genetic Consequences of Captive Broodstock Programs

Objective 4.1  Inbreeding depression
The objective of the current study is to determine the effects of controlled inbreeding on survival, development, age structure, and other aspects of the life history of chinook salmon.  We are testing three basic hypotheses:

H01: Inbreeding depression does not reduce viability or alter life history characteristics of chinook salmon.

Ha11: Inbreeding depression reduces viability during early life history but does not affect development rate, age structure, or reproductive capacity.

Ha12: Inbreeding depression has effects throughout the life cycle.

H02: The degree of inbreeding has no predictable effect on inbreeding depression in chinook salmon.

Ha21: The relationship between inbreeding and inbreeding depression is linear.

Ha22: The relationship between inbreeding and inbreeding depression is nonlinear.

H03: Inbreeding depression in chinook salmon does not vary between captive (i.e., protective culture throughout life cycle) and hatchery (i.e., protective culture from embryo to smolt) environments.

Ha31: Inbreeding depression is greater in a hatchery than in a captive environment.

Ha32: Inbreeding depression is greater in a captive than in a hatchery environment.

As of autumn 1998, the study is at the beginning of its fifth year.  To date we have 1) established, using a conventional quantitative genetic breeding design, an experimental hatchery population of 1994-brood Puget Sound fall chinook salmon (Oncorhynchus tshawytscha) structured of 96 full-sib families nested within 30 half-sib families; 2) determined the genetic and environmental components of variation in body morphometry of these fish at the parr-smolt stage of development (Hard et al. in press); 3) released to sea 257,093 of these fish, each identified with full-sib family-specific coded-wire tags; 4) cultured several hundred 2- , 3-, and 4-year-old PIT-tagged fish from the same cohort to maturity in marine netpens; 5) established 300 1997-brood PIT-tagged smolts from a total of 27 families of 3-year-old captive adults in 3 experimentally inbred lines in seawater netpens; and 6) established 400,000 1998-brood embryos from a total of 100 families of 4-year-old hatchery adults in 3 experimentally inbred lines.  The experimentally inbred lines correspond to a minimal increment in inbreeding (randomly mated control), a moderate increment in inbreeding (half-sib parents, corresponding to an approximate increase in inbreeding of 12.5%), and a substantial increment in inbreeding (full-sib parents, corresponding to an approximate increase in inbreeding of 25%).  We expect to have preliminary data on the effects of one generation of inbreeding as early as spring 1999, when inbred offspring are transferred to seawater.

Due to the multiple generations this experiment requires to implement substantial inbreeding, we anticipate that the study will continue for at least the next five years.  In FY2000 we shall continue the experiment in an attempt to address our stated hypotheses.  We shall evaluate whether juvenile fish in the three experimentally inbred lines (randomly mated, half-sib mated, and full-sib mated) differ in stage-specific survival, growth, and development rate after one generation of inbreeding in their parents.  We will be able to make this evaluation in the captively reared 1997- and 1998-brood fish to the post-smolt stage in seawater netpens.  Subsequent evaluations will focus on survival to adulthood and life history characteristics of fish maturing in the captively reared groups and in the adults returning from the hatchery releases.

We shall use analyses of family variance in survival and growth within and among lines 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).  If necessary, we shall follow these tests with retrospective power analyses to shed light on the sorts of differences that would be necessary to detect differences (Cohen 1988).

In addition, we will analyze the following data for five-year-old adults maturing in 1999 and returning to Grovers Creek Hatchery: survival, body length and weight, morphometry (via digitized photographs), and for females, egg size and fecundity.  We will continue to collect size and growth information on captively reared 1997-brood individuals at approximately quarterly intervals.  If sufficient fish are available, we plan to analyze data obtained on morphometry of approximately 20 1997-brood offspring sampled from each full-sib family in each experimental group to evaluate first-generation effects of inbreeding, if any, on morphology.  We will continue to remove and, when feasible, decode coded-wire tags from fish sampled as part of the vibriosis challenge experiment conducted in 1995.  Collectively, these data will provide a comparison of first-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.

g.
Facilities and equipment

Office space, hatchery, and  laboratory facilities at the following locations are being utilized to conduct the proposed and ongoing research:  Northwest Fisheries Science Center (NWFSC), Seattle, WA,  NMFS Manchester Marine Field Station, Manchester, WA; USGS, Northwest Biological Science Center, Seattle, WA; School of Fisheries, University of Washington; University of Idaho Haggerman Fish Culture Experiment Station.   Laboratories have all necessary equipment for large scale analysis of samples for endocrine, genetic, nutrition and fish pathology studies.   The fish holding facilities are adequate for all proposed studies.   Construction of unique facilities for behavioral observation of adult salmon spawning and juvenile fish have been completed at the Manchester Marine Field Station.
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Section 10.  Information/technology transfer

Information generated by this project will be communicated by annual reports, publication in peer-reviewed scientific journals, presentations at workshops and scientific conferences, and regular communication with and participation in Technical Oversite Committees for the ongoing captive broodstock programs.
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