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EXECUTI VE SUWARY

Thi's report provides guidance for the refinement and use of captive broodstock
technol ogy for Pacific sal mon (ncor hynchus spp.) by bringing together informationonthe

hushand& techni ques, genetic risks, physiology, nutrition, and pathology affecting captive
br oodst ocks.

Captive broodstock rearing of Pacific salmon is an evolving technol ogy, as yet without
wel | defined standards. At present, we regard captive rearing of Pacific salmon as problematic:
high nortality rates and low egg viability were common in the prograns we reviewed for this
report.

Ego-to-adult survival rates were also generally lower than expected, usually not ranging
above 3040% In addition, viability of eggs from captive-reared spawners was commonly only
3040% conpared to viabiliteis of over 8096 for the eggs fromwild cohorts. The size of
captive-reared adults was also generally smaller than that of wild fish.

The reasons for this generally poorer performance of captive-reared fish are not well
understood. Most captive broodstock prograns we reviewed used spawners collectid fromthe
wild population. Therefore, it seems intuitive that much of the poor performance, at least in
first-generation offspring, would be related to interactions in the culture environment.

However, the potential for genetic change in the captive-reared popul ation could not he
ruled out. Overall, our review denonstrated that each of the areas of hushandry, genetics,
physiology, nutrition, and disease represents a cornerstone for building the foundation of captive
broodst ock technol ogy: each should be afforded high priority and all shoul d be pursued

concurrently if we are to produce conprehensive protocols in captive broodstock technology for
Pacific sal mon.

One of the most inportant elements in fish hushandry is the culture environnment itself.
Many captive broodstock prograns for Paéc sal mon have reared fish fromsnolt-to-adult in
seawater net-pens, and most have shown success in providing gametes for recovery efforts.
However, some prograns have lost entire brood years to d&eases that transmitted rapidly in this
medium.

Current programs for endangered species of Pacific salmon rear nost fish M-termto
mturity in fresh well-water, since ground water is lowin pathogens and thus helps ensure
survival to adulthood. Qur review suggested that captive rearing of fishin either freshwater,
wel | -water, or filtered and sterilized seawater supplied to |and-based tanks should produce higher
survival than culture in seawater net-pens.

Anecdotal information suggests that full-termculture to mturity in freshwater will not

conprom se seawater adaptability of offspring; however, conprehensive life-history studies
should be undertaken to assure this. |



A nunber of studies have examned the quantitative genetic hasis of lift-history
characters and their covariation with norphol ogi cal and other characters. Increasingly, these

studies have warned of the potential artifacts that artificial propagation may produce in a captive
br oodst ock program

The majority of research in quantitative fish genetics has enphasized the genetic and
environnental conponents of variation only in traits inportant to aquacultural production, such
as growh, maturation, and egg production. In general, the genetic hasis for these characters is
of a magnitude such that a reasonable response to selection can be real &d, but individual
responses depend strongly on the stock and environnent invol ved.

It is apparent that the immediate genetic concerns of artificial propagation for
conservation may differ substantively from those for enhancenent and nitigation. For exanple,
mnimng the genetic differentiation between hatchery fish and the natural fish they are

intended to supplement may be as inportant as maximhin genetic variability in the hatchery
popul ation.

The absence of guidance on how to detect, monitor, and respond to domestication and
other effects of selection undoubtedly result fromthe paucity of information about how
adaptation operates on Pacific salmon in captive environnents.

In general, however, quantitative genetic risks associated with captive broodstock
programs have been grouped into three main categories:

1) loss of within-population variability by inbreeding depression produced by the
mting patterns of a small, captive population.

2) domestication throughrearingin protective cultute.

3) genetic divergence of the captive fishfromtheir natural source popul ation, and
tile subsequent genetic co- of genetic interstct between
groups*

To avoid these potential genetic osses, sound mating and rearing protocols are essential.

The major problens with reproduction of Pacific salmon species in captivity are
i nappropriate spawn timing, loss of gametes due to prespawning nortality, unreliable production
of high quality ganetes, and precocious maturation of male fish.

Mbst studies on factors affecting ganete quality and the age and seasonal timing of
sexual maturation have been conducted on domesticated stocks of rainbow trout (0. nykiss) and
Atlantic salnon (Sal no sda). Although sone information generated fromstudy of these
species is applicable to Pacific salmon, further research is necessary to solve problens with poor
reproductive performace of wildPacific sal monstocks rearedincaptivity.
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The need to adapt methods to monitor and control sexual maturation in Pacific salnon
broodst ocks has become obvious, both to ensure production of high-quality gametes and high
survival of offspring, and to minim&asynchronous maturation of nal e and femal e fish.

Photoperiod and tenperature are the most inportant environmental cues that affect
seasonal spawn timng in salmonids. Alterations in photoperiod have been used extensively to
mani pul ate both sexual maturation and spawn timng. In captive broodstock programs for
depl eted fish stocks, abnormal maturation and reproduction should be avoided: production
shoul d be timed in accordance with conditions in the natural habitat of the stock

Therefore, photoperiods in captive-broodstock rearing facilities must be controlled, with
inadvertent exposure of [ight during nighttinme periods carefully avoided. Uncontrolled Iighting
coul d have catastrophic consequences for-the stock in its natural environment: for exanple, it
could artificially extend spawn timng into a period when anbient water tenperatures are
sufficiently hightoinpair gamete quality and of fspring survival.. Furthernore, exposureto
continuous |ight caninduce asynchronous maturation and atresia of oocytes.

The effects of tenperature on reproductive performance in salnonids are not as wel
established as those of photoperiod. However, research on Atlantic salmon and rainbow trout
has indicated that rearing temperatures can affect the timng of ovulation and ganete quality

Further studies are necessary to develop better guidelines for rearing tenperatures for
Pacific salmon broodstock and to determne whether constant or seasonally fluctuating water
tenperatures affect reproductive performance. This research is particularly inportant because
facilities for captive rearing of broodstock may lack the ability to control water tenperature or to
provide water of fluctuating versus constant tenperatures

Wile photoperiod and tenperature influence spawn timng, the age of sexual maturity in
salnoni ds isregul ated primrily by genetic, environmental, and dietary factors affecting growth.

Reducing the age of maturity in both male and female fish in a captive broodstock
program may seem advantageous, since generation times coul d be decreased and greater
production achieved. However, inany nani pul ationof sexual maturationtimng, thereis
substantial risk of producing mature males in the absence of mature females

I'n cul tured chinook sal mon (0. tshuwtschu), the incidence of precocious male
maturation are higher than in their wild cohorts and can be as high as 80% In addition, selective
mortality of precocious males coul d reduce the effective breeding popul ation size of the captive
broodstock. Thus, there is a critical need to develop methods to mnimze-precocious male
maturation in captive broodstock prograns for endangeré&d fish species.

Evidence formstudies of a variety of salnonid species indicates that the incidence of

precocious male maturity is controlled by genetic factors influencing growth rate and stored
energy (fat) levels. However, the relative inportance of these factors and how they interact are
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poor|y understood. Research is necessary to determne how stored energy levels, growth rates,
or rates of energy deposition at critical developmental stages either permt or prevent the onset
of maturation in Pacific salmon species. In addition, diets and growth regimes that sustain
somatic growh and provide sufficient stored energy for appropriate life-cycle transitions are
needed.

Inadditiontothe environmental cues mentioned above, maturartionand the growh and
devel opment of ganetes are controlled internally by the endocrine system Current
under standi ng of endocrine control of reproduction in salnonids is better than in most other fish
species. Thus, it is nowpossibletousethisinformation to develop technology for monitoring
and controlling maturation in captive broodstock.

One of the most valuable tools that is applicable to captive broodstock programs is
artificial induction of spawning. Technology for hornonal induction of ovulation and
sperngi on has several - inportant applications to captive broodstock programs for endangered or
threatened sal nonid populations. This technology can be used to 1) prevent loss of gametes due
to prespawning nortality, 2) synchronize spawninginwldand captive fish, 3) extend the period
of sperm&ion and yield of sperm and 4) synchronize and/or advance spawning in male and
f emal e broodfish.

Hat chery managers may not need to routinely induce spawning in broodstock, but the
technol ogy should be available: managers may need to adjust the spawning period of captive
fish to align with that of their wild cohorts, or may need to advance spawn timing if there is a
riskof prespawning nortality.

Wrk is needed to determne appropriate timng of hormone administration and to ensure
that this technol ogy does not inmpair the quaiity of gametes produced by broodstock. Atificial
i nduction of spawning using hormones, such as gonadot ropi n-rel easi ng hor mone anal ogues, ~
shoul d be further refined for general use in control of reproduction in Pacific salmon broodstock.

Successful fertilizationof eggs and subsequent devel opnent of of fspring depend great!y
on the quality of ganetes produced by the parent fish. Variousbiol ogi cal andnonbi ol ogi cal
factors have been inplicated as determnants of ganete quality and subsequent survival of
progeny. These include: composition and size of the egg, quality of the spermgenetic makeup
and nutritional status of the parents, hushandry procedures, and quality of the water supply. In
many instances, it is diEcult to separate the relative effects of these parameers because they are
often interrelated.

Neverthel ess, fish hushandry practices can have dramatic effects on egg quality.
Probably the most profound effects are those that result fromthe timng of egg collection
(stripping) and handling of the gametes. The timng of gamete collection is well characterized in
domesticated stocks of rainbow trout. However, there are a number of problems with
appropriate tuning of egg collection fromwld stocks of Pacific salmon reared in captivity.
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Pacific salmon spawning periods may be protracted, either due to the nature of the stock
or to unintended effects of the captive rearing environment. Egg collection under these
circunstances necessitates frequent handling of the broodstock to check for maturity status

. Which in turn nay stress the fish. Both acute and chronic s&s can have significant effects on
the quality of eggs and sperm

Thus, research is needed on the effects of rearing environment (water quality and rearing
density) and on developing handling procedures that mnim&stress in wld stocks of Pacific
salmon. In addition, the effects of rearing tenperature on maturation tuning and gamete quality
In captive broodstocks need to be evaluated in a variety of Pacific salnon species, as does the
impact of diet on the quality of gametes.

The chenical conposition of an egg is affected not only by the genetics of the male and
fenale, but nutrition of the female and water quality upon spawning. Even if the genetic
influences are isolated, environmental factors and husbandry practices that affect egg size,
fecundity, and egg composition frequently also affect intake of food, therefore is it difficult to
determne cause-effect relationships among these variables

Littleisknown about the specific dietary requirements of Pacific sal mon species
designated for captive broodstock programs (i.e., spring chinook and sockeye salmon (0
nerka)). Cormer ci al feeds i ntended for grow out and broodstock fish are nuch higher in fat
thanb feeds of S 10 years ago, and ate generally formulated for Atlantic salmon: their effects on
Pacific salmon are unknown. However, it is known that diet conposition and feeding |evel can
influence precocious maturation and timng of adult naturation

Optinumdiet requirements for captive sal non broodst ocks may be consi derably
different than those for commercial growout programs. For instance, the natural diet of sockeye
sal moni n the ocean suggests that supplementing their feeds with squid or krill may be
benef i cial

Despite the lack of information needed to formulate feeds specifically for these species
enough information is available to develop feeds and feeding practices sufficient to rear themto
mturation. Research is also needed to develop feeds and fading practices for spring chinook
and sockeye salnon that result inmaximumfish health, survival to spawning, and reproductive
per f or mance.

Fish-rearing procedures which have been established for domesticated stocks of
sal noni ds may not be applicable towldstocks of fish. It ispossiblethat wildstocks of fish
may be more stressed by the rearing environnent and handling, thus the inpact of stress on the
fish heal thand ganete quality may be more pronounced.

The mjor risk to captive broodstock health is from diseases transmtted vertically from
parents to offspring. ldeally, the ganetes of parent stocks should be free of vertically



transmssibl e diseases. Hwever, with present techniques, it wll be difficult to source disease-
free broodst ocks f romrelic popul ations.

Many viral and bacterial diseases and fungal, hel mnth,.and protozoan parasites my
affect captive broodstock culture in both freshwater and marine facilities. In our estimtion, the
most pernicious disease limting culture of sockeye salmon and chinook salmon in the Pacific
Northwest is bacterial kidney disease (BKD). -

Some control of vertical transmssiran of Renibacterium sabnoni narm (the causative
agent of BKD) can be acconplished by injection of erythronycin in maturing adults and gamete
segregation after quantification of the disease in the spawning fish. At present, themis no
known cure for BKD.

Devel opnent of anantibacterial drugthat woul delimnateR sal moni narumfrom
infected fish would be the preferred method to control horizontal transfer of BKD. Qther
solutions to the problem of horizontal transmssion may be real & with research on treatnent
of holding waters with chemcals, ozone, or other ixidizing agents (e.g., peroxides).

Continued research on BKD and other inportant Pacific sal mon pathogens is required to
devel op a sound programof integrated fish health management for captive broodstock prograns.
Baaed on our analysis of survival and reproductive success of fish in past programs, we ranked
Pacific salmon species by -ease of captive culture as follows (starting with the [east difficult): 1)
who sal mon (0. kisutch) ad s&Ahead (0. nykwiss), 2) chinook and sockeye sal mon, 3) pink
sal mon (0. gorbwcha) and chumsal mon (0. keta). W concl ude t hat captive broodst ock
technology for salmonids, although inits initial developnent stages, is sufficiently advanced to
al lowcareful captive broodstock rearingto proceed.

However, husbandry nethodol ogies for full-term culture of any P& salmon species
remain poorly devel oped, and prograns have not yet been thoroughly eval uated. Furthernore,
suppl ementation with offspring froma captive broodstock has not yet been evaluated, and
therefore its success is uncertain.

The authors of this report concur that captive broodstocks shoul d be viewed as a short-
ternmmeasure to aid inrecovery; never as a substitute for returning naturally spawningfishto the
ecosystem Because the benefits and risks have not yet been sufficiently nonitored and
eval uated, captive broodstock programs shoul d be considered experinental and used with
. caution,

Since a multitude of factors affect both the decline and potential recovery of a stock
exacting rules cannot be devel oped to generical |y determne the conditions that warrant
inplementation of a captive broodstock program However, in general, these prograns shoul d
be restricted to situations where the natural population is dangerously close to extinction.



In any case, proper precautions should be taken tom ni m& genetic change during
col lection, mating, and rearing: any alteration to the original g-tic conposition of the
popul ation may reduce the efficacy of supplementation stock in rebuilding the natura
popul ation. Furthernore, cultivation and release of fish fromcaptive broodstocks shoul d be
based on the behavior of any remaining natural cohorts, or on the stock’s known [ift-history
characteristics if no natural fish remin

Captive broodstocks can provide an egg-base to help “junp-start” a population, but these
efforts must go hand-in-hand with habitat inprovements to fully aid in recovery. Primry
consi deration should be to restore fish in the habitat. Nonetheless, in some cases, captive
broodst ocks may provide the only mechanismto prevent extinction of a stock and may be
undertaken regardless of prospects for immediate habitat inprovenent
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PREFACE

Support for this research came formelectrical rate payers of the Pacific Northwest through the
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| NTRCDUCTI ON

Captive broodstock programs are an appeal i ngtool for the genetic preservation and
recovery of threatened or endangered species and for rapid short-term supplenentation of other
popul ations. ‘The Northwest Power Planning Council's Columbia River Basin Fish and Wldlife
Program was recently amended to include devel opment and inplenmentation of captive
broodst ock technol ogy to aid recovery of sal nonstocks (Phase 11; Measure VI.B.6.A 2).
Captive broodstock prograns are a formof artificial propagation. However, they differ from

traditional hatchery programs in one inportant respect: fish are cultured in captivity for their
entire life cycle.

The high fecundity of Pacific salnon, coupled with their potentially high survival in
protective culture, afords an opportunity for captive broodstocks to produce |arge nunbers of
juveniles in a single generation for supplementation of natural salnon populations. In concert
wth efforts to correct causes of the decline of stocks at risk of extinction, this technology holds
promse as a mans of accelerating stock recovery by rapidly increasing the abundance-of fish
available for restocking suitable habitat.

Captive broodstocks have been initiated for some of the most depressed salnon stocks in
the Pacific Northwest (many of these are reviewed in sections 1 and 6 of this report) and are
being considered for others. Although captive broodstock technology has been widely applied to
other vertebrates, its application to restoration of depleted stocks of Pacific salmonisinits
infancy, and success is uncertain. Considerable experience in ocean ranching of Pacific salmon
and in hatchery production of juvenile fish has facilitated the devel opment of means to mnimze
problems during early devel opment. However, factorsaffectinggrow h, devel opment , and
maturation later in the salmon [fie cycle are poorly understood.

Littleisknow about theeffects of broodstock mani pul atins (e.g., sourcecollection,
mting, rearing, feeding, and release strategies) on the health, physiology, reproductive
performng or quantitative g&ic structure of captive broodstocks. Fish culture methods nust
be devel oped to ensure that offspring of a captive broodstock do not differ substantially from
their wild counterparts inappearance, physiology, behavior, or geneticcharacteristicsthat affect
fitness and &p&on. An ideal captive regime would mrror the natural life-cycle of the fish,
but such a regime may not be attainable in practice.

This report provides direction for the refinement and use of captive broodstock
technology for salmon in the Pacific Northwest by bringing together information from the
published and gray literature, as well as personal insights from those few biologists involved
with rearing Pacific salnmon to adulthood. This is a collection of independent reports on
interrelated elements of captive broodstock technology including:

1) review and analysis of past and present captive broodstock and hushandry
techniques to maximze survival of fish to maturity
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2) gui del i nes for source col | ection and breedi ng net hods to resuce the
potential for detrinental genetic consequencesof captivebroodstock
prograns and help ensure genetic stability and gamete quality.

3) areport on current techniques in reproductive physiology which can be
used to maxim& gamete quantity and quality.

4) state-of-the-art nutrition and feeding strategies for Pacific salmon heldto
maturity.

3 current practices for captive broodstock fish heal th managenent.

6) a history of the Wite River (Vashington) spring chinook salnmon captive
broodst ock program

Mbst sections of thisreport focus on chi nook sal mon (Oncor hynchus t shawyt scha) and
sockeye sal mon (0. nerka) because of their inportance in ESA considerationsinthe Snake
Ri ver Basin; however, webelievethat thereareenoughsimlaritesintheir culturerequirenents
that the informationin this report can be generally applied to all Pacific sal non.
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Introduction

Captive propagation is an intemnationally important component of species enhancement
and the concept has won acceptance in restoration efforts for endangered species in the United
States (Gipps 1991, Johnson and Jensen 1991, Olney et al. 1994). Currently, about 105 species
of mammals, 40 species of birds, 12 species of reptiles, 29 species of fish, and 14 species of
invertebrates worldwide are being mamta:md or enhanced through forms of captive breeding
(CBSG 1991, Olney et al. 1994).

In the United States, the U.S. Fish and Wildlife Service (USFWS) has used captive
propagation to enhance depleted populations of a number of birds and mammals. These include
the blackfooted ferret (Mustela nigripes), red wolf (Canis rufus), Califomia condor (Gymmogyps
californianus), and Peregrine falcon (falco peregrinus), listed as threatened or endangered under
ESA (Gipps 1991, Johnson and Jensen 1991, Primack 1993, Olney et al. 1994). In addition,
almost 30% of the nonanadromous North American fish species listed under U.S. Endangered
Species Act (ESA) are being propagated by the USFWS using captive broodstock techniques
(Johnson and Jensen 1991, Andrews and Kaufman 1994).

" Many Pacific salmon stocks in the Pacific Northwest are currently in steep decline towards
extinction. In 1991-1992, the National Marine Fisheries Service (NMFS) listed Snake River
sockeye salmon (Oncorhvnchus nerka) as endangered and Snake River spring, summer, and fall
chinook salmon (Oncorhynchus tshawytscha) as threatened (now listed as endangered) under
ESA (Waples et al. 1991a, Waples et al. 1991b, Matthews and Waples 1991). Another 200+
stocks of Pacific salmon in Northwest States have recently been identified at risk of continued
decline toward extinction (Nehlson et al. 1991). The NMFS is developing a recovery plan for
Snake River salmon that includes captive propagation to help rebuild listed Snake River salmon
within their historic range.

The ESA recognizes that, in addition to other measures, conservation of listed species of
anadromous Pacific salmon may be facilitated by artificial means (Hard et al. 1992). There are
currently five formal captive broodstocks underway to aid recovery of anadromous Pacific salmon
stocks:

1) Sacramento River (California) winter chinook salmon (O. tshawytscha), listed as threatened

under ESA (B. Wyatt, Univ. Calif. Extension Office, 2604 Ventura Ave., Rm. 100, Santa Rosa,
CA 95403-2894. Pers. commun., October 1992);

2) White River (Washington) spring chinook salmon, identified by the state of Washington as a
stock of concem (Appleby and Keown 1995, this report);

3) Dungeness River (Washington) chinook salmon, identified by the state of Washington as a
stock of concern (Shaklee et al. in press);
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4) Hood Canal (\shington) coho salmon (0. kisutch), identifie by the state of Washington as a
stock of concern (Sayre, inpress); and

5) Snake River sockeye sal mon from Redfish Lake (ldaho) |isted as endangered under ESA
(Flagg 1993, Johnson 1993, Flagg et al. 1994, Flagg et al. inpress, Flaggand McAul ey i npress).

In nost cases, the perilous status of these stocks |eft few alternatives except to establish
captive broodst ocks. Nonethel ess, artificial propagation and captive broodstock technol ogies are
not wthout conplications and risk Recently, captive rearing prograns have been criticized as
“hal fway t echnol ogi es” that address the ef fects of endangernent but not its under|ying causes
(Frazer 1992, Meffe 1992). These philosophical concerns are simlar to domestication and
ecol ogi cal interaction scenarios (Reisenbichler and MIntyre 1977, Nickelsonet al. 1986, H |l man
and Mil | an 1989, Wapl es 1991b) that have been used by some authors to argue agai nst continued
use of fishhatcheriesfor enhancenent (Goodman1990, H 1 bom1992).

Some authors argue that the primary course of recovery for depleted populations should
be through habitat inprovements, after which populations should be left to rebound naturally.
Qthers point out the potential for catastrophicloss of a potentially major portion of the gene pool
incaptivity through failure of the culture facility or disease outbreak

Captive breedingisalsow delyregardedas | ess cost-effectiveinthelong-termthan‘insitu
preservation (Magin et al. 1994). However, most fisheriesresearchers and managers recognize
that even aggressive habitat inprovements will take several fish generations to complete. As
Johnson and Jensen (1991) point out:

If the gene pool is lost, no amount of habitat protection will help the
specks. [If] ' The species is almost extinct. Only “hands-on" nmearch will help us
l'earn why the species is continuing to decline and how to counteract the probl ems
it faces.

Ki ncai d(1993) f urt her st hi sar gunent :

The potential hazards of using captive culture (inbreeding, gentic drift,
domesti cation, sel ection, behavioral conditioning, and exposureto disease)and the
negative interactions of hatchery and wild fishes that effect the hatchery generation have
been wel | docunmented (Hynes et al. 1981, Krueger et al. 1981, Kincaid 1983, All endork
and Ryman 1987, Kapusci nski and Jacobson 1987, Wapl es 1991a). However, waitingfor
restoration of natural productionis unore dangerous risk because the entire popul ation
I's threatened. The continued decline in population size risks additional |oss of genetic
variability and possible extinction of the popul ation.. [enphasis ours]. ,

Thus, in many cases, it appears that the risk of extinction in waiting for natural recovery
via habitat inprovenents is greater than the risk to the population from husbandry intervention.
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Pragmatical |y, captive broodst ocks may of f & he best chance for continued exi stence of
endangered popul ations such as Snake River sockeye sal mon. However, few attenpts have been
‘made to grow anadromous Pacific salmon to mat&y in captivity, and little is known regarding
techniques to nmaxi mzesurvival andreproduction.

Realistic levels of success of captive broodsto& are as yet undefined. |nnature, egg-to-
adul't survival of Pacific salmonis" oftenonly afewtenths of one percent (Goat and Margolis
1991). Ideally, conplete survival and total reproductive success in captivity my be required to
“guard” against potential inpacts of artificial propagation. Wile thisis inpractical, it is
inportatntoestablishrealistictarget rangesfor survival andreproductiveperformncetoaidin
determning levels of risk in inplementing captive broodstocks

In this study, we provide rationale and general husbandry quidelines for applying captive
broodst ock technol ogy to anadronous Pacific salmon. In addition, we review some current and
past attenpts at rearing fishto maturity to establish realistic expectations for future salmonid
captive broodstock efforts. W also use this information to suggest areas of research that should
be undertaken to inprove captive broodstock performance



The Captive Broodstock Concept

Capt i ve broodst ock programs di ffer fromconventional sal mancul tur inthat fishof wld
origin are maintained in captivity throughout their life to proda offspring for the purpose of
suppl ementing wild popul ations. Theoretically, the high fecundity of anadromous Pacific sal mon
and potentially high survival in protective culture should allow captive broodstocks to produce
large numbers of juveniles for supplementation in a single generation. However, the conplex life
history of anadromous Pacific salmon provides survival challenges not faced with captive
broodstocks for other speci es.

Many captive broodstock prograns have established somewhat free-roamng breeding
colonies on localized preserves (G pps 1991, Johnson and Jensen 1991, O ney et al. 1994). Even
in cases where adults from captive broodstocks of North Anerican fish have heen released to the
wild, the species distribution normally occupies a geographically confined range, such as a
discrete river basin or even a single tributary (Rime et al. 1986, Johnson and Jensen 1991). These
isolated breeding colony/preserve approach undoubtedly aid in reducing the effects of
domestication fromconfined culture. However, although wild anadromous Pacific salnon
generally remain in geographically restricted habitats during their egg-to-smolt phase, they

undertake long mgrations through a diversity of habitats during their smolt-to-adult phase @ oot
andMargol i s1991).

For instance, salmon fromthe Snake River traverse up to 1,450 kmof the Col umbia R ver
system during both their downstreamjuvenile mgration and their upstream adult mgration. Few
effective conservation measures can be proposed to totally protect anadromous salnon at sea.
‘This limtation effectively elimnates the breeding colony/preserve approach favored by mny
conservation biologists and restricts captive broodstock strategies for Pacific salmon to full term
captive culture.

The relatively short generation time and potential to produce |arge nunbers of of fspring
make Pacific salnon ideal for captive broodstock rearing. For instance, sockeye sal mon normal |y
have a4- to 6-year |ife span (Foerster 1968, Burgner 1991) and of ten average 2, 500 t o 2, 700
eggs per female (Millan 1986, Flagg et al. 1991), and chinook sal non normal |y have a4 to 8-
year |ife span and may average over 5,000 eggs per female (Heal ey 1991). Survi valadvanUges
offered through protective culture of such large nunbers of eggs can be profound. The potential
benefits of captive culture over natural production can best bt viewed in terns of two near-

i ndepencknt stages of anadronous Pacific salmonlife history: the egg-to-snolt stage and the
smolt-to-adult. stage.

Pacific salmon generally have high natural nortality through the early life-history stage.
For instance, Snake River sockeye salnmon generally experience |ess than 6% egg-to-snolt
survival (Bjomm et al. 1968). In contrast, the protective environment of hatcheries produces
many nmore juveniles than are expected in the wild: egg-to-smolt survival for hatchery-reared
sockeye salmon is general |y at |east 75%and frequently greater (Millan 1986, Flagg et al. 1991).
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Thus, successful hatchery rearing through thejuvenile stages al one can easily provide atwel ve-
fold survival advantage conpared with natural production.

The potential survival advantages of protective culture offer the greatest benefits during
the smolt-to-adult phase. For instance, under current environmental conditions in the Colunbia
River Basin, wld smolt-to-adult survival of anadromous Snake River sockeye salmon has been
estimated at about 0.2%(IL Johnson, IDFG 1800 Trout Road, Eagle, ID. 83616. Pers.
commun. , Decenber 1993.). However, potential smolt-to-adult survival of Pacific salmonin
protective captivecul turemy exceed40%(1". Fl agg W Waknitz, and C. Mahnken, unpubl.
data, NVFS): a two hundred-fold survival advantage over natural production during these life
stages. Theoretically, captive culture of Pacific salnon through hoth egg-to-snolt and smolt-to-
adult Iife stages could provide a survival rate more than 2,400 times higher than the rate of natural
producti on.

Qur calculations indicate that even if survival of Snake River sockeye salmon could he
i mmedi at el y increased to boost adult recruit/spawner ratiosto2: 1fromthe current 0: 15: 1 (0.3
returning adults fromeach spawning pair) (Flagg et al. inpress), it would take 9 generations (over
50 years) for the population to recover to 1,000 adult fish (Fig. 1). It is doubtful that an
i medi ate thirteen-foldincreaseinnatural recruit survival can be achieved under existing
environmental conditions in the Colunbia River Basin and Pacific Ccean, and even if achieved,
the popul ation would remain at risk during most of the 9 generations |eading to recovery of 1,000
adults. On the other hand, a captive broodstock founded on 2500 eggs (ideally as a conposite
for as many spawners as possible) could easily produce 750 spawners in a single generation
(Fig. 1). Juveniles for this captive brood woul d be available to anplify the natural population
during the second generation, thereby markedly accelerating recovery.

Fish for captive broodstocks can be sourced fromall available life stages:eyed eggs; fry;
snol ts captued fromthe wild; and prespawning adul ts, captured and artificially spawned. In
desribi ngthe use of artificial propagationunder ESA, Hard et al. (1992) stated:

In choosing fish to make up broodstock for use in supplementing a |isted
species, atrade-off exists between maxim zingthe representativeness of the
broodstock sanple and mininizi ng the risks to the natural population that result
from taking fish for breeding purposes.

As a practical mtter, captures of adult Pacific salmon at weirs during their upstream mgration.
and captures of snolts at weirs during their downstreammgration are the easiest to acconplish.
However, redd sanpling and fry trapping may al so be enpl oyed.

As discussed by Hard et al. (1992) and Hard and Her shberger (1995, this report) an
important genetic consequence of captive broodstock programs is the potential artificial
anplification of only a portion of a population through propagation and subsequent reduction in
the effective population size (N) by dramatically increasing only a fraction of the availahle
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Figure 1. Comparison of production potential per spawner for: 1) captive broodstocks at 75%
egg-to-smolt survival and 40% smolt-to-adult survival, and 2) theoretical natural
production if barriers to survival could be relaxed to allow the population to
immediately begin doubling each generation (2:1 adult recruits/spawner).

genotypes in the parent population. In any event, each year-class of captive broodstock should be
maintained for only a single generation or a limited number of generanons to help assure that
genetic integrity and adaptability to native habitats are preserved.



Per f or mrance of Capt i ve Broodst ocks

Knowl edge of survival, reproductive success, and of fspringfitnessiscritical to
determning levels of risk in inplenenting a salnonid captive broodsto& program
Unfortunately, detailed information on nost of these factors has not been developed even though
a nunber of attenpts have been made to enploy captive broodstocks as a stable source of eggs.

For instance, NVPS has reared over two dozen stocks and year-classes of Atlantic and
Pacific salmon to mat&y at the Manchester Marine Experinental Station near Manchester,
Wshi ngton (Harrel| et al . 1984, 1985, 1987, W Waknitz, unpubl. data, NMFS). Anunber of
other agencies in both the public and private sectors have al so used captive broodstocks to
mai ntai negg supplies for stocks of fish

In this section, we present descriptions of some of these rearing programs in an attenpt to
establ i sh the pef or nance of past and present captive broodstock prograns. Few control | ed
scientific studies on aspects of captive broodstock performance were found, and in many cases,
information was presented only anecdotally. Furthermore, when survival, fecundity, and egg
viability data were presented, they often represented only the select “best case” exanples or were
presented for Just a portion of the life cycle. Nonetheless, we were able to conpile enough data
exanpl es to provide useful information on both the potential success and the risk of inplementing
captive broodstocks.

I'nformation regarding potential captive broodstock perfornance of coho sal non, chinook
sal mon, sockeye sal mon, pink sal mon (0. gorhschu), and steelhead (0. nykiss) are presented in
individual subsections of this report. No information is presented for chumsalmon (0. keta) Since
effective captive broodstock culture of these species is considered inpradical at this time (W
Viéknitz, unpubl. data, NVFS).Subsections on relevant performance of captive broodstocks of
other North American fish (e.g., trout and nonsal moni ds are included to provide the reader with
a basic understanding of the problens encountered during the course of maintaining f&in full
term captive culti.

Revi ewof SH ect Nonsal moni d Capt i ve Broodst ocks

For a number of years, the USFWS has been maintaining captive broodstocks of various
nonsal moni d North Anmeri can fish species |istedunder ESA(Johnson and Jensen 1991). The
relative performance of some of these captive broodstocks is useful in gauging expected success
for captive broodstocks of anadromous Pacific salmon.

Brandt et al. (1993) reviewed efforts at spawning and rearing endangered fountain darter
(Etheostonza forrticola) as part of USFWS recovery investigations for this endangered species.
Although overal | survival was not given, the authors indicated that the 11.5%survival of fish
during the first year of their experinent was nuch |ower than normally experienced. The noramal
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expected survival range was not given; however, they indicated that nost of this mortality
occurred during the larval stage. The authors collected eggs from6-nonth-ol d and ol der brood
fish. Fecundity and egg viability for thesecaptive brood fish were not given.

Rinne et al. (1986) discussed inplementation of ESA-related captive broodstocks for
desert fish at the USFWS Dexter National Fish Hatchery in New Mexico. Overall growth,
survival, and reproductive success were not presented for any species; however, the authors
indicated it was not unusual in those years to experience a 90%loss of Gla topm nnow
(Poeci | iopsisoccidental i s) andBi gBendganbusi a (Ganbusi agaigei ) duringthew nter culture
period. Indiscussing culture of razorback suckers (Xyrauchen texanus), Rine et al. (1986)
indicated a mean fecundity of 63,674 eggs and an egg viability of 61.1%for
captive-reared fish conpared to 123,110 eggs per female and an egg viability of 78.8%for wild
fish, which suggested that cultured fish were not attaining the size or reproductive quality of wild
fish. Rinneet al.'s (1986) reference to the culture of these captive broodstocks without critical
coments on overal | perfornance suggests a pragmatic approach, where the primry focus of the

captive broodstock program was maintenance of whatever portion of the gene pool that could be
cul tured.

Johnson and Jensen (1991) profiled 24 taxa of threatened and endangered native fish held
at the USFWS5 Dexter National Fish Hatchery in New Mexico. Like Rinneet al., Johnson and
Jensen ontted details of overall growth, survival, and reproductive success. However, Johnson
and Jensen reported up to 29% swimup fry survival for captive-spawned Col orado squawfish
(Ptvchochei lus Iucks), 17 to 38%sw mup survival for captive-spawned bonytail (G |a el egans),
andabout 50 %sur vi val for wi | dsourcedwoundf i n(Pl agopt erus argenti bi nw) duringthefirst
year of culture. These numbers suggest that relatively [ owsurvival and reproductive performance
was the normin their prograns.

None of the authors cited above detailed causes of death during captive rearing of the
broodstocks. Instead, they focus on the fact that these captive broodstocks have allowed the
nmani t enance of many species, such as the desert fish, that otherw se woul d have faced extinction.

Revi ewof Sel ect Sal moni d Captive Broodst ocks

Trout - Ki ncai d and Beny (1986) reported that inthe late 198Cs, al nost 300 broodst ocks
of trout (Oncorhynchus, S&no, and Sal velinus) species were being reared at state and federal
hatcheries for use in fisheries management programs. Mbst of these progransq were established to
supply fish for sport fisheries. About 30% of these broodstocks were only one or two generations
removed fromwld parents. The remaining 70% were |ong-term donesticated broodstocks.

Survival of individual broodstocks during rearing was not mentioned. Kincaid and Berry

(1986) listed some mean production characteristics including: 82%egg viability and 73%fry
survival for brook trout (Salvelinus fontinalis), 83%egg viability and 75%fry survival for brown
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trout (Sal notrutta), 7996 egg viability and 78%fry survival for cutthroat trout (0. dag), 72%
egg viability and 78%fry survival for [ake trout (S. namaycush), and 79%egg viability and 52%
fry survival for rainbow trout (0. mukiss).

Kincai d and Berry (1986) stated that in culture, the survival and reproductive performance
of trout broodstock fromwild parents was poorer than that of donesticated strains. This paper.
does not examne performance differences between wild and domestic strains. However, some
informtion regarding the performance of wild strains in captivity has been documented in reports
of trout captive broodstocks established expressly for restoring depleted stocks.

Rinne et al. (1986) profiled captive broodstock culture prograns for Apache trout (0.
upache). Like other investigations we reviewed (Brandt et al. 1993, Johnson and Jensen 1991),
the work of Rinne et al. did not provide details on overall growth, survival, or reproductive
success for this species during captive culture. However, over an 18.year period, average
survival to hatch was only about 30% and total numbers of fish available for restoration averaged
less than 12% of the yearly egg-take. ‘

Rinne et al. (1986) acknow edged the limted success of the culture program and pointed
out that their territoriality and aggressive behavior nade Apache trout hard to rear in
confinement Nonethel ess, they indicated that the program was continuing and that nethods were
bei ng devel oped to inprove survival and growth of these fishin culture (though the methods were
not defti).

Dwyer and Rosenlund (1988) reviewed efforts to culture threatened greenback cutthroat
trout (0. clarki stomas) for USFWSrestoration programs. In 1977,64 juveniles were col | ected
fromthe wild, and about 23% of these fish survived to spawning at age-3. Asynchronous
maturation of males and females occur& in the initial spawning season (e.g., as age-2 fish). Egg
quality was poor and only 13 of fspring fromabout 1,000 eggs survived (1.3%.

Spawning of age-3 fish was more successful, with four females spawned and 81% of the
eqgs reaching the eyed stage. ‘Ihe Geenback Cutthroat Captive Broodstock Program continued
through the early 1980s (Dwyer and Rosenl und 1988), and spawni ng success in later years often
ranged from 50 to 80% Dwyer and Rosenl und (1988) indicated that since 1981, sufficient
nunbers of greenback cutthroat trout fry have been reared each year to meet the needs specified
by the recovery team but survival of these later broodstocks was not detailed.

Johnst on and Mercer (1977) presented information for a number of WAshington State
Depart ment of Game (nowWashi ngton State Departnent of FisheriesandWldlife (VWFW)
sea-runcutthroat trout (0. clarki clarki) captive broodstocks reared duringthe late 1970s. Fish
for these captive broodstocks were reared to the juvenile stage in freshwater, though freshwater
survival was not reported for any group of fish. Fish were often graded (culled) prior to transfer
to seawater net-pens in Puget Sound for rearing to maturity. In nost cases only partial
information on growh, survival, or reproductive success was presented for the seawater rearing
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phase. Johnston and Mercer (1977) indicated that between summer 1975 and fal | 1977, tot al
mortality was 8096 for the broodstocks on hand. However, they did not detailcauses of
mortality.

Fromsummer 1975 to fall 1977, the fish grewformabout 60 to 1,000 g. All fish were
spawned directly fromseawater. Fecundity of age-2 spawners was about 500 eggs per fenale,
and fecundity of age-3 spawners was about 1,200 eggs per &male. The authors did not indicate
relative body-size differences between age-2 and age-3 fish, nor did they present egg viability
information. Johnston and Mercer (1977) made no attenpt to correlate performance of their
captive broodstocks wth expected wild performnce.

Mercer and Johnston (1979) indicated that mortality often ranged between 30 to 80% per
year for sea-runcutthroat trout captivebroodsto&s duringthe seawater rearingphase. However,
again, causes of mortality were not discus& in detail. They reported that eyed-egg viability for a
Hood Canal (Wshington) stock of sea-run cutthroat trout was 93% this suggested that
spawni ng captive broodstock directly fromseawater is a practical technique for sea-run cutthroat
trout. The authors indicated that progeny from these captive broodstocks were outplanted for
enhancenent, but success of these supplementation efforts was not reported.

Ki nunen and Mori ng (1978) and Bangrover (1990) presented informationonorigin and
use of rainbow trout broodstocks in Oregon and California, respectively. Their papers detailed
stock histories but presented no information on broodsék performance.

Varl ey and G esswel | (1988) reported using captive broodst ocks as one of several
nethods used to maintain Yellowstone cutthroat trout (0. clarki Baouveri) No detailsof captive
broodstock hushandry were given. The authors reported eval uations of enzyn® pol ynor phi sns
by el ectrophoretic techni ques that suggested fishintheir captive broodstock were genetically
simlar tothe wild stock fromwhich they were sourced. In this case, captive broodstocks nay
not have been beneficial to the wild stock, since the number of spawning cutthroat trout in
Yel [ owsgone Lake tributary streams increased dramatically after operationstomne wldadultsfor
their eggs and sper mwer e di scontinued (G esswel | and Vadey 1988, Benhke 1992).

Atlantic Salmon-Captive broods& methods have been an integral part of restoration.
efforts for Atlantic salmon (S s€&) in US East Coast states for a nunber of years (Harrell et al.
1984, He&ix 1990).Atlantic salnon apperar well suited to full-termrearing in captiity and have
been noted to be extreamely docile during culture (T. Flagg and W W&z, NVFS, personal
observation). Gowh and survival of Atlantic salnon in culture can at times be excellent.

M ghel | (1981) was oneof thefirst toevaluatetheful|-termcultureof Atlanticsal monfor
broodstock. Fish were reared to smolt infreshwater at a hatchery and transferred to seawat er
net-pens in Puget Sound for rearing to maturity. Fry-to-smolt survival was 70 to 85%in top-
performng freshwater groups, and over 90%for top-performng seawater groups (Mghell 198 1).
Fish averaged 2.5 to 9.0 kg at maturity and produced 4,000 to 6,000 eggs per femle. Egg
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viability was 83%for age-4 fish. The performance of fishinMhell’s (1981) study was excel | ent
compared to most other captive broodstock rearing programs we reviewed. However, the
broodst ock source for this study were progeny of parents that had been maintained in freshwater’

for 6 to 10 generations as a hat& stock, and domestication may well have contributed to the
favorabl esurvival notedbyM ghel | (1981).

Harrell et al . (1984) reportedperformanceof captive-rearedAt|antic sal nonsourcedfrom
wld parents. Goups of 1979- and 1980 brood fish were reared to snolt in freshwater and
transferredto seawater net-pensin Puget Sound for rearingto maturity. Freshwater fry-to-snolt
survival ranged from 17 to 80% Smolt-to-adult survival averaged about 60%for the five groups
eval uated. Fish in seavater were typically reared at densities up to 10 kgfm?® Mbst nortalities
occur&in the months fol | owi ng seawater entry and were attributed to osnoregul atory
dificulties. The 1979 brood matured at age-4 in 1983; spawners averaged about 4 kg, and egg
viability was about 47%(Harrell et al. 1984). Spawner size and egg viability was simlar(about 5
kg and 50% for 1980- brooumaturing in 1984 (L. Harrell and T. Fl agg, unpubl. data, NVFS).

Jamans (1979) evaluated viability of Atlantic salnonreared entirely infresh water. Fish
initially spawned at 05 to 1.0 kg as g&e. Survival to age-3 was not docunmented, but survival
from age-3 to spawning at age-4 was about 20% and survival from age-4 to spawning at age-5
was about 14% Causes of nortality were not described. Egg viability ranged from about 17 to
80% and averaged 47%

Hendrix (1990) reviewed culture techniques for Atlantic-salmon captive broodstocks in
USF\WBrograns. Cap&e broodstocks in these prograns were progeny from wild sea-run.
Atlantic salmon and were rearedful | -termtomaturity inafreshwater hat- at upto 35Kkg
fishym?>.Hendri x (1990) reportedthat artificial sal mondiets(i.e., the USFWsopen-formila
AD?3230 diet) provided excellent growh, food conversion, and egg quality. However,
erformance 'anges were not reportedfor any of these parameters. These Atlantic sal non captive
Eroodstocks usual 'y reached sexual mat&y at age-4 He&ix (1990) stated the “quality of eggs
fromfirsétime spawners is considerably better thanthat ofeggs fromfish spawning far a second
or third time" but no data on egg-quality differences or survival. to repest spawni ngs was
presented. Her& x (1990) also stated that “Progeny fromcaptive broodstocks are considerad to
be donest i cat ed; therefore, theyarenotrecomendedadnbroodst ock. '

Since the mid 1980s, commercial farming of Atlantic salmon has become common on the
east and west coasts of the United States and Canada. Mbst commercial Atlantic sal non
broodst ocks have hbeen in culture (e.g., domesticated) for 2 to 10 generations. Fish are reared
fromsmolt to harvest at 4 to 8 kg in seawater net-pens: survival during this period typically
averages up to 80% Fish are typically-reared at densities of 16 to 48 kg/m?®. Sone select fish

from each age class are maintained for broodstock in culture since eggs are not available from
wld stocks. _
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Smol t-to-adult survival of broodstocks typically averages 75% or greater, and spawners
typically range from5to 8 kg with egg viability generally greater than 80% (C. Mahnken,
NVFS, personal observation; D. Goves, Sea Springs AquaFarms, P.O Box 870, Chemanus,
B. C., Canada VORI KO. Pers. commun., June 1994.)

Steel head-* The California Department of Fish and Game ( CDFG) annual reports of
Feather River Hatchery optration fromthe md-1960s through the md-1970s incl uded
sonnation on groups of steelhead held full termin freshwater for broodstock (G oh 1971,
Schlichting 1973; 1974a, b; 1976; 1978a, b). Details arenot conplete for most brood years;
neverthel ess, reports give insight into the problens encountered in attenpting to rear these fish.

For instance, although beginning numbers are not presented-for the 1967 brood, G oh
(1971) indicated that atotal of 8,750 1967-broos st eel head were being hel d at the CDFG Feat her
Rver Hatchery in June 1969, while less than 3,000 fish remained at spawning in spring 1970
(Schlichting 1974a), suggestingapotentiallysevere (60to70% mortalityduringthelast year of
cultrue. Hgh water tenperatures, nmechanical failures, and |osses to disease caused by a
myxospor i di anpr ot ozoaparasite (Cerat onyxashasta)andi nf ect i oushemat opoi et i cnecr osi s
(I1-IN) viruswerelistedas causesof thismortality (G oh1971; Schlichting1974a, b; Schlichting
1978a).

Egg production fromcaptive-reared steel head at the CDFG Feather River Hatchery
ranged fromabout 1.9 to 3.2 mllion per year between 1970 and 1972 and 0.2 to 0.6 mllion per
year from1973 to 1975 (Schlichting 1973; 1974a, b; 1976; 1978a, b). From1970 to 1975,
overall egg production for captive-reared fish averaged 2,657 eggs/female conpared to 2,984
eqo/female for ocean-returned fish spawned at the hatchery the same years. From 1970 to 1972,
eqgs from captive-reared steel head produced a majority (87 to 96% of juveniles used to maintain
theruntothehatchery (Schiichting 1973; 1974a, b).

Between 1973 and 1975, the adult contribution of captive-reared steelhead dropped to
only 1634%of juveniles reared for release at the hatchery (Schlichting 1976; 1.978a,b). The
authors did not indicate whether steelhead captive brood production at the CDFG Feather R ver
Hat chery contributed to the increased run size noted after 1973. Analysis of data presented by
Schlichting (1978a) indicated that in 1974, 0.8%of a group of marked juvenilesfr o captive-
reared parents returned to the hatchery as adults, conpared with 1.4%of normal hatchery
rel eases. This suggested that contributionfromcaptive-reared fishwas |ower than fromother
SOUr ces.

Morerecently, Thrower (1993) conpared performance of Al askan st eel head captive-
reared in seawater net-pens vs. ocean-ranched fish. Both 1986 and 1987. brood were included in
the study. but survival during freshwater rearing was not reported for either group. Thrower
(1993) indicated that losses during the first year in seawater for captive-reared fish were 39% for
t he 1986: br ood and 20%f or t he 1987-brood. Survival of captive-reared steel head duringthe
final year(s) tomaturationaveraged 95%f or the 1986-brood. Survival of the 1987-brood during
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the final year(s) to naurationwas simlarlyhigh (about 93% until most of the fish werelost due
to attacks on the net-pen by river otters (Lutrcr cartoctensis). Survival of ocean-ranched fish was
not presented. .

In Thrower's (1993) study, the 1986- brood, captive-reared steel head averaged 3.0 kg for
4-year-oldmaturing fish and 4.6 kg for 5-year-old maturing fish conpared to 2.7 kg for 4-year-
old mturing fish and 4.1 kg for Syear-old maturing ocean-ranch& fish. The 1987- br ood
captive-reared fish averaged 2.4 kg for 4-yearg-old maturing fish conpared to 2.3 kg for 4-year-
old mturing ocean-ranched fish. These data suggests that steelhead captive broodstock have the
potential to attain sizes simlar or greater than wld fish.

The resul ts of ganete-viabilitytestsconducted by Thrower (1993) conparing capti ve-
reared and ocean-ranched steel head were conparable for both years: farmed nales had | ower
gamete viability (60% average) than ranched males (71% average) and farmed &males had
slightly higher ganete viability (66%average) than ranched fenal es (62%average). ' However,
Thrower (1993) pointed out that "ganmete quality of the adult stellhead varied more between
years andbetween specific pairings than between treatnment types”

Coho sal mon- Nobl e and El [is (1960) reported efforts by the Washington State
Garment of Fisheries (now WOFW to rear coho salnon to maturity in seawater ponds during
the md-1950s. Atotal of 103 fish matured. The authors presented noinformation onstarting
nunbers of fish in culture, so survival cannot be determned. However, they indicated that age-3
fish were under 0.5 kg at spawning. Coho salmon normally range from2 to 5 kg or larger at
spawning, so it can be assumed that the fish in Noble and Ellis's (1960) studies did not thrive in
culture.

Noble and Ellis (1960) reported that some eggs were hard and glass-like in appearance
and di d not fertilize. Egg loss during hatching was &out 20% fry loss after 32 days was |ess than
6% and oft&ing appeared normal. Noble and Ellis (1960) state:

At the time of release, these fingerlings didnot showny abonnalities andin
appearance were simlar to fish that were off&ing of naturally reared parents.
[However] Confinement had a depressant effect upon growth, and limted the
fecundityof thefenal estoabout one-tenthof nor amocean mat mngadul ts..

West (1965) also provided an early report on full-termrearing of coho salmon. The
California Department of Fish and Game successfully maintained a strain of coho salmon in
freshwater for three generations in the late 1950s and early 1960s. These fish also did poorly in
culture. only 2 females froma group of 200 juveniles (1% matured and only 30%oftheir
progeny survived the first year of rearing. Causes of death were not indicated, and subsequent
spawni g yielded poor-quality eggs that “exploded or col | apsed when touched.”
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Fortunately, captive culture of coho salmon evolved. Mahnkenand\aknitz (1979)
indi catedthat by themd-1970s, commercial production of coho sal non fromseawat er net-pens
was feasible at densities ranging from8 to 64 kg/m? with only a 10%growth reduction at the
higher densities. The authors stated that survival was conparable among all groups and no mjor
di sease outbreaks occurred. However, they gave no indication of survival range, and these
experinents were termnated when the fish reached “panée,” approximately 9 months prior to
spawni ng. Subsequent exam nation of records indicated that coho salnon survival to maturity
typically ranged up to 35%during rearing experiments conducted in the 1970s (W Waknitz,
NVFS, unpubl i shed data).

Clarke (198 1), discussing coho salmon grown to maturity at the Canadian Department of
Fi sh and Cceans Experimental Fish Farmin Nanaino;B.C. indicated that fish reached maturity
about 18. mont hs after introductiontoseawater. However, the tinme of ovulation and rate of
fertilization of these fish was highly variable: fertilization ranged from8 to 91%and averaged
about 50% Carke's (1981) studies were conducted in an attenpt to determne the influence of
nutritional factors on fertility but he was unable to reduce the variability in fertilization.
| mprovenent in egg col or (froma pal e col or) was noted withinclusion of euphausid shrinp mx
inthe diet. |

McAul ey (1981a) overviewed the efforts of Domsea Farms, Inc. to maintain coho sal non
captive broodstocks. Reasons for developing these broodstocks were 1) to provide a stock suited
for survival and growth in intensive net-pen culture, and 2) to establish a reliable source of eggs.
Breeding protocols were established to select for domestication. Only 23%of the fish transferred
toseawat er survivedtonaturity(MAul ey 1981a). Furuncul osis, caused by Aer ononas
samonuci da, wasindentifiesasamajor probl emduringseawat er rearing(MAul ey 1981b).-
Onl'y about 20%of maturingfishwere femal es (MAul ey 1981a).

Initial coho salmon captive broodstocks reared by Domsea Farns, Inc. were spawned
directly fromseawater. Egg viability of the F, generation was only about 45%( McAul ey 1981a),
conpared to 85-95% for the parent-generation eggs which had been received from state
hat cheries for Domsea oper at i ons ( McAuky 1981b). I nresponsetothesel oweggviabilitiesfrom
seawat er spawned fish, Domasa Farns initiated protocols of returning fish to freshwater fromthe
seawater net-pens 1 to 2 months prior to spawning, and egg viability was increased to an
accept abl e 82%( McAul ey 1981a).

Hi ckey (1980) indicated that survival to hatch for eggs. fromcoho sal non captive
broodstocks held by Aquasea Farms, Inc. was also low averaging only about 20% Fish for
spawni ng were selected fromproduction groups. Unfortunately, H ckey (1980) gave no
indi cationof survival duringEaring. However, it-is evident that these early attenpts at rearing
coho sal mon to maturity were only partially successful.

Peterschm dt (1991) reported that by the md-1980s Donsea Farnms had adopted a dual
rearing protocol for their coho salnon captive broodstocks. Some groups of fish were reared to
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smolt in freshwater, placed in seawater “et-pens for rearing to maturity, and transferred back to
freshwater for spawning; other groups of fish were reared full-termto maturity in freshwater.
Pet er schm dt(1991)st at ed:

During the 1986 and 1987 spawning seasons, eggs from broodstock reared entirely
in freshwater had an average nortality of 20% while eggs fromsibling broodstock
reared in salt water [and returned to freshwater prior to spawning] had a mortality
rate of proximately 5% The differential survival of eggs from broodstock
reared under [these] two environments provided evidence, albeit enpirically, that
optimal reproductive potential may al so be deternined by the maturastion

envi ronnent .

However, since eggs fromseawater-held fish were incubated at a different Donsea Farms facility
(Donsea Gorst hatchery) than eggs from-water-hel d fish (Donsea Rochester hatchery), the
differences coul d have been due to varying envi ronnental conditions (water quality, tenperature,
etc.) (C. MAul ey, NVFS, P.O Box 130, Manchester, WA, 98353. Pers. commun., June 1994).

Full-termfreshwater rearing of coho sal mon, was favored by Domsea Farns due to  higher
overal | survivals (50 to 60% conpared to overall survival of fish reared in seawater (3 to 5%.
I'naddition, Domsea Farns coho salnon, reared full-termtonaturityinfreshwater, attained
about twice the size and fecundity of seawater-reared fish, averaging about 3.0 kg and 4,000
eggs/femal e in freshwater versus 1.5 kg and 2,700 eggs/female in seawater (C. MAul ey, NVFS,
P.O Box 130, Manchester, WA. 98353. Pers. comun., June 1994).

I'n 1988, Peterschmdt (1991) conduct ed a study desi gned t o canpar e characteristics of
coho sal mon captive broodstock rearedentirely in fresh water to those of siblings with a 15-
month residence in seawater. Adult broodstock were further subdivided during the final
freshwater maturation period to conpare the effects of constant-tenperature well water and .
declining-tenperaturecreekwater onganetenaturatrion. Peterschm dt (1991) saed

Little research has been done conparing spawning success of salmonids reared in
salt water versus freshwater. Starré& (1976) conpared the fecundity of coho
salmon reared in Lake Michigan and Lake Superior to that of coho from the
Pacific Ocean, and found that the number of eggs was comparable for fish of
simlar sizefromthedfferent environnents. There was no nentionof survival
ratesof fertilizedeggs. Several studies have conpared egg survival of fish
undergoing final maturation in fresh water to that of fish undergoing final
maturationineitherestuatineor salt water (Allee1981; M*Aul ey 1981b;

Vért hei ner 1981a, b, 1984; Sower and S&reck 1982; Sower er al. 1982). Al of
these studies concluded that eggs from fish which spent a final naturation period
infreshwater, or setuarine water with the presence of a halocline, had significantly
hi gher survival rates than eggs frombroodstock maturing in seawadr.
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Furt hermore, Peterschmdt (1991) al sostatedthat:

There have been conflicting reports on the effect of tenperature on the viability of
sal moni d eggs. Studies involving coho s& (A'lee and Suzunoto 1981; Jensen
1981, Sower et al. 1982); brook trout (Hokanson et al. 1973); and cutthroat trout
(Piper 1985) concluded that survival rates of eggs fromfemales that matured in
col der (<UPQ) and/or fluctuating tenperature water were higher than survival
rates for eggs fromfemales held in wanner (12.2 - 16°C) and/or constant
tenperature. However, Mrrison and Smth (1986) found that whereas the timng
of spawning was delayed by holding rainbow trout in declining tenperature creek
water, there was no significant difference inthe survival rate of eggs fromthose
finales and eggs fromé&males held in 10°C spring water.

Peterschmdt (1991) indicated that no differences were noted between treatments for size
of fish at spawning: spawners averaged 1.2 to 1.4 kg and 45 to 50 cm There was al so no
significant difference in egg viability between coho salmon captive broodstock reared e&rely in
fresh water and siblings with a period of seawater residence. Egg viability averaged 87%for fish
reared entirely in freshwater and 83% for the seawater-reared groups. Peterschmdt (1991) also
found no significant difference inviability of coho sal mon eggs i ncubated on a constant versus
declining tenperature regime. Egg viability averaged 84% for eggs incubated in constant-
tenperature water and 91%for eggs incubated in ambient-tenper- water.

The coho sal non reared for Peterschmdt’s (1991) experinments were 1986- brood and
wer e mai ntainedincultureby Domsea for experimental purposes. |nfornationonoverall survival
during rearign was not presented (Peterschmdt 1991). In spring 1988, fish were culled and
groups selected for “famly performance" (good growth and survival in culture) and nonitored
through maturity infall 1988. Peterschmdt (1991) documented survival during the [ ast 9 months
of the experinent: during this period, survival of freshwater reared fish was 38% and survival of
seawater reared fish was only 7%

Peterschm dt (1991) attributed nuch of the mortality in seawater totoxic phytopl ankton
bloons. Causes of mortality during freshwater rearing were not reported, though he notad:

Mrtality during the *water maturation phase for both groups was-primrily a
result of opportuni sticfungal i nfections(Saprolegnia). Fish in both groups were
al'so lost to poachers during the course of the study.

. No explanation was presented in Peterschmdt's (1991) report to help determne why
survival for fish held full-termin freshwater was so much |ower than the average 50 to 60%
survival for Donsea coho sal monreportedby McAul ey (1981a). However, freshwater réring
conditions for the Peterschmdt (1991) fish were compromsed (by holding tank effects) conpared
tonormal Donsea productiongroups (C. MAul ey, NVFS, P.Q Box 130, Manchester, WA
98353. Pers. commun., June 1994).
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Mst of the information we reviewed pertained to coho salmon broodstocks selected for
comercial culture. However, Sayre (in press) indicated that a captive broodstock has recently
been established for a depleted stock of Hood Canal rearign was salmon.In May 1993, a
total of about 2,000 juvenile wild coho salnmon were captuté& from 12 northern Hood Canal
streans. The fish are being reared at |ow density in circular tanks on spring water. Survival of
these fish during the 12 months of rearing has heen over 95% (J. Sayre, Long Live The Kings,
7981 168th Ave N. E., Rednond, WA. 98052. Peré& commun., June 1994). These fish are
expected to mature in the next 2 years and should provide a valuable gene hank resource for
aiding restoration of this depleted run (&1, in press).

Chi naok sal mon--Noble and Ellis (1960) reviewed efforts by the Washington State
Department of Fisheries [now VDFW to rear chinook salmon to maturity in seawater during the
md-1950s. A total of 63 fish matured. The authors presented no information on starting
numbers of fishin culture, sosurvival cannot be determned. However, they reported that age-4
fish were under 1.5 kg at spawning. Chinook salmon normally range from5 to 15 kg or larger at
spawning. Therefore, it can be assumed that these fish did not thrive in culture. Noble and Ellis
(1960) noted that many eggs from spawners were hard, non-fertilizing, and glass-like in
appearance. Egg loss during hatching was about 18% They stated that fry from these captive-
reared fish devel oped normal [y inall respects.

Mahnken and Wakni tz (1979) mentined early experiments conducted at the NVFS
Manchester Marine Experimental Station on rearing chinook salmon during the early portion of
their seawater |ife phase. They indicated that failure of the fish to adapt to salt water was a ma@
cause of nortality and reduced growth in seawater net-pens. Seven grams was given as-a
mnimum size that accelerated chinook salmon nust attain before successful adaptation to
seawater. Mahnken and Waknitz (1979) caution that poorly snolted chinook sal mon often die
withinthe first week after seawater transfer duetoosmoregul tory dysfunction. They reported
that 5- to 7-month survival for stocks held in seawater net-pens ranged from30 to 80%
Vibriosis, causedby Vibrioangui | hrm andbact eri al k&hey di sease. (BKD), caused by
Reni bact eri umsal moni nar umwer e i ndi cated as ma@causes ofnortal i tyaf t erosmoqul at ory
dysfunctionsubsi ded ( Mahnken andWakni t z 1979).

During the 1970s to md-1980s, a number of groups of chinook sal non were rearedto
adul thood at the NVFS Manchester Maré& Experimental Station (Fig. 2). Fish were rearedin
floating net-pens in-seawater (28 ppt). Net-pens ranged in size fromabout 5 by 5 by 5 mdeep to
5 by 10 by 5 mdeep (about 125 to 250 m® total rearing volume). Fish were typically reared at
densities up to 10 kg/m>. However, excessive nortality was noted at densities greater than
4 kg/n? (B. Waknitz, NVFS, unpubl i shed data). Cumulative mortality of fish during seavater
residence ranged fromabout 35%to al most 100% (Fig. 2).

Initial nortality during the first few months after seawater entry of chinook sal non reared

at the NVFS Manchester facility was usual |y attributedto osmoregul atory dysfunction, possibly
exacerbated by handling stress during transfer to seawater (Harrell et al. 1985, 1987). The
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mejority of mortality usually occur& after the fish had been in seawater about 1 year, with
nortaliyt fromthe first to secondwintersinseawater attributed primarily to BKD

(Fig. 2). Total losses from BKD rarely exceeded 30% during seawater rearing. Losses to nale
precocity generally ranged around 30%of the population (Fig. 2), while adult-phase diseases
resulted in the loss of most remaining fish prior to adulthood (Fig. 2). Adult-phase diseases
affecting chinook salmon included marineinfectious anema, caused by an (unnaned) intranucl ear
m crospordi um androsettedi sease, causedbyan(unnaned) obl i gat eintercl|ular eukatyotic
pathogen (Harrel| et al . 1986, 1987; El ston et al . 1986, 1987).

Sem:raeclimﬁi@ BKD Pmcéx:ous ——p Adult mortality >
100 + mortalities maturation . ..
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-0~ 1977 WRSC
_ ST —+— 1980 SRFC
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[}
>
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g 30 + .
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Figure 2. Qunulative nortality during seawater net-pen rearing of Snake River fall chinook

sal mon (SRFC), Mnter Creek fall chinook sal mon (MCFC), and Wite River Spring
chi nook sal mon (WRSC) .

Mst of the early chinook salmon broodstocks cultured at Manchester were transferred to
seawater after freshwater rearing at state and federal f&h hatcheries. Therefore, overall
(conbined freshwater and seawater) survival cannot be estimated for these groups. NVFS also
reared broodstock groups of Snake River fall chinook salnon from egg-to-adult in 1980,198 1,
1982, and 1983 (Harrell et al. 1987). Mortality during freshwater rearing ranged from about 5 to
60% for these broods. Mortality in seawater approached 100% for the 1980-, 198 I-, and 1982-
broods (as noted bel ow, rearing was termnated before the 1983-brood coul d be fully eval uat ed)
(Fig. 3). .
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Figure 3. Cumulative mortality during seawater net-pen rearing for 1980- to 1982-brood Snake
River fall chinook salmon.

Although a few fish survived and matured, the spawners were heavily infected with rosette
discase, and no eggs survived. Average fish size in these broodstocks was about 1.5 t0 2.0 kg
(Fig. 4) compared to wild chinook salmon, which range 5 to 15 kg or larger at spawning. This
suggested that health problems during this time may have compromised growth. Rearing of
Snake River fall chinook salmon at Manchester was discontinued in 1986 due to poor survival of
the stocks (Harrell et al. 1987).

The 1983-brood Snake River chinook salmon in the NMFS broodstock program had not
yet reached spawning age when the study was discontinued in 1986. About 300 of these 1983-
bmodwuemaimdatanMFShatchcryforfuu-tennmaﬁngmmmnﬁtyhcmmmt 10°C,
fresh well water. Although survival of this stock in seawater was uniformly poor, survival of fish
heid full-term in freshwater was good (Fig. 5). Most freshwater mortality was associated with
normal ponding attrition. Growth of fish in freshwater was comparable to fish in seawater (Fig.
6). Survival to 2.5 years of age (mid-1986) was almost 90% for 1983-brood Snake River fall
chinook salmon retained in fresh water. However, less than 2% of the age-0 and only about 50%
of the age-1 fish remained at termination of the program in 1986 (Fig. 5) (Harrell et al. 1987). It
is worth noting that none of the fish in freshwater had been diagnosed with BKD, while cohort
groups in seawater had been severely affected with this disease (L. Hanell and T. Flagg, NMFS,
unpublished data). )
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Figure 4. Growth during seawater net-pen rearing for 1980- to 1982-brood Snake River fall
chinook salmon (SRFC).

A few 1983-brood Snake River fall chinook salmon were retained in freshwater until
spawning in 1986 and 1987. Unfortunately, since the formal Snake River fall chinook rearing
program was terminated, detailed records were not kept after fall 1986. One age-3 female (a jill)
held full-term in freshwater spawned in 1986: this fish weighed about 0.9 kg, with egg viability of
about 90%. This female spawner was certifiecd BKD-free. About 31% of the male fish held full-
term in freshwater matured (as jacks) in 1986. Most remaining fish were culled in 1987 to reduce
rearing cost. :

However, about 10 females and males were retained and spawned in fall 1987. These fish
averaged 1 to 1.5 kg at spawning. Exact egg viability information was not available; however, it
is thought to have been high. Survival of the 1983-brood Snake River fall chinook salmon in
freshwater remained high during rearing, while all cohorts reared in seawater died (Fig. 5). This
suggests there may be good potential for full-term captive rearing of chinook salmon broodstocks
in freshwater. To our knowledge, no further studies have been conducted to compare survival
between chinook salmon grown to maturity in fresh water and seawater.

Cheng et al. (1987) reported survival of two different strains of British Columbia (Canada)
chinook salmon and their crosses reared in confinement. These fish were reared to assess:
aquaculture potential, and rearing was terminated prior to maturity. Juveniles were reared in
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freshwater and transferred to seawater net-pens. Survival during the 9 weeks of freshwater
rearing ranged from 92 to almost 98% for the groups. Survival of the groups in seawater ranged
from 20 to 26%. Gutted body weight of 120-week-old fish averaged about 1 kg.

—=—04+ age 10 scawater
—O— 1+ age to scawater
— +— Freshwater-reared

Cumulative mortality (%)
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Figure 5. Comparison of mortality for 1983-brood Snake River fall chinook salmon reared to -
maturity in tanks supplied with 10°C fresh well water and cohorts transferred to
seawater net-pens as smolts. Data after mid-1986 are approximate.

Cheng et al. (1987) reported that "The low survival rates observed in these pens were due
to predation by sea otters.” To our knowledge, predation of pen-reared fish by sea otters
(Enhydra lutris) has never been documented prior to their report. It is likely that predation was
attributable to river otters: a known predator of net-pen reared fish (C. Mahnken, W. Waknitz, -
and T. Flagg, NMFS, personal observation). It is our experience that river otters will destroy and
consume most fish in a net-pen rather than simply cropping the population to the 20% level as
indicated by Cheng et al. (1987). We know of no cases where disease has not been a contributor
to mortality of fish during rearing. Nonetheless, no causes of death other than sea otters were
mentioned by Cheng et al. (1987).

Fedorenko and Cross (1991) reported attempts to rear Squamish River (British Columbia,
Canada) chinook salmon to maturity in seapens. Smolt-to-adult survival was less than 10% for
the 2 brood years tested. Mortality was attributed to myxobacterial infections (caused by -
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Sporocytophaga sp.), vibriosis, BKD, noxious algal blooms, and poaching and vandalism;
however, percent mortality attributed to each of the listed causes was not presented. The fish that
survived and matured were comparable in size and fecundity to natural spawners, and averaged
about 5 kg and 4,200 eggs per female for age-3 spawners and 8 kg and 6,200 eggs per female for
age-4 spawners. Eyed egg survival averaged about 65% and 87% for the 1984 and 1985 brood,

~ respectively. '
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Figure 6. Comparison of growth for 1983-brood Snake River fall chinook salmon reared to
maturity in tanks supplied with 10°C fresh well water and cohorts transferred to

seawater net-pens as smolts. Data for seawater groups after early 1986 are
approximate.

Joyce et al. (1993) reared chinook salmon to maturity in net-pens in Alaska. The captive-
reared fish were smaller and younger at maturity than anadromous adults of the same stock.
Survival rates for the captive-reared fish were not mentioned, nor were causes of mortality during
rearing. Captive-reared spawners averaged 6.7 kg compared to 12.8 kg for anadromous fish.
Most captive-reared female fish matured at age-4, whereas anadromous fernales matured at age-5
and age-6. Captive-reared females produced gametes that averaged 72% survival to the eyed egg
stage, whereas average eyed egg survival for anadromous female fish was 65%. Offspring of
captive-reared and anadromous fish were the same size (10 g) after 6 months of rearing.

The White River spring chinook salmon captive broodstock has a longer history than other
formal chinook salmon captive rearing programs we reviewed. From 1977 to 1985, seven brood
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years of Wite River spring chinook sahnon were reared fromsmolt to mturity in seawater net-
pens at the NVFS Manchester facility. Net-pens ranged ‘msize fromabout 125 to 500 m?® total
rearing volume (5 X5 X5mto 10 X 10 x 5 n) . Excessive mortal iyt was noted at densities
greater than 4 kgfm® (W Vaknitz, NVFS, unpublished data). Snolt-to-adul tsurvivalto
spawning ranged from 1 to 1046. At spawning, captive-reared adults weighed about 4 kg, and
eyed egg viability was typically 30 to 6096 conpared to 80 to 90%for wild fish (C. Mahnken, W
Waknitz, and T. Flagg, umpubl. data, NMVFS).

Since 1987, WWDFWhas been rearing Wite River spring chinook sal non captive
broodst ocks i n net-pens in south Puget Sound. Rest& of this program are detailed by Appleby
and Keown (1995), thisreport. Net-pens used by VDFWAor this programare about 8 by 10 by 4
m deep (about 300 m?® total rearing volune). Fish are reared at densities ranging from about 2 to
6 kg/m>. Betwan 1991 and 1993, WDFW spawned between 800 to 1,000 adults (23 to 29%
from each age-class of 3,500 snolts transferred to seawater. At spawning, adult fishtypically
averaged 65 to 75 cmand weighed 3.0 to 7.0 kg. Fecundity of captive-reared spawners from
1991 to 1993 ranged from 2,200 to 2,700 eggs per female, and egg viability ranged from63 to
70% However, Appleby and &wn (1995, this report) indicate that té&se numbers do not

incl ude eggs discarded during spawning, so actual viability mght be slightly Iess than the nunbers
present ed.

Commercial culture of chinook salmon has been expanding on the West Coast of the
united states and Canada since the | ate 1980s. The greatest concentration of chinook sal non
farms is currently along the east coast of Vancouver Island. Initially, chinook salnon farmers
reared fish in small pens at sheltered seawater sites and fish performance was poor. Today,
successful chinook sal mon farmers in Canada typically rear fishin seawater invery large, 30 by 30
by 20-m-deep net - pens (18,000 m* total rearing vol ume) anchored in areas with extreanely high
f1ushi ngrat esandnear - oceanct enperat uresandsal i ni ty (| XG oves, SeaSpri ngs AquaFar s, .

P.O Box 870, Chemanus, B. C., Canada VORI KO. Pers. commun., June1994).

In Canada, commercial farmers often maintain a small number of chinook salmon in’
seawat er net-pens for broodstock. ‘Ihe best sites for broodstock maturation have seawat er
t-s that do not exceed 11°C during the fall mturatio period. Smolt-to -Adult survied
of broodstock typically averages 70% Fish amoften spawned directly fromseawater, and egg
viability normally averages over 9096 (D. Goves, Sea-Springs AquaFarms, P.Q Box 870,
Chemanus, B. C., Can& VORI KO. Pers, commun. Junel994).

The recent successsof chinook salnon farmng in Canada is encouraging. These
comercial growers are apparent!y achieving 3 to 10 times the survival rates to maturity
docunented by NVFS and WDFW (see above). It is possible that the added success the
commercial farmers are enjoyingis dueinpart totheir culturing somestic hatchery strains of
chinook salmon in very large net-pens, whereas attenpts by NVFS and WOFWto cul ture
chinook salmon to maturity have focused on wild strains reared in relatively small net-pens.
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In our experience with rearing fish in seawater net-pens at the NVFS Manchester facility,
chinook sal mon preferentially inhabited only the bottomnost portion of the pen and never
appeared to be “athor&inthe confines of the penenvironnent (C. Mahnken, L. Harrell, W
\lknitz, and T. Flagg, NVFS, personal observation). Appleby and &wn (1995, this report)
al'so mention that chinook salnon reared in their net-pen systemfavored the bottom The net-
pens used to rear chinook sal mon at NVPS Manchester and by VDFWin Sout h Puget Sound
have | ess than 3%of the volume of net-pens currently used by successful Canadian chinook
sal nonf ar ners. |

Inaddition, the better-performng Canadian net-pen sites are in areas supplied with high-
quality oceanic water, while NVFS and DFWnet-pen operations ate sited in sheltered bays.
Canadi an success i s undoubdly bolstered by an advantageous cul ture environment with good
flows, low water tenperatures, and seawater low in toxic algae concentrations. Therefore, we
suggest that future new attenpts at rear& chinook salmon to maturity as captive broodstocks for
restoration be conducted in Iarge-volume rearing containers supplied with oceanic-quality water.

Sockeye salmon--Very little information has been published concerning captive
broodst ock rearing of sockeye sal non. However, sone informationis avaiable.

Between 1987 and 1991, NVFS collected up to 520 wild sockeye salnon adults annually
fromt he enat chee River inWashingt on Stat e as donorsto providejuvenilesfor experinentsin
the Columbia River Basin. Duringtheseyears, average prespawningsurvival rangedfrom72,
95% egg viability ranged from40-Wg ad survival to yearling snolt generally approached 80%
(Flagget al. 1991).

Early attenpts to rear two stocks of sockeye salnmon to maturity in seawater net-pens at
t he NVFS Manchest er facility eded in falure. Afew1973-broad Cedar R ver sockeye sal non
survived to spawn; however, all eggs were non-viable. Al 1988-broad Lake Wenat chee sockeye
salmondiedduringculture(T. Flagg and W Vaknitz, unpubl. data, NVFS).

Researchers at the NVFS Auke Bay Laboratory transferred about 300 1987-broad
sockeye salmon fromwild parents to seawater net-pens in My 1988. Survival of these fish to
August 1991 was 58% and average fish length was about 45 cm On 19 August 1991, 20
femal es reared in the net-pens were spawned directly out of Seawater and their eggs were
incubated at the At&e Creek Hatchery. Egg viability was about | O% but resear cher spresunedi t
woul d have been higher if fish had been returned to freshwater for acclimation prior to spawning
(W Heard, NVFS, Auke Bay Laboratory, Juneau, AR pers. conmun. December 1991).

The Canadi an Department of Fish and Ccean’s (DFO Nanai mo Laboratory has reared six
stocks and year-classes of sockeye salmon to maturity. Mst were reared full-termin fé&dwater.
though a portion of one group was also reared in seawater net-pens. The researchers indicated
that portions of all groups held in freshwater survived to mturity and produced viable eggs and
progeny, whereas most fish held in seawater died. They were able to accelerate growh rate and
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achi eve some early maturing 3-year-old females. They indic ated that BKD was a probl emduring
rearing, particularlyin3-tod-year-oldfish(C Wod, DFO, Nanai mo, B.C., pers; conmun.
Decenmber 1991).

Based on the results of sockeye salmon research at DFO, and other freshwater-rearing
experiments for chinook and coho salmon (&scribed above), freshwater culture was selected as
the nethod with the highest Iikelihood of ensuring survival during full-term rearing of endangered
Redfish Lake sockeye salmon (see discussion below). However, there are numerous unanswered
questions regarding the role of seawater residence in overall fitness of both captive-reared fish and
their offspring.

To hel p answer these questions, Flagg and McAul ey (in press) conpared survival between
progeny of 1991- brood Lake \Wenat chee sockeye sal moncul turedful | -terminfreshwater and .
progeny of anadromous parents. In these experinents, about 300 1987-brood Lake Wenat chee
sockeye salmon were held full-termin fresh water at a NVFS facility. Survival to first spawning
was about 20% The first female fromthis group matured in fall 1991, and egg viability was 67%
(J. Mghell, NVFS, 2725 Mont|ake Bl vd E., Seattle, WA pers. commun. January 1991).

Per for mance of of fspring(1991- brood) of these 1987~brood fi shwas cl osel y moni t or ed
and conpar ed to of fspring of ocean-return fishof the same brood year. Survivalfor1991~brood
freshwater offspring fromhatch to smolting was about 90% conpared to about 85%for progeny
of parents that had mgrated to theocean (Flagg and McAul ey in press). There was no difference
insmoltification as measured by plasma thyroxine levels betwan the two treatments (W Dickhoff
and T. Flagg, unpubl. data, NVFS).

At smolting, fish were transferred to seawater net-pens at the NVFS Manchester facility.
Survival duringthe first 4 months of seawater residence averaged about 83%for the 1991- brood
freshwater of fspring replicates and 79%for the 199- br ood anadromous replicates. There was no
significant difference in survival between the twotreatnents(Flaggand M Aul ey inpress).
Results of this experiment suggested that full-term &water rearing of sockeye salnon captive
broodst ocks does not conproni se seawater adaptability of offspring. However, it should be
noted that these data are somewhat i nconcl usi ve because progeny of only one fenale held full-
termto maturity infreshwater were available for testing.

I'n an-ongoi ng sockeye sal non captive-rearing experinent conducted at the NVFS
Manchester facility, replicated groups of two year-classes of Lake Wenatchee stock sockeye
salnon are being held under the following conditions: 1) circular tankssuppliedw thpathogen-
free freshwater; 2) seawater net-pens; and 3) circular tanks supplied with punped, filtered, and
Wsterilized seawater (Flagg and McAul ey inpress, Flagget al. inprep.). Survival has been
docunent ed for experimental groups of 1990-brood Lake \Wenat chee sockeye sal non during 29
months of rearing, fro-mthe beginning of the experinent in My 1992 through spawning as 4-
year-old fish in fall 1994. Survival averaged about 25%in seawater net-pens, 35%in Seawater
tanks, and 32%in freshwater tanks.
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I nasecond edperinetn, groups of 1991-brood Lake Wenat chee sockeye sal monreared 20
months, from the beginning of the experiment in 1993 through the end of January 1995, averaged
about 26% survival in seawater net-pens, 71%in seawater tanks, and 93%in freshwater tanks.

Most mortality was attributed to BKD (Flagg and McAul ey inpress, Flagg et al. inprep.). This
data suggested that captive broodstocks cultured in filtered and Wsterilized seawater or fresh
spring water will survive at a higher rate conpared to sockeye salnon cultured in Seawater net-

pens.

Gowth was significantly greater for fishrearedin freshwatter than for those rearedin
either of the two seawater treatnents (Flagg and McAul ey inpress, Flagg et al. inprep.).
Approxi mat el y 15%of 1990- brood fishinthe freshwater replicates matured at’3 years of agein
|ate October 1993, but no fish matured in the seawater treatments in 1993. Femal e 1990- brood
sockeye sal mon, spawned fromfreshwater tank-reared replicates in 1993, averaged 41.5 cmin
l'ength and 0.87 kg in weight, and 1,359 eggs/ femal e (about 1,560 eggs/kg of female weight) in
fecundity. Eyed-egg survival for these eggs averaged only about 36%(Flagg and McAul ey in
press).

Most remai ni ng 1990- brood i n bot h freshwat er and seawat er mat ur ed as 4-year-old fishin
fall 1994 (Flagg et al. inprep.). In 1994, mature femle 199&brood sockeye sal mon fromthe
seawat er net-pen replicates averaged about ‘1.0 kg in weight and 1,852 eggs/female (about 1,869
eggs/kg of &male weight) in fecundity. Females fromthe seawater net-pen replicates averaged
about 1.6 kg in weight and 1,876 eggs/female (about 1,189 eggs/kg of female weight) in
fecundity. Females fro the freshwater tank replicates averaged about 2.2 kg in weight and 2,4%
egos/ &mal e (about 1,116 eggs/kg of female weight) in fecundity. Eyed-egg survival from1990-
brood Lake Wenat chee sockeye sal mon spawned in 1994 averaged about 50%fromthe seawat er
net-pen groups, 45%fromthe seawater tank groups, and 50%fromthe freshwater tank groups
spawned in 1994 (Flagg et al. in prep.).

The 35 to 50%eyedegg survival rates docunented by Flagg and McAul ey (in press) and
Flagg et al. (inprep.) were nuch lower than the 70 to 90%often seen fromsockeye sal mon adults
col lected FROMthe wild (Millan 1986, FLAGG et al. 1991). However, this rate was simlar to the
30-60% eyed egg survival (&scribed bel ow) observed by NVFS and | daho Departent of Fish
and Game (1 DFG for Redfish Lake sockeye sal mon captive broodstock spawned i n 1993 and
1994 (Flagg et al. in prep.; K Johnson, IDFG 1800 Trout Road, Eagle, ID. 83616. Pen.
common., Decenmber 1994). W are unsure of causes of these |ow egg-viability rates from
captive-d fish however, spawning techniques were ruled out. The eggs fromthese fish were
often palein color (Flagg and McAul ey in press; K Johnson, IDFG 1800 Trout Road, Eagle, ID.
83616. Pers. commun., December 1993), whereas wild sockeye sal mon eggs are normal |y bright
red. Diets may have influenced egg viablility in these studies since sockeye salmon are
pl anktivorous, whereas conmercial brood dietsarefornul atedfor piscivorous fish.

Currently there is only one set of captive broodstock to maintain threatened or endangered
species of sockeye salmon. Snake River sockeye salmon were listed as endangered under the
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ESAin 1991 (Wapl eset al . 1991a). Interinrecovery measures focus on protecting the |ast

known remants of this species: sockeye salmon that return to Redfish Lake in the Saw ooth.
Basin of Idaho. Because of the critically Iow population size of Redfish Lake sockeye salmon, the
interim recovery treasures are centered around a series of captive broodstocks to maintain the
species while habitat inprovements ate underway.

Between 1991 and 1994, captive broodstocks were initiated to preserve the Redfish Lake
sockeye sal mon (Fl agg 1993, Johnson 1993, Flagg et al. 1994, Flagg et al. in press, Haggg and
McAul eyinpress, Flagget al. inprep.). Sources for these broodstocks were outmgrating
juveniles and eggs fromadults returning to Redfish Lake. Eggs from returning adults were
divided between IDFG and NWFS hatcheries to reduce the risk of catastrophic loss. Full-term
freshwater rearing was chosen at both hatcheries, based on evidence which suggested that culture
in freshwater woul d ensure the highest survival (see above).

By the end of 1994, fish in four groups had successfully matured in captivity and survival
(including successfully spawned fish) rates averaged as follows: about 15% after 44 months of
rearingfor fishcapturedas juvenilesinspring 1991, 65%after 32 months of rearingfor fish
c-red as juveniles in spring 1992,38% after 20 months of rearing for fish captured as juveniles
in spring 1993.45% (15%for NVFS fish and 75%for IDFG fish) after 36 months of rearing the
progeny of fish that returned and were spawned in fall 1991, and 98% after 12 months of rearing
the progeny of fish that returned and were spawned in fall 1993. Mbst nmortality was ascribed to
normel attrition, standpipe failures, and BKD, however, other pathogens (e.g., Aeronounas sp.)
wer e al so noted (Fl agg 1993; Johnson 1993; Flagg et al . 1994; Fl agg and McAul ey in press; Flagg

et al. inprep.; K Johnson, IDFG 1800 Trout Road, Eagle, ID83616. Pers. commun., February
1995).

Fi sh captured as j uvenile outmgrants fromRedfish L& in spring 1991 were mostly
1989-brood yearlings and a few (about 15%of the popul ation remainé at that time) matured as
4-year-old fish in fall 1993. Twenty-four maturing adults (12 males and 12 femal es) fromthis
group were released into Redfish Lake in fall 1993 to spawn naturally. An additional 13 females

ver e spawned by | DFG  Fecundity averaged about 2,100 egg-, but egg viability was |ess
than 40% |

Thi's first spawning formthe captive broodstock produced about 10,000 sockeye sal mon
juveniles that were released into Redfish Lake in fall 1994, These fish were marked for eval uation
and are expected to outmgrate fromRedfish Lake in spring 1995. An additional eight females
fromthis group survived to 5 years of age and were spawned in fall 1994; egg viability averaged
about 30%for these fish. Progeny fromthe 1994 spawi ng of these fish will be released in

Redfish Lake in 1995 (K Johnson, IDFG 1800 Trout Road, Eagle, ID. 83616. Pers. commun.,
February 1995).

Progeny of the one femal e and three mal e sockeye sal non that returned to Redfish Lake in
1991 were expected to mature as 4-year-old fishinfall 1995. However, nost matured as 3-year-
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old fish in fall 1994. Survival of these fish was nuch higher at the IDFG hatchery than at the
NVFS hat chery (about 80 vs. 25%, where the primary cause of death was BKD. Femnal e 1991-
brood Redfish Lake sockeye salnon spawners at NMFS averaged 43.6 cmand 1.23 kg, while
mal e spawners averaged 45.7 cmand 1.44 kg. Fecundity averaged 1,644 eggs/female (about
1,142 eqggs/ kg of female weight) and egg viability averaged about 60%for the 1991- brood

femal es spawned by NVFS in 1994 (Flagg et al. in prep.). Fecundity averaged about 1,800
eggs/ femal e and egg viability averaged about 45%for the 1991-brood femal es spawned by | DFG
in 1994 (K. Johnson, IDFG 1800 Trout Road, Eagle, ID. 83616. Pers. commun., January
1995). -

Spawni ng of 1991-brood Redfish Lake sockeye sal mon captive broodstock by NVFS and
IDFG resul ted in approxi mtely 115,000 heal thy juveniles; these will be released in Redfish Lake
in 1995 (K. Johnson, IDFG 1800 Trout Road, Eagle, ID. 83616. Pers. commun., February
1995). W anticipate that thousands of fish fromthe Redfiih Lake captive broodstocks will
mature over the next few years and hundreds of thousands of progeny will be available for use in
recovery efforts to increase the odds of persistence for this endangered stock of fish.

Al'though Redfish Lake sockeye sal mon captive broodstocks are apparently “on the road
to success” at this tune, it should be cautioned that |ong-term success is uncertain. In addition to
the fish heal th and egg viability problens noted above, early mat& (male precocity) and
asynchronous maturation have been noted in the broodstocks (K. Johnson, IDFG 1800 Trout
Road, Eagle, ID. 83616. Pers. commun., February 1995). Research on physiol ogical
nutritional, and pathol ogical conponents of each of these “trouble areas” are required to refie
technol ogy for captive broodstock production of sockeye salnon.

Pink sal mon-Pink salmon are distinguished fé&n other Pacific salmon byseveral unique
life-history traits: 1) afix&2-year lift cyclefromegg fertilizationto adult maturation, the
shortest life cycle of all Pacific salnon; 2) average weight of only 1to 2.5 kg at maturity, the
smal | est of all Pacific sal mon; and 3)juveniles that mgratetoseawthinweeks after emergence
(Heard 1991). Pink salmon also are the least fecund of all Pacific salmon, normally averaging
1,200 to 1,900 eggs/female for wild fish, (Heard 1991). The inflexible life cycle characteristics of
this species my lint its captive broodstock rearing options. For instance, the fixed 2yea life
cyclelimts cross-generational matings except throughthe use of cryopreservation techniques.

In the 197Cs, several attenpts were made to rear pink salmon to mat&y in seawater net-
pens at the NVFS Man&ester facility. However, none of these trials were successful. One
hundred percent mortality (primarily due to vibriosis) occurred in hoth local and A askan pink |
sal non stocks transferred to seawater in accord- with natural lift history requirenents for this
species (i.e., soon after the swimup stage). Wen pink salmon were retained in fresh water for
up to 9 months prior to introduction to seawater, a few fish (3% survived nearly to maturity, but
al | fisheventually succunbed to BKD before ganetes were produced (W \éknitz, unpubl. data.
NMFS) . Mrtalities noted in these early rearing experinents were likely exacerbated by stress
associated with confinenent in net-pens during spring/sumer periods. The extrenely small
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mesh-si ze necessary to retain pink salmon fry produced high sea-, restricted flow and
l'ow di ssol ved oxygen |evels.

MacQuarrk et al. (1979) reported on rearing trials for pink sal non conducted at the DFO
West Vancouver Laboratory. Photoperiod was manipul ated during f&earinginanattenpt to
alter mturation timng.In an initial experiment, McQuarrie et al. (1979) reported that very little
mortality occurred during the 2 years of fish rearing. Mst males devel oped sexually, but fewer
than 50% of females in the normal photoperiod group, and much smaller percentages of fenales
inthe accel eratedor del ayed phot operiod groups, matured. Unfortunately, MacQuarrieetal .
(1979) did not provide details on survival or mturation of fish in this first experiment, except to
note that ova formall groups exhibited very high nortalities prior to hatching.

In a subsequent series of experiments MacQuarrie et al. (1979) rested groups of pink
salnon in seawater tanks. Several year classes of fish were reared under varying photoperiod
regimes and reacclimted to fresh (well) water before spawning. MacQuarrie et al. (1979)
reported that vibriosis was a maj or cause of nortality during early rearing for some groups of
1973-brood. MacQuarrie et al. (1979) didnot provide detailsonjuvenile-to-adult survival for the
1973-brood experimental groups except to note that survival rates were high.

Spawners fromthese groups were only about one-half the weight and produced about
one-hal f the eggs of wild fish. Survival to about 3 weeks post swimup ranged from5 to 74%
and averaged 32%f or progeny of 1973-brood spawners in these experiments. MacQuarrieetal .
(1979) indicated that hoth vibrio and BKD were major causes of mortality for the 1974-brood
experimental groups, and no fish were successful |y spawned.

Beachamand Mirray (1990, 1993) reported on two experinents to rear pink salmon to
maturity at the DFONanai mo Laboratory. In both the (1990 and 1993) studies, photoperiod was
mani pul ated during fish rearing. Beacham and Mirray (1990) indicated that in a treatment group
with two periods of declining day Iength, about 50%of males matured within the J5rarthstudy
period. However, no males natured in treatments having only one photoperiod of declining day
length. Inportantly, no fé&nés matured in the first study in any photoperiodtreatnent (Beacham
and Mirray 1990). In the second study, Beachamand Mirray (1993) indicated that an
accelerated photoperiod resulted in maturation of both males and females 6 months ahead of
nat ual | y- spawni ngpopul ations. I nt hi sstudy, al most al | survi vi ngnal esnaur ed, however, only.
about 3096 of the females matured. Egg fertility ranged from1 to 93% however, egg size was
onl'y about 509% of the weight of naturally spawned pink sal mon eggs. Survival tofry for eggs
fromcaptive-reared fish was about 75%(Beachamand Mirray 1993). Conpl ete i nformation on
fish survival during rearing was not presented for either study (Beachamand Mirray 1990, 1993).

Recently, researchers at the NVFS Auke Bay Laboratory have heen conducting studies
regarding captive rearing of pink salmon. In one study. both 1989- and 1990- brood were reared
to lo-15 g in freshwater and transferred to seawater net-pens for rearing to maturity. Survival
fromseawater transfer to maturation was about 50%for hoth year classes of fish. Fish density
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was kept at |ess than 8 kgfm?®, and vibriosis was described as the mejor heal th probl emduring
growout in seawater. Fish that matured were not spawned, therefore no information is available
concerning reproductive performance for these groups (J. Joyce, NVFS, Auke Bay Laboratory,
Juneau, AK. pers. commun. March 1195). I'n a subsequent experinent to rear 1989- and 1990-
brood pink salnon to maturity in the seapens, all-fish were lost to outbreaks of BKD (W Heard,
NMFS, Auke Bay Laboratory, Juneau, AK. pers conmun. March 1995).
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Husbandry Techni ques

Capt i ve broodst ock cul ture prograns i nvol vi ng t hreat ened and endanger ed nonsal noni d
fish species have had to overcone a basic lack of |ife-history information concerning rearing
preferences such as temperature, habitat, feedingrequirenents, growth rates, and spawning and
i ncubation needs (Rinne et al. 1986, Johnson and Jensen 1991, Brandt et al. 1993). Fortunately,
life-history paraneters and requirements for culture of most species of salnonids are known and
are applicable to captive broodstock programs. The hasic fish hushandry techniques enployed in
traditional salmonid hatchery fish management can be used for maintaining captive broodstocks,
at least during the early life-history stages (Davis 1967, MNeil and Bailey 1975, Leitritz and
Lewi s 1980, Piper et al. 1982, Stickney 1991).

Traditional hatcheries for anadromous Pacific salmon rear fish to smolt size, which
requires a maxinumrearing period of about 1.5 years (Piper et al. 1982). Since nost basic
juvenile rearing constraints have al ready been addressed over the course of salmon culture
devel opment (Moring 1986), they can theoretically be avoided in captive broodstock prograns.
However, full-term captive broodstock culture may extend the rearing period to maturity at 4-6
years, which enconpasses a period in salnonid life history for which cultural requirenents are
relativelyunknown(M ghel 11981, MAul ey 1983, Rinneet al. .1986).

Many previous attenpts to culture Pacific salmon to maturity have been unsuccessful or
have resultedinlowsurvival and poor ganete qual ity (Waknitz 1981; McAul ey 1983; Hatrell et
al. 1984,1985, 1987, Peterschmdt 1991). Likewise, attenpts to use artificial propagation to
suppl enent natural | y-spawning popul ations of Pacific salnon have often yeileed mxed results
(Moring 1986, MIler 1990, Cuenco et al. 1993). Accordingly, some modifications in standard
fish-cu turesyst ens and rearingt echni ques appear necessaryt oensur e reasonabl esur vi val i nfull=
termprotective culture. In the following sections, we describe some husbandry strategies that
deserve speci al considerationfor useincaptive broodst ock prograns.

ot mal 'y, captive broodstock culture methods should emulate natural lift-cycle events of
the wild fish. I'naddition, they shoul d produce of fspringthat areindistinguishable fromwldfish
with repect to appearce, physiology, behavior, and genetic diversity. Therefore, the potential
detrinental effectsof standard hatchery practices on captive broodstock and their of fspring must
be mnimd. Tonmtigate té&e effects, Kincaid (1993) suggested the fol | ow ng precautions:

(1) plant fish at the earliest possible life stage, (2) maintain fish at |ow rearing
densities during culture, (3) maintain high nunbers of brood fish (effective

popul ation nunbers), (4) equalize the genetic contribution of all parental fish to the
next generation. (5) capture brood fish from throughout the fishery and spawning
season, (6) spawn all mature adults available, and (7) avoid selection of brood fish
and progeny based on physical appearance and captive performnce.
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To this list, we woul d add that juveniles fromcaptive-bred fish should be reared under
conditions that mnic the natural rearing habitat. In one study, a substantial increase in survival to
mturity was gained by simulating the natural life history of a stock of fall chinook salnon in
culture, rather than applying standard rearing procedures for the species (Reimers 1979).

Qulture techniques that provide cover, substrate, and structure in the rearing container can
increase the post-release survival of fall chinook salmon through the freshwater mgratory
corridor by 4096 or more (Maynard et al. in press). Natural-type rearing techniques may reduce
domestication effects and provide hatchery-reared juveniles that are physiologically and
behavi oral I'y equival ent to natrual |y produced sal moni ds.

Hat chery \Wter Supply

It is essential that the water supplied to a captive broodstock facility be of the highest
quality. Restoration programs have often been aided by inprovements in water quality
1986). Beside being free of pollutants and toxins, water for captive broodstock facilities must be
highl'y oxygenated, at or below nitrogen saturation, and within the proper tenperature range for

sal oni ds. Pathogen-free water may be required at different life stages, especially during egg
I ncubat i on.

According to state (California, ldaho, Oregon, Washington, and Mntana) and federal
di seasepol i cies, eggs i nfectedwi thpat hogens, suchasinfectious hemat opoi etic necrosis and
infectiouspancreaticnecrosis, cannot benovedf r omt hespawni ng/incubationfacility
( PNWFHPC 1993). Therefore, captive broodstock facilities mst have the capabilitytothat at
leasta portion of the incomng water supply to prevent exposure to pathogens which m ght

prohibit the release of the progeny. For further &ails on diseases affectingcaptive broodstocks,
see Harrel|"s (1995) discussioninthis report.

Water for captive broodstock facilities shoul d be at or near saturation with dissol ved
oxygen (Do). Supplemental oxygen inproves both growh and survival and is beneficial to
overall fish health (Colt et al. 1991). VeIl water is oftenlowin DO requriring the addition of
suppl enent al oxygen. | f t he incoming water is below saturation, oxygen can be injected into the
water systemprior to delivery to the fish. It has been shown that in hatchery applications,
suppl ementation with commercial oxygen is nore effective at raising DO than with conventional
aerators, although it is also nore expensive (Speece 1980). The ability to add oxygen, for both
beneficial and emergency purposes, must be part of the captive broodstock hatchery design.

Mbst available water supplies in the Pacific Northwest fall within the range of suitable
tenperatures for salnonids. However, the ability to heat or chill the water supply adds a great
deal of flexibility to the captive broodstock facility and allows the operator some control over
growth and reproduction. For further details on factors affecting growth and reproductive
devel opment, see reviews by Swanson (1995) and Forster and Hardy (1995) in this report.
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Vater supersaturated with atmospheric gases i s not suitable for rearing sal monids
(Stickneyl991). Levels of total dissolved gas (TDG shoul d be kept bel ow 102%for eggs and
fry, and bel ow105%-for fingerlings (Oasl ey 1980). Potentai| sources of high TDG in the water
supply include dams, air leaks in the punping system elevated tenperatures, well-water, and
gravity-water intakes (Oasley 1980). Removal of excess TDGwith the use of packed-col um
degassers is sinple and economical (Onsley. 1980). Although production hatcheries do not often
test for TDG until a problemis suspected, it is essential that waterquality monitoring equi pment
be installed at captive broodstock facilities to reduce the risk of loss (Hendrix 1990). This
equi pment shoul d continuously nonitor water quality parameters such as flowand tenperature
and al & fish cultruists at work and at home ifparaneters deviate fromspecified [inmts.

Filtration and disinfection of incomng water should al so be considered in the &sign of a
captive broodstock facility. The primary rationale for disinfection is to provide a measure of
di sease control (Dupree 1980). Sterilization of all incomng water is probably nore amenable to
conservation facilities such as captive broodstock hatcheries, which tend to be small, than to
enhancenent facilities, which tend to be large (Dupree 1980). Filtration of the incomng water
will remove nulticellular pathogens, after which the water can be subjected to ultraviolet (W)
radiation, chlorination, or ozoni zationtokill singlecell organisms. Control of waterquality

paraneters can al so be increased with partial or conplete recycling systens (Losordo 1991,
Wheat on 1991).

Utraviolet radiation treatment of the water supply is recomended for a captive
broodstock facility. Chlorine and ozone, although effective sterilizing agents, nust be removed
before fish can he exposed to water, as they are hoth highly toxic even at small concentrations
(Dupree 1980, Hugueni n and Col t 1989). U traviol et radiationtreatnent, although somewhat
ineffective in turbid water, is nontoxic and therefore presentslower risk to the fish (Dupree 1980).
Additional information regarding water-quality criteria that can be applied to captive broodstock
facilities has been published by Laio (1971), Lai 0 and Mayo (1972), Wheatcm(|977), Piper et al.
(1982), Colt and Vtten (1988), and Petit (1990).

Broodstock Col | ection

Afundamental difference between traditional hatchery operations and captive broodstock
prograns involves the acquisition of adults. Hatcheries that release fish to enhance sport and
comrercial fisheries rely primarily on adults returning to the hatchery, or on eggs transferred
fromother facilities, to fufill their production needs. Hatchery fish may be the product of nany
generations of artificial selection. Captive broodstock facilities, whose goal it is to recover wild
- fish populations, will ideally use fish that have not been domesticated by hatchery operations. The
potential consequences of such selection are discussedin detail by Hard and Her shber ger (199s)
in this report.
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Captive broodstocks may be established by collecting sperm and eggs from mgrating
adults on or near the spawning grounds, or eggs fromredds, fry, or mgrating juveniles. In any
event, broodstock collections nust be made at or near the natal habitat to ensure that the target
stock is being consewed (Cuenco et al. 1993). Gentic advantages and di sadvantages of various
broodst ock col | ection methods are al so di scussed by Hard and Her shberger (1995) inthis report.

In some cases, ganetes can be taken without killing wild adults. For instance,
cryopreservation techniques al | owthe streamside collection of spermfromwild male fish, which
can be crossed with wild- or hatchery-reared females in the sane or subsequent years (Cloud et al.
1990). Likewi se, some eggs can be expressed fromwild femal e fish capuued on their spawning
grounds. The fish can then be released to contribute to the naturally-spawning popul ation.

Cryopreserved spermcan al so be storedfor use until assays for pat hosns have been
completed. This reduces the risk of vertical disease transmssion by avoiding the use of pathogen
positive males. However, inrecent experinents, theviabilityof eggsfertilizedwithcryopreserved
spermwas only 23%for steelhead (Cloud et al. 1990) and less than 3096 for sockeye salmon (K. -
Johnson, IDFG 1800 Trout Road, Eagle, ID. 83616. Pers. commun., June 1994). Therefore,
use of cryopreserved spermmght not be advantageous when the nunber of eggs available is
critically low

Regardless of the nethod chosen to source captive broodstock, it is essential that physical
handling of adult and juvenile fish be mnimzed. |ong-temholdingof captruedw | dadul t
salmon can often lead to significant nortality, especially when fish ate held to maturity in Seawater
(Johnstonand Mercer 1977, All ee 1981, McAul ey 1981, Wert hei mer 1984, Pet er schm dt 1991).
Wld fish are also more susceptible to stress than hatchery fish. For instance, in one study, wild
coho sal mon and chinook &nonexperienced greater stress during handling (as measured by
i ncreased bl ood cortisol |evel's) thantheir hatchery-reated cohorts (Sal on&and | wama 1993). In
addition, fish may experience increased susceptibility to disease after handling (Stickney 1983,
Pickering 1988).

Capture nethods that bind or encunber the fish should not be used. Preferred capture
methods are those that guide fish into watered boxes or fine-mesh pockets in se& offering fish
little opportunity to become overly excited or harmthenmsel ves. For instance, black vinyl tubes
have been used for water-to-water transport of individual adult Atlantic salmon froman upstream
mgrant trap to a hatchery in or& to reduce the amount of handling-induced fungal infection
(Hendrix 1990). In & é&n, the holding facility should be designed to prevent adult fish from
junping out or otherwise sustaining injury. For exanple. facilities used to hold Atlantic salnon
prior to spawning are designed to have at least 180 cmof freeboard (Hex& x 1990).

These types of extra precautions are increasingly inportant when handling groups of
endangered fish, even though the cost per unit capture nay be relatively high. For exanple, a
downstreammgrant trap with individual, protected fish-holding areas bel ow each of five incline-
plane traps was used to collect endangered sockeye salmon smolts exiting Redfish Lake, Idaho
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(Johnson 1993). Mortality of wild sockeye sal mon snolts due to collection procedure was | ess
than 7%

Carefu handling after capture, transport to the captive broodstock facility, and subsequent
individual PITtagging resulted in an additional 1.5%mortality of the approximtely |, 000 fish
captured during 2 years of trapping. Similar methcds were used to col lect upstreamm grating
adult sockeye sal monreturningto RedfishLake. Adults voluntarily entered a trap and were then
netted and transported to the captive broodstock facility, held, and spawned with no nortality
(Johnson 1993).

In another restoration prow, wld sockeye salmon adults were collected at a fish |adder
and transferred, using a water-to-water method, to net-pens in a mountain lake, where they were
held for several months until maturity (Flagg et al. 1990). Survival fromcapture to spawning in
the net-pen enclosure ranged fromabout 72 to 95%during the 5-year study, conpared to
survival's of 25% and less for sockeye salmon held to maturity in more traditional hatd&y
raceways and tanks (Millan 1986, Amos et al. 1989).

Ganmet e @l lecitonand Fertilization

Ganmet e col | ectionand fertilizationmethods for adult fishsourcedfor and produced from
captive broodstock prograns are simlar to those used in production salmon hatcheries, with the
exception that every-egg is valuable and wastage must be kept to a mninum Prespawning adults
shoul d be meintained in f&water, if possible. Attenpts to spawn salmonids directly from
seawater have generally resulted in lower egg viability than attenpts to’spawn salmon matured in
freshwater (Allee 1981, Stoss and Fager|und 1982, Lamet al . 1982, Wert hei mer 1984
Peterschmdt 1991).

In production facilities, ripe females are usually killed and eggs excised. However,
sometimes fish spawned in this manner are not fully mature and immature eggs are wasted. | N
captive broodstock progranms, which seek to produce as many progeny as possible, adult fish
shoul d be |ive-spad until alleggs have been removed )Leitritz and Lewi s 1980, Hendrix
1990) Since it may take several spawnings to retrieve all eggs, it is essential that handling stress
during spawning not result in mortality. Prior to spawning, fish should be anesthetized with an
approved chenical to reduce stress during spawning (S&nick et al. 1989). During spawnng, fish
shoul d not be hel dby the gills or other areas where injury and bl eedi ng any occur. Vessel designs
that reduce or soften collisions with the sides of the container (e.g., circular or sem-square tanks
or net-pens) arerecommended for holding valuable broodstocks.

Temperature and quality of holding water for adults can affect egg quality and survival of
progeny after spawning. For exanple. cutthroat trout adults reared in streamwater with
fluctuating tenperatures (2-10°C) produced significantly nore eyed eggs than adults reared in
constant tenperature spring water (10°C), even though water quality was essentially the sane.
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Eggs fromadults reared in spring-water were of poor quality and easily broken, while eggs of
adults reared in creek-water were of good quality (Smth et al. 1983). Simlar results have been
observed for Atlantic salnon, where eggs from prespawning adults held in fluctuating tenperature
water (8 to 12°C) had higher viability than eggs fromadults held in constant 10°C water (T.

Flagg, umpul . data, NVFS).

Neverthel ess, it may be desirable to use spring water to prevent exposure of maturing fish
to natural pathogens. In this case, the constant tenperature of spring water may be varied hy
using a heat exchanger placed in a natural creek to inpart a fluctuating tenperature profile to the
spring water. In the absence of creek water, heating or cooling by standard mechanical nethods
can provide suitable varied-tenperature incubation and rearing water for the captive broodstock.

Salmonids can be induced to spawn a year or more before normal by rearing themin water
warmer then they natural |y experience.|f some fishfromany given brood year atereared onan
accelerated growh profile, and others are not, gametes will be available in several seasons,
allowing for extensive inter-year crosses. with succeeding or previous brood years (Fow er and
Banks 1980, Banks and Fow er 1988). For exanple, after accel eratedrearingin12°Cwel| water,
chinook salmon matured and spawned a year earlier than normal. Many males matured as
precocious parr or jacks. However, there was no mererice in the size of mature adults between
accel erated and nonaccel erated groups (Banks and Fowl er 1988). Chinook salmon reared in
warmer, recycled well water grew faster and produced more adults than fish grown in cool er
recycled creek water (Fow er et al. 1980).

Spawni ng techniques to maximze genetic variability of the captive brood and mnim& the
incidence of disease are presented el sewhere in this report; see Hard and Hershberger (1995) and
Harrel | (1995) Additional information regarding spawning nmethods that can be applied to
captive broodstock programs has been published by Piper et al. (1982), Ingram (1988). Laired and
Needham (1988), and Flagg et al. (1990).

Egg and Juvenile Culture

Incubation systems presently used in production hatcheries have heen used for captive
broodst ocks, al t hough sone nodi fi cations may be beneficial . For instance, i ncubatorswitha
matrix substrate produced Atlantic salmon fry up to 45%Iarger than fryincubated in smoot h-
bottonmed units (Leon and Bonney 1979). These incubators were r ecommenededfor usein
programs to rehabilitate depleted stocks of Atlantic salnon. Incubation of eggs at |ow density
with substrate resulted in better survival, reduced yolk sac problens, and larger fry (Mrray and
Beacham 1986). In addition, darkened incubators produced heavier Atlantic salnon fry than
undar keded i ncubators (Mhell 1981). A conbination of cover and substrate resulted in higher
mean wei ght of coho sal mon alevins than with substrate al one (Fuss and Johnson 1988).

In recent years, a |ow volune, down-welling incubation system has heen used for
restoration efforts with Atlantic sal mon and sockeye salmon (Harrel | et al. 1984, Novotny et al.
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1985, Flagg et al. 1991). In this system the eggs of a single femle are incubated in isolated

contai ners, whi ch prevent horizontal transm ssionof diseaseto other f&nrgs as wel | as providing
a conveni ent means of maintaining distinct groups. Athoughegg densities of upto 10,000 eggs.
per Heath-type vertical incubator tray have been used in production salmon hatcheries (Fuss and
Seidel 1987), the objectivein captive broodstock programs is not tonaxi m zebi omass per unit
space, but tomaxim& overall survival at all [ife stages. Therefore, although no list of species-
speci fic maximumegg |oading densities were found in the literature, it would seemprudent to

i ncubat e val uable broodstocks at no nore than half the density currently used in production
facilities.

Care nust be taken not to exceed the proper incubation tenperature. At 10 to 11.5°C
chinook sal mon al evins experienced about 98%survival to swimup, wheras at 15°C, only 73%
survived to the swmup stage (Garling and Masterson 1985). A though preferred incubation
temperature varies with species (Brett 1952), keeping incubation tenperature bel ow 12°C shoul d
prevent thermal problens (Hemég 1982). Additional information regarding various incubation
techniques that can be applied to captive broodstock facilities has been published by Leitritz and
Lewi s (1980), Fuss and Seidel (1987), and Brannon (1991).

Standard sal moni d rearing techniques and diets (Leitritz and Lewi s 1980, F per et al.
1982, Stickney 1991) can be used for juvenile culture of salmonids. However, captive broodstock
facilities shoul d use rearing densities substantially |ower than those used in production hatcheries
(Stickmy 1991). Lower rearing density will reduce crowding, stress and alterations in natural
behavior (Cuenco et al. 1993). Rearing densities in captive broodstock prograns shoul d never he
allowed to become so high that constant attention must be exercised to prevent adverse density-
related effects. To ensure that rearing conditions will not become a determning factor in the
success of the captive brood effort, concentrations in the rearing vessels should be mich less than
the Density I ndex values presented by Piper et al. (1982).

Addt i onal information regarding various juvenile fish rearing techniques that can be
appl i edt o captive broodst ocks has been published by Leitriz and Lewi s (1980). Piper et al.
(1982), and Stickney (1991). If a supply of seawater is available to the captive broodstock
promthe &ion will have to be made whether to continue rearing juveniles full-termto
maturationinfret water, or tointroduce the fish to seawater when they undergo smolticiation
There are risks and benefits to each mode of rearing and each may require different husbandry
t echni ques(\Wakni tz1981).

Full-term Freshwater Rearing

Freshwater sites selected for full-termrearing of captive broodstocks should have access
to a pathogen-free water source. ater source considerations described under the hatchery water
section (above) can be applied to facilities dedicated to full-termfreshwater rearing of salmonids.
However. artesian well water is the preferred source for captive broodstock facilities. well water
is not only less Iikely to contain pathogens than surface water, but also normally has fewer
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suspended solids and debris than surface water, and-provides better flexibility for. tenperature
control (Brannon 1991). Full-termrearing to maturity in fresh well water was selected as having
the highest likelihood of ensuring survival during culture for endangered Redfish Lake sockeye
salmon (Flags 1993, Johnson 1993).

Several species of anadromous sal monids have been reared to maturity entirely in
freshwater with varying degrees of success. It has been shown that anadromous stocks of
Atlantic salmon and brown trout will mature when reared full-termin freshwater (Jarrams 1979).
However, egg fertilization was not as successful with freshwater-reared fish as it was in those hel d
to mturity in seawater (47%vs. 85%for Atlantic salmon and 62% vs. 70% for brown trout).

Coho sal mon, sockeye salnon, and chinook salmon have also been successfully reared to
mturity in freshwater; these are described (above) in the sections on captive broodstock
performance. There appeared to be no difference in health of Atlantic salmon fry from parents
reared in freshwater or seawater (Jarrams1979). In additoin, in a pilot study, there was no
difference in smoltification of sockeye salmon juveniles fromparents of anadromous fish
compared to those reared full-termto mturity infreshwater (W Dickhoff and T. Flagg, unpubl.
data, NVFS). Most data on performance of offspring from salnonids reared full-termto maturity
in freshwater is anecdotal. However, the presence of large populations of land-locked Pacific
salmonids in the Geat Lakes over the last three decades has clearly shown that saline waters are

not necessary for successful conpletionof thelifecyclefor hatchery-rearedor naturally-spawning
anadronous sal moni ds (Stewart and Ibarra 1991).

The potential problems associated with full-termfresh water rearing of salnmonids seemto
be less numerous than those related to seawater culture (see discussion of Seawater rearing,
below). In general, procedures established for rearing juvenile salnonids in f&water can be
applied to the smolt-to-adult phases and a well-devel oped technol ogy exists for freshwater
sal moni d culture. Large cul ture vessel s should be used for rearing fish to adult size. Stickney's
(1991) criteria of maxi mumdensities of 30 kg/m?® for conservation hatcheries seems too high,
especial lyforlargerfish: captive-brood chinook salmon held from smolt-to-adult in net-pens in

Puget Sound experienced anincrease in nortality whenever rearing density exceeded 5 kg/m® (W
\iakni tz, unpubl. data, NMFS).

\'¢ have recexrwemlat densities for f & ermrearingof endangered Redfi sh Lake
sockeye sal mon in f&8wat er be mintai ned between 2 to 8 kg/m® (Flagg 1993, Johnson 1993).
Additional information regarding freshwater rearing techniques that can be applied to captive
broodst ock programs has been contributed by, Davis (1970), Laio (1971), Laird and Needham
(1988), Leitritz and Lewi s (1980), Piper et al. (1982), Brannon (1991), and Stickney (1991).
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Seawat er Rearing

Several recent programs to restore depressed stocks of anadronous salmonids (e.g.,
Atlantic sal non, Snake River fall chinook sal mon, and Wite River spring chinook sal mon) have
reared fishtomturityin seawater net-pensinPuget Sound (Hanell et al. 1984, 1985, 1986;

Appl eby and |&own 1995, this report). In some years, growh and survival of these pen-reared
captive broodstocks was sufficient to produce more eggs than were available fromwild or ocean-
ranched cohorts. However, in other years a variety of factors reduced the total number of eggs
produced by captive broodstock to bel ow what would have been available if the fish had been |eft
inthewld (W Waknitz, unpubl. data, NVFS). Factors liniting captive broodstock survival in
seawat er i ncl uded osnoqul atory dysfunctionafter transfer toseawater, storms, harnful

encount ers wi t h phyt opl ankton, predation frombirds and mari ne mammals, poaching, and disease.

Exposing non- or partially-snolted salnonids to full-strength seawater can result in severe
nortal ity (Mahnken and Wakni t z 1979, Fol mar and Di ckhoff 1980, Fol mar et al. 1982, Mahnken
et al. 1982). Maintenance of juveniles (e.g., Atlantic salnon) at constant elevated tenperatures
can be detrinental to growth and survival after transfer to seawater (Dickhoff et al. 1989).
Procedures that alter the physiology of fish should be used with caution (Vedeneyer et al. 1980).
For exanple, it has been shown that rearing steelhead smolts in 13°C fresh water inhibited the
production of gill sodi um potassi uma&no&e tri grogdetase( ATPase), which presunably
conpronmi ses the ability of the fish to successfully osnoregul ate after exposure to seawater
(Zaugget al . 1972). Therefore, if the decisionis made to transfer or release captive broodstock in
the marine environment, it will be essential to employ rearing procedures which do not
compromise the ability of the fish to adapt to a saline environment.

Care nust be taken to reduce stress when handling fish, especially during transfer into
seawater. Handling of smolts prior totransfer to seawater can cause descaling, which may
pronat el oss of el ectrol ytesandincrease nortalityafter transfer (Bouck and Snith 1979).

Handling can also inhibit the production of-gill ATPase, reducing seawater adaptability (Zaugg
1982).

‘ In one study, fish dip-retted froma hatchery truck into full strength seawater using
standard hatchery methods of dewatering fish in the nets experienced a 3.5-times higher mortality
than fish transferred using a more time consuming, but | essstressfulvat er - t 0-wat er transfer
method (Flagg and Harrell 1990). Although stress-reducing procedures are usual |y not as
efficient as standard practices interns of fish noved per unit effort, the health of fishin a captive
broodst ock program must be weighed against tenporary convenience to the personnel.

The tiemof year when sal noni ds are i ntroduced t o seawat er can al so af f ecyt subsequent
survival. Atlantic salmon noved to seawater after the summer sol stice had difficulty adapting to
the saline environment (Mghel11981). Asinmilar situation was observed in chinook and coho
sal mon ( Mahnken and Wakui t z 1979, Mahnken et al . 1982, Martinand Vert hei nmer 1987).
Monitoring increases in both gill ATPase and plasma thyroid hormones, as well as-seawater
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chal I enge tests toascertain bl ood osmolality, are effective means of deterniningwhen sal moni ds
are best able to adapt to the seawater environment (\edemeyer et al. 1980, Clarke 1982,

Di ckhoff and Fol mar 1982, Zaugg et al. 1983). However, sonme of these methods may require the
sacrifice of up to 40 fish per month for 3 or 4 nonths to establish base-line profiles necessary to
detect therisesinphysiological paranmetersassociatedw thsnoltification.

Pre-seawater feeding of salt-enhanced diets is a practical, non-intrusive nethod to induce
an increase in gill ATPase activity, which will increase survival after introduction to the marine .
environment. Addition of about 7%dietary salt to the feed of Columbia River hatchery chinook
sal non several nonths prior to release resultedin a 65%greater adult return to the hatchery
conpared to non-salt fed cohorts (Zaugg et al. 1983). Asinilar diet i ncreaed survival of
chinook sal non (Zaugg et al . 1983) and Atlantic sal mon (T. Flagg and W Waknitz, unpubl. data,
NVFS) transferred directly to seawater net-pens. other studies have shown that addition of
dietary salt increased survival after seawater introduction for coho salmon (Zaugg and MlLain
1969), Atlantic salmon (Basulto 1979), and rainbow trout (Jackson 1977, Salman and Eddy
1990).

State-of -the-art, captive broodstock facilities shoul d be designed to supply both high-
qual ity seawater and fresh water to the site (Huguenin and Colt 1989). ‘Ihis arrangenent will
allow juvenile captive broodstock to be gradual Iy introduced to full strength seawater over a
period of days, a strategy that has been shown to increase survival. Progressive increases in
salinity over a 6-day period i nproved survival rate of brook trout over 3.5-times the rates of fish
introduced| essgradual |y (Pelletier andBesner 1992).

In addition, post-seawater transfer nortality of Atlantic salmon snolts was markedly
reduced by punping fresh water into a |-mdeep, vinyl-skirted net-pen. This forned a salinity
gradient of 4 to 25 ppt, and allowed fish to seek their prefer& salinity level (Ha&l et al. 1984).
In another study, yearling chinook salnon introduced to the same lens systemin the fall of the
year experienced 2.4%nortality after 7 days, while a control group placed directly into full-
strength seawater sustained 63.2%mortal ity during the same period (W Waknitz, unpubl. data,
NMFS).

Potential sites for seawater net-pen captive broodstock facilities ate restricted by several
factors, including susceptibility to damage fromwaves and debris, which can tear nets and lead to
the escape of fish (Edwards 1978, Kennedy 1978, Sedgwi ck 198.2, Laird and Needham1989).
However, turbulent waters will not usually preclude the establishment of a land-hased seawater
facility unless tidal fluctuations are so extreme as to prevent punps fromdelivering water
continuously (Huguenin and Colt 1989). Land-based facilities supplied with processed (punped,
filtered, and sterilized) seawater are preferred over open-environment net-pens for rearing
val uabl e broodstocks because of the control of water quality and security inherent to the |and-
based operation. Gowth andsurvival of salmonids are inproved when grown on environnental |y
control | ed, processed seawat er (Fl agg and McAul ey inpress, Flagget al. inprep.).
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Exposure to harmful phytoplankton can cause uncontrollable losses in salmonids
maintained in seawater, although the risk is substantially reduced when fish are held in [andbased
t ankfacilities suppliedwi t hf i | t eredseawat er. Net-pens, while far less costly than |and-based
structures, offer virtuallynoprotectionf or mplanktonbloons. For exanple, salmon facilities in
Europe, North Anerica, and Japan have occasional |y sustaned severe |osses as a result of
pl ankt on bl oons ( Saunders 1988, Rensel 1992).

I'naddition, arecent bl oomof atoxic dinoflagellateinPuget Sound caused extensive | 0ss
in a chinook salnon captive broodstock (Prentice 1990). In this case, over 500 4- and S-year-old
matwing Wite River spring chinook salmon were killed only weeks prior to their transfer to a
freshwat er hat&q for fina maturationand spawni ng (W Waknitz, unpul. data, NMFS). To
avoid fishkills dueto noxious phytoplankton, it isrecomended that val uabl e stocks be heldin
| and- based tanks suppliedw thfilteredsterilized seawater. Filters shoul d be capabl e of removi ng
particlesassmall as2mcronstoprevent phytoplankton fromenteringthe fishtanks (Huguenin
and Colt 1989).

An additional considerationinfavor of |and-based seawater captive broodstock facilitiesis
better protection from predators. Although net-pens can be covered to prevent damage from
predatory buds, they are especially vulnerable to attack formmarine manmals. For exanple, an
entire brood year of a depressed stock of chinook salmon was eliminated from marine net-pens
river ottersinasinglenight (L. Harrell, NVFS, P.Q Box 130, Manchester, WA 98353. pers.
conmmun. My 1994). In addition, large pinnip& can rip holes in nets, allowng the escape of
fishthat arenot killedoutright (W Waknitz, NMPS, pers. observation).

Human poachers can al so harmcaptive broodstocks. For example, in 1976, thieves
arrived by boat and stole or killed several hundred maturing Atlantic andchinook salmon
broodstock held in seawater net-pens at the NVFS Manchester facility (L. Harm& NVFS, P.Q
Box 130, Manchester, WA 98353, pes. conmun. May 1994). Asi resul t, the progaramwas set
back several years until the next available year classes were ready to spawn .

Land-based fresh and seawater captive broodstock facilities can be made almost
i npervious to aninal_predators, although no affordable design wll he 100%secure. . Encl osing
the entire facility in a building will deter most predators (animal and human) while providing an
environment that is convenient for control of water quality. Cover will alsosignificantly reduce
bio-foulinginthecaptivebroodstock facility whichdecreasesthe amount of cleaning necessary,
thereby reducing stress to the stock.

Additional information regarding seawater rearing nethods for anadromous salmonids in

captive broodstock programs has been contributed by Edwards (1978), Kennedy (1978),
Sedgwi ch (1982), laird and Needham(1988), and Spotte (1992).
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Rearing and Release of Cffspring from Captive Broodstocks

A primary objective of a capive broodstock programshoul d be to produce wild-Iike fish
capabl e of establishing self-perpetuating populations in natural habitats, instead of providing large
nunbers of fish to meet short-term harvest goals. The basic approach during rearing of juveniles
shoul d be to provide natural rearing conditions to ensure that fish for release are suited to the
natural environment (Cuenco 1993).

Rearing environment may affect startle reponse and aggressive behavior inhatchery
reared sal moni ds (Roadhouse et al. 1986, Ola et al. 1992). Therefor, changes in behavior
associated with artificial rearing of juvenile sal monids, which ate general |y nongregarious, nust he
ni'ni'mzed or avoi ded when the progeny of captive brood fish are destined for release. Sal moni ds
are known to seek conceal ment (Wodhead 1957, McCrinmon and Kwain 1966). However,
standard production-rearing techniques do not allow fish to choose between open and exposed
areas. Therefore, released fish may not i mmediately recognize that open areas in natural habitat
presnt nore dangers than covered areas or those containing structure.

Qulture techniques that provide cover, substrate, and structure in the rearing container
produce fish with natural cryptic coloration and fright responses, and higher post-release survival
than standard hatchery-med fish (Maynard et al. in press). These natural-type rearing
techni ques may reduce donesticatin effectsandproduce hat chery-reared juvenilesthat are
physiologi cally and behaviorally equivalent to their wild counterparts.Fish destined for release
shoul d be reared at |ow density; |owrearing densities conbined with high water-flowin the
hatchery, during rearing and in the receiving streamafter release, were the only factors that
correlated with ncrased survival of Atlantic salmoninarestorationproject inthe EasternU. S,

(Hr et al. 1979). Releases of juveniles or adults from captive broodstocks must be scaled to
the carrying capacity of the axea to be enhanced in order to reduce ecol ogical risks to the
popul at i onas awhol e. :
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Concl usi ons

At present, we regard the full-termculture to maturity of all species of Pacific salnon as
problematic: high fish mortality and low egg viability were noted for most species. Based on our
review we rate the ease of captive culture of Pacific salmon by species as follows: 1) coho
sal mon and steel head, 2) chinook salmon and sockeye salnon, and 3) pink salmon and chum
salmon. Ideally, fish should be reared at extremely low densities in the [argest rearing vessels
possi bl e. Captive broodstock facilities shoul d be equi pped with state-of-the-art monitoring,
al armand response systens to help ensure fish survival during emergencies. Miltiple facilities
pre recommended for each broodstock to reduce the risk of catastrophic |oss

Qveral | egg-to-adult survival for captive broodst ocks docuenmted inthis report was
general |y [ower than expected, normal |y never ranging upwards of 30% Viability foeggsfrom
captive-rear& spawners generally ranged 3040% In addition, size of caprive-reared fish was
generally slightly smaller than wild cohorts. Nevertheless, existing captive broodstocks for
sal non and trout have often contributed hte mgjority of ganetes available for recovery efforts. It
appears that agencies involved in recovery of other fish species (e.g., trout and desert fish) often

apply the pragmatic view that survival of fish in nature is often less than a few tenths of one
percent

Even a 30%survival in culture provides survival rates several orders-of-magnitude hi gher
than found in nature. However, for captive broodstocks to reach their full potential for recovery
efforts, exacting fish culture methods nust be developed that ensure that their offspring have the
same genetic, physiological, and behavioral makeup as their wild grandparents. It would seem
prudent for captive culture to mrror the natural life-cycle of the fish, whenever this is not possible
(e.q., full-termfreshwater rearing, accelerated growh and maturation, etc.), potential effects to
the broodstock and their offspring should be eval uated

Captive broodstocks can provide an egg-base to help “junp-start” a population and will
often be a preferred alternative for responsible resource managers, especially when popul ation
have reached critcally | ow nunbers and extinction is emnent. However, captive broodstocks
shoul d be always viewed as a short-termmeasure to aid in recovery: never as a substitute for
returning natual I'y spawning fish to the ecosystem

There is limted data regarding the effects of broodstock manipulations (e.g., sourcing
mating, rearing, &ding, and release strategies) on the health, physiology, or genetic stability of
the popul ation, or, most inportantly, on reproductive performace. Each of these areas of
concern will be discussed in depth in succeeding sections of this report. W caution that the |ack
of basic know edge of captive broodstock performance makes success uncertain.

As we have pointed out above, primry consideration should be to the fish themsel ves.

Qther avenues of restoration should be exhausted. and the fish facing emnent threat of extinction.
before experimental measures such as captive broodstocks are enployed. Nonetheless, in sone
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cases captive broodstocks may provide the only mechanismto prevent extinction of a stock and
my be undertaken regardless of prospects for immediate habitat inprovenent.

Ve conclude that captive broodstock technology for salmonids, although in its initial
devel opment stages, is sufficiently advanced to allow caré& captive rearing to proceed.
However, the husbandry nethodol ogy for full-termculture of Pacific salmon in captivity is poorly
devel oped and has not yet heen thoroughly evaluated and success of supplementation using
of fspring fromcaptive broodstock i s uncertain. Because t he benefits and risks have not been
determned through appropriate monitoring and evaluation, captive brood&k devel opment
shoul d be considered an experimental approach and used with caution., Releases from captive

broodst ocks nust be scaled to a level appropriate to reduce ecological risks to the population as a
whol e.
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Introduction

Quantitative genetics is one of the oldest fields in genetics, its origins predating even the
di scovery of Mendel's work at the turn of the century (Provine 1971). The quest to reconcile
i nheritance of quantitativecharacters (i.e., those with phenotypes that donot clearly fall into
discrete classes, hut instead are more or |ess continuously distributed) with Mendéan genetics

(Yule 1902, Fisher 1918) had a profound influence on the early development of hoth genetics and
bi ometrics.

The debate that arose after the turn of the century between the Mendelian and
Biometrician schools of genetics over the genetic basis of phenotypic variation produced a
nunber of inportant analytical tools, such as correlation and regression (Galton 1889, Pearson
1920) and the analysis of variance (Fisher 1918), as well as genetic techniques such as the
estimationof the “effective” nunber of genes contributingtoquantitativecharacters (Wight, in
Castle 1921) and the characterization of nutational effects (Helane 1927).

Quriously, however, the influence of quantitative genetics on evolutionary biology has
been sporadi ¢ over most of the last 60 years, asituationthat was not hel ped by the breakt hroughs
of modemnol ecul ar genetics in the1960s Quantitative gene&s evolved during nuch of this
century in the realm of animal and plant breeders primarily, and during this time the field
progressed sonewhat | ndgpandart|yof other areas in biology, including evol utionary genetics
(Lande 1988a). As a result, many devel opnents in quantitative genetics resulted from applied
research ained at measuring and predicting responsestoselectioninsonesticatedplantsand
animals (Lush 1945).

In the last 15-20 years, interest in quantitative genetics as a tool in evolutionary biology
has been revived. This interest has grown out of theoretical efforts to understnedt heconpl ex
evol utionary behavior of quantitative characters under mutation, mgratrin, genetic drift, and,
selection(e.g., Wight 1978; Lande 1976; ~ Turelli 1984; LynchandH || 1986; O ark
1987; Charlesworth 1990). Efforts to explain differences between short-term and long-term
reponses to sel ection have al so been a major focus of investigationin quantitative genetics
(Fal coner1989) .

Inthefaceof inportant devel opmensinmol ecul ar geneticsinthelast -30years, and
especi al Iy during the | ast de&de, quantitative genetics has renai nedthe mainstay of analysis for
quantitative traits. Many of these traits bear on issues in fish biology and conservation, such as
adaptation of patural populations to environnental variability, selection in cultured populations.

and t he geneti ¢ and phenotyp i divergence of natural and cul tured popul ations sharing recent
ancestry.

Quantitative genetics in fishery biology has been reviewed by Kirpichnikov (198 1 ),

G edrem(1983), Ki nghom(1983), and Tave (1993). These revi ews enphasededtherol e of
quantitative genetics in selective breeding prograns for economcally inportant fish species.
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Al though many of these prograns have involved sal monids, the focus of these reviews has been
primarily on the use of quantitative genetic methods to increase aguacultural production or
contribution to fisheries, both traditional purposes of artificial propagation.

The purpose of this review is to Sunmark current know edge in the area of quantitative
gentics related to the genetic consequences of captive culture programs for Pacific sal mon

(Oncorhynchas spp.), especial 'y captive broodst ock prograns, andtoidentifyissuesinthisareain
need of further research.

Although the focus of this reviewis on the quantitative genetic management of Pacific
sal mon popul ations, most of the enpirical work in quantitative genetics has involved plants and
aninal s with short generation times or of widespread economc inportance, primarily in
agriculture. Consequently, the literature reviewed here enconpasses a wide range of organi sns.
Neverthel ess, these studies-as well as the relatively few studies involving salnonids that do
exist-provide a foundation for developing future quantitative genetic research on Pacific salmon.

For this report, we outline prom nent quantitative genetic risks associated with captive
broodst ock programs, discuss the inportance of genetic monitoring for quantitative characters,
and introduce some hasic approaches to address these issues. The quantitative genetic
consequences of these programs can be grouped into three main categories: 1) loss of genetic
variability within a population resulting fromthe establishment of a captive broodstock, and the
inbreeding depression that may result; 2) g-tic change that may result fromnatural selection
(donestication) on captive fish in protective culture; and 3) genetic divergence of the captive fish

fromtheir natural source Population, and the consequences of genetic interactions between these
groups.
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Quantitative Genetic Approaches to Genetic Inference

The approach to genetic analysis of variation in quantitative characters is affected by three
commonaspect s of thesecharacters: 1) their phenotypi cexpresionis typically sensitive to
environmental variation (Fal comx 1989), 2) ingeneral, they donot fall intodiscretephenotypic
classes but instead exhibit continuous phenotypic distributions (for “threshold” characters, such as
disease resistance or mgratory tendency, they are thought to have an underlying distribution of
genetic effects that i s approximtely continuous; Fal coner 1%, 1989), and 3) they usual | y appear
to be under the control of several genes of generally unknown effect on the character (Wi ght
1968, Lande 1981)

Quantitative genetic investigations use statistical analyses of these characters to describe
the conposite behavior of the underlying genes. These analyses generally require an assunption
of Mendelian inheritance at constituent loci and small, independent effects of many genes on the
characters of interest (Bul nxr 1985). Wth this assunption, these anal yses use the phenot ypic
resenbl ance of individuals of known average relationship to permt inferences about the
inheritance and evol ution of quantitative characters, processes that are controlled by hidden -
variationin gemfrequencies and ef f ect s (Falconer 1989) . Through of t en&bor at e statistical
anal yses, observed patterns of means, variances, and covariances in a population, when combined

with appropriate breeding designs and statistical techniques, can be used to estimate the genetic
paraneters that determne the population's response to selection.

Unl'ike nost mol ecul ar genetic anal yses, which focus on traits controlled by a single gene
" or a fewma& genes, quantitative genetic analyses are generally incapable of detecting the effects
of individual genes on the expression of quantitative traits. &spitethislintation, itissignificant
that genticvariationnot detectabl ewithnolecul ar genetic anal yses may bereveal edwiththe
appropriate quantitative genetic tool. Thus, mol ecul ar and quantitative genetic techni ques det ect
different facets ofthe genome, a point worthremenbering when condidering diRerent techniques
forappl i cationstoprobl emsinconservati onbi ol ogy.

The quantitative genetic approach is fundamentally one of partitioning observed variation
into its genetic and environmental components. Because it does not focus on genes themselves,
but rather on composite genetic and environmental effects on the phenotype, the power of this
_approach to resolve the details of genetic architecture is limited. Quantitative genetic approaches
al e therrfore more synoptic ad | ess -tic than mleuclar genetic approaches.
Nevertheless, this quality of quantitative genetic analysis contributes to its suitability for
investigating patterns of adaptive evolution and conparing themin mations that occur over
broad envi ronnental or geographi ¢ gradients. Such anal yses are especial |y appropriate for
investigatin variationinlife-historytraits, whichareknow tobeinfluencedstrongly by both
genetic and environnental variation.

The rapi d devel opment of nolecul ar genetic techniques such as the analysis of restriction
fragment |ength pol ymorphi sms (RFLPs) might appear to offer an alternative to conventional
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quantitative genetics for assessing genetic variation, but these methods can at best provide only
part of the picture. For exanple, nolecular analyses like these amnot designed to detect the
effects of environnmental variation, or itsinteractionwth genotypic variation, onthe phenotype.
Interpreting nolecular genetic variation in terns of adaptive evolution is always problemtic
because the direct relationship between nol ecular variants and fitness differences is obscure
(Eanes 1987, Houl e 1989, Lewontin 1991, Avise 1994).

Quantitative genetic techniques also differ fromnolecular ones in that they are
prospective rather than retrospective (Ewens 1979): quantitative genetic approaches generally
focus on the potential evolutionary consequences of particular genetic states rather than on
describing the genetic states that have resulted from past evolution. Thus, quantitative genetics
can be useful for generating hypotheses for what the consequences of genetic change will be, at
least in the short term

Quantitative genetic approaches are not without potential problenms. Although it is
. relatively straightforward sinply to determine whether or not a character has a genetic basis
(Lawrence 1984, Crow 1986, Fal coner 1989), the estimation and interpretation of genetic
paraneters can be difficult and have sone linmitations. Mst paraneters that are estimted are
specific to the population and environnent in which they are measured. They are also sensitive to
the influence of mgration, nutation, selection, non-randommating, Ievel of inbreeding, genotype
by environment correlation or interaction, and ecological or social factors (Barker and Thomas
1987). In addition, quantitative genetic estimates are based on an assunption that the underlying
genes are unlinked structural genes, not modifiers.

Despite these limtations, quantitative genetic nethods are the tools of choice to analyze
the mechanisms of adaptive evolution. These methods are designed to measure the inheritance of
Me-history characters, to estimte their responses to evolutionary forces (mutation, gene flow,
genetic drift, and selection), and to identify the consequences of these responses for the
adaptation and divergence of populations. There are several of these nethods available to the
experimental quantitative geneticist, and they can be organizedintoafeq general categories
& inedbythire repectiveobjectives: 1) detem netheinheritanceof quantitative charactersand
thegexieticbasisoftheirphenotypicvaﬁation,_Z)idenﬁfymemodeofgeneaaionaffecﬁng/
phenot ypi ¢ expr essi onwi thi nand anong popul atins, 3) estimte the*effective” nunber of
under | yi ng genes, and 4) assess and predict the reponse toselection(andlinmtsto-thisreponse).
Al'l of these objectives and their co-g techniques have wel | - devel oped theoreti cal
foundations and are based on anal yzing patterns of observed variation within or among groups of
i ndi vi dual s of known rel atedness (Barton andludl i 1989).

Thus, quantitative genetics has applications to a wide variety of genetic problens. The
primary objectives of animl and plant breeders are to maxi mze a popul ation’s response to
selection in particular environnents and to estimte “breeding val ues” (Fal coner 1989) to predict
and enhance thi s reponse Evol utionary quantitative geneticistsanalyze phenotypci variation
within and anong natural popul ations, both to understand its genetic basis and describe the
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evol uti onar ymechanismst hat pr oducedi t Sobserved variation.Quant i t at i vegenet i cmethodshave
not yet been widely applied to the supplementation and conservation of natural populations, but
much of what is known from evolutionary genetics and from applied breeding may be useful in

i ncreasi ng the prospects f or success inthese efforts.

The Significance of Quantitative Cenetic Variation

Evol utionary geneticists recognize four primry agents that affect gene frequencies and,
hence, genetic variation: nutation, geneticdrift, geneflow and selection (Futayma 1986, Hart
and Clark 1989). Because the distribution and maintenance of g-tic variation within and anong
natural populationsis afundanental probl emi n evolutionary genetics, the effects of these agents -
on patterns of genetic variation have received a great deal of theoretical and empirical attention
(reviewed by Barton and Turelli 1989, Falconer 1989, Avise 1994). Traditional approaches to
characterizingt&e patterns of variation have concentrated on single-|ocus polymorphism -
(Lewontin1974, 1991)andhaveof t enneglectedquant i t at i vegenet i ¢ variation.Quant i tative
genet i ¢ variation differs f r omsi ngl e-| ocus pol ymor phi smin that adistribution of genotypic val ues
potentially exists at each locus; these values ate usually assumed to be normally distributed
(Kimura 1965, Lande 1976). Myj or changes i n observed variationthat affect adaptation are
thought to result largely from polygenic variation rat& than variation at single loci iwight 1968,
Lade ‘ 1981). For thisreason, Lande and Barrowclough(1987) arguedthat quantitative
charactersandthei r inheritance shoul d be consi der ed distimct f r omsi ngl e- | ocus characters (but see
Orr and Coyne 1992 f or a counterargument).

A common explanation for the observed maintenance of quantitative genetic variation in
populations is a balance between the "forces” of mutation and selection. A variety of models have
been advanced to describe the mechanism for this maintenance. Although these models take into
account the incidence of mautation, strength of selection, and distribution of alleles at each locus,
and assume polygenic inheritance (e.g., Lande 1976, Lynch 1984, Turelli 1984, Houle 1989), the
true situation is probably more complicated. For example, other factors affecting genetic
variation include phenotypic plasticity (Via and Lande 1985), frequericy-dependent selection,
spatial variation, and gene effects expressed through multiple characters (i.c., pleiotropy; Rose
1982). In addition, theoretical (Griffing 1960; Goodnight 1987, 1988; Lynch 1988; Gimelfarb
1989) and empirical (Wade and McCauley 1984, Bryant et-al. 1986, Carson and Wisotzkey 1989,
Cohan et al. 1989, Bryant and Meffert 1992, Hard et al. 1993) studies suggest that genetic
variation may be redistributed mto addmve genetic variation under certain conditions (e.g., sharp .
population bottlenecks).

The dynam cs of genetic variation are potentially mich nre complex for quantitative _
characters under selection because quantitative characters are affected by many more genes than
single-locus characters, whose dynamcs are thought to be affected primarily by genetic drift. The
consequences of neglecting quantitative genetics in the management or conservation of natural
popul ations are not clear, but Bentsen (1991 j has claimed that one possibility is that monitoring
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only the “qualitative" genetics of a popul ation may cause u&gable genetic change. For

exanple, if populations are differentiated only by allele frequencies and not by the distribution of

unique alleles, as is often the case anong anadronmous sal noni d popul ations, the use of a low
nunber of breeders thought to represent a population's “unique” genetic architecture may led to

a reduction in quantitative genetic variability, potentially eroding local adaptation.

Bentsen (1991) believed that the erosion of local adaptation in several Atlantic salmon
(Sal mo sé&r) popul ations coul d have resul ted fromrel ying sol el y onel ectrophoretic surveys for
monitoring genetic variability in the populations. Cther evidence suggests that it may be easier
tomaintainquantitativegeneticvariationthansingle-locusvariation(LandeandBarrowcl ough
v1987, Bryant and Meffert 1992). Unfortunately, littleexplicit guidanceis availablefor monitoring
sal mon popul ations to reduce genetic problens associated with interaction between hat&y and
wi ldfish(La&e and Barrowcl ough 1987, Hi ndar et al. 1991; but see Hard, in press).

On the whole, fishery genetic researchers ate not taking advantage of approaches being
devel oped by evol utionary quantitative geneticists. Mst fishery genetic work published to date
has dealt with es-g levels of genetic variation within and anong popul ations. Wile this
objective is inmportant, it ultinately prompts the question, What nmintains or erodes this variation?
Attenpts to answer this question are not only of basic evolutionary interest, but inpinge on issues
essential to informed management and conservation.
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A Review of Applications of Quantitative Genetics to Problems in Salmon Biology

The Components of Quantitative Variation

As explained above, quantitative genetics is used to address a variety of issues associated
with inheritance and evolution. These include the distribution of genetic variation within and
among populations and the consequences of mutation, gene flow, genetic drift, and selection for
this distribution. In order to familiarize the reader with concepts and terms used in our review of
empirical quantitative genetics, this section outlines a fundamental objective of quantitative -
genetics: characterizing the elements of phenotypic variation for quantitative traits. At its
simplest level, this objective requires partitioning phenotypic variation into genetic and
environmental components (Falconer 1989). For any quantitative trait, the relationship among
these components can be expressed in terms of variances as follows: '

V’- V00 V, (l)

where V, is the trait's phenotypic variance, V is its genotypic variance, and Vy is its
environmental variance. Thus, this relationship can be interpreted as the phenotypic variation
(i.c., measured or observed variation) in a trait that results from variation in both genotypes and
environmental factors. )

Based on what is known about each of these components, they can be further subdivided
to yield a more realistic equation. The genotypic variance can be dissected into three parts that
reflect three general types of gene expression:

Vd= VAoVD+ V’ (2)

where V, is the additive genetic variance, or variance due solely to the composite independent
effects of genes exclusive of net directional dominance and other effects; V), is the dominance
geneucvaname,ortlmtchntodommmeﬁ'ectswnﬂlmloci, and V, is the interaction (or
epmatnc) genetic variance, or that due to interactions among loci. This partitioning of genotypic
variance reflects the influences that these different categories ofallehcorgemcvanaum may have

on phenotypic expression.

Another term is usually added to Equation 1 to indicate the fact that genotypic and
environmental effects on the phenotype are often not independent. This term, Vg, reflects the
genotype-environment interaction that can contribute to local adaptation, and renders a more
realistic equation:

VP=VA’VD’VI'VE',,G£ ‘3)
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This equation is widely used in quantitative genetics and is applicable as long as genotypic and
environmental differences are uncorrelated (Falconer 1989).

Because noat quantitative characters may be under the control of many genes with small
phenot ypi ¢ effects, it istypicallyinpracticaltoidentifyeither thelocationor theeffect of
individual genes. Quantitative genetic techniques attenpt to characterize the conposite behavior
of aquantitative trait’s underlying genes by anal yzing two pieces of information: the statistical
behavior of the observed trait, and the relationship between the individuals examdd. The
el egance of quantitative genetics is that the inheritance and evolution (in the very short termé&
least) of such traits can be understood and, in principle, predicted with this information alone.

The basic metric used in quantitative gemics to depict the relative contribution of genetic
and environmental variation to a trait's phenotypein a population is heritability. The origin of this
termis unknown, but probably arose before Men&l (Bell 1977). It is currently used in one of
two ways: broad-sense or narrow sense. Broad-sense heritability (designated H?) is used to
estimate theratio of all "genetic" sources of variance (Vg) t0 Vp. These sources incl ude
dom nance, epistasis, and some speci ficenvironmental effects such as mternal and cytopl asmi ¢
effects (see Fal coner 1989). Narrow-sense heritability (designated h®)is used to estimate the ratio
of V, to Vg Both are ratios with scales form0 (no “genetic” variance) to 1 (no “environnental"
variance) (Figurel). Narrow sense ké&ability is a more x&able predictor of a trait’s short-term
evol utionary response than broad- sense heritability and, consequently, ismorew delyestimtedin
breeding programs. However, the broad-sense heritability is more appropriate when dealing with
asexual |y reproducing organisns, in which additive and non-additive sources of genetic variance

arc not separable, or in circunstances where it is not feasible to i npl enent breed& designs to
estimte h?

Avariety of methods exist to estinate h®and its anal og for determ ng the genetic
relationship between two traits, the additive genetic correlation, r,, (Fal coner 1989). Three basic
techni quesal e commonly uses: sib analysis, offspring-parentregression, and response to
selection. The first two techniques use the relationship among relatives. Wen estimted from
this relationship, the h®of atrait and the r, between two tits are ratios of covariances and
variances. For exanple, using a conventional half-sib analysis (see Fal coner 1989) 2 of trait xis
estimtedasfour timesthe ratiooft hephenotypiccovariance (cn anong half sibs (HS) to the
phenot ypi cvar i ance(var):

4 cov,(x)
h2=..__i‘(_ : )

var (x)

The coefficinet of 4 indicates the fact that half sibs have an average coefficient of relationship of
14 (i.e., share 1/4 of their genes).
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b = cov(xy)/var(x) = hZ (midparent)
= 202 (one parent)

Offspring

Figure 1. Graphical representation of estimating the heritability (h?) of a quantitative trait by
regressing offspring phenotypes on those of their parents. The relationship of the least-
squares linear regression coefficient b to h? depends on which parents are used in the
regression (Falconer 1989). The estimate of h? ranges from 0 (no genetic variance) to
1 (no environmental variance).

TTmrAbetweentrmtsxandynsﬂ:eranoofthenrcevananoetothesqummotofthepmductof
their variances:

cov L (xy)

-
4 ‘/varm(x) var . (¥) )

) Withoﬁfsping—pamntremsion,h’canbeestimawddimctlyfromﬂlc slope of the regression line
relating the trait in parents and offspring. If the regression is of offspring on midparent (parental
mean), the slope estimates h?; nf the regression is of offspring on one parent, the slope estimates
172(h%).



Interms of variances and covari ances, the equations for h? and r, using offspring-parent
regression are

Rt . cov ,(x)
" var #*) _ 6

and

cov (xy)
r

-
YooV xy) cov (xy)

)]

It shoul d be noted that if the phenotypic variancesin the two sexes are unequal, sone adj ust ments
to these equations are necessary (Fal coner 1989).

The other primary method of estimating h®and r, relies on phenotypic responses to an
applied anount of selection on a trait. This method is derived fromthe fact that the response of a
trait to a precise amount of selection, when expressed as a ratio, estimates its heritability. The
“real &" h% of trait x under selectionis estinated fromthe breeder’s equation (Fal coner 1989):

2 R
s (8

where Ris the change in the phenotypic mean of x after selection (the response) and Sis the
difference in the mean of x between the unselected and selected groups (the selection differential).
Figure 2 depicts graphically how real& h® is related to R S, and trait means.

The genetic correlation between traits x and y, when selection is inposed directly on
trait x, can be estimted fromthe equation

CR (y) var(x)

: 9
S(x) var (y) vh(x)h*(y): )

f“=

where CR(y) is the correlated phenotypic response intrait ytoselectionontrait x, andva (x) and
var (y) arethe phenotypic variances of thetwotraits (Fal concr 1989).
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slope = R/S = h2 \\

g .. ° \\
e o5 ® - s NN\
* +=\\2\

Figure 2. Graphical representation of truncation selection on a quantitative character and its
phenotypic response. p and p, are the respective trait means in parents and offspring
before selection, x, is the threshold for selection (the cross-hatched area represents
parental phenotypes allowed to contribute to the next generation, and p, is the
phenotypic mean of the selected parents). The selection differential is S = p-p. p, is
the phenotypic mean of the offspring of the selected parents, and the response to
selection (R) is p,. The realized h? of the trait is estimated from the slope of the
regression line, which for this one-generation case is R/S. Note that as h? increases, p
approaches p,.

The choice of technique depends on several factors, including the types of relatives that
can be analyzed, the number of individuals available for analysis, and practical limitations on the
design of the analysis. Each technique has peculiar strengths and limitations. More
comprehensive discussions of these and other methods are presented by Becker (1984) and
Falconer (1989). An introduction to some of the multivariate forms of these equations is
presented by Lande (1982b, 1988b).

- Heritabilities and genetic correlations are in principle simple to estimate, but they generally
have such large sampling errors that the experimental requirements necessary to quantify them
with reasonable precision can exceed the capacity of many facilities. Readers interested in-
experimental designs necessary to estimate these genetic parameters and their precision should
refer to Kempthome (1957), Klein et al. (1973), Klein (1974), Becker (1984), and Falconer
(1989).
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Estimtes of genetic parameters depend on gent frequencies as well as the environment in
which they ate mured, and, therefore, any particular estimate isaccurateonlyfor the
popul ation and en*nt fromwhich it is estimted. Additionally, selection over even just a
few generatins can alter &abilities (HII 1972, Sheridan 1988, Fal coner 1989). Nevertheless,
gspite the difficulties associated with estimting these genetic paraneters and the limtations of
inference based upon then, such estimates are the only nmeans to quantify with reasonabl e
preci siongeneticand environmental sources of variationandcovariaitonintraitsunder selection
In captive broodstock prograns.

Breedi ng Programs

Speci fic phenot ypi ¢ and genetic objectives--Gventhe inportance of quantitativetraits
and their analyses to plant and aninal breeding programs, it is not surprising that most genetic
research applied to fish has been directed toward aquacul tural production. The najor objective in
conducting aquaculturally oriented investigations has been to develop populations of fish that
express phenotypes or phenotypic traits |eading to increased production efficiency and
marketability. To accomplish this, 1) one to several traits are chosen such that their inprovenent
wll yield the maximumincrease in production or marketability, 2) genetic parameters for these
traits are estimated, and, based on the results, and 3) selection and breeding &signs are
i npl enented. While the details of such programs are often conplex (Shultz 1985), the overall
aimis to utilize available genetic variability to develop a population of fish with traits that enhance
aquacul tural production. _

Geneti ¢ and environnental conponents of trait varai on-Gowt h and &. Wth
ncreaes production as the basis for the research conducted, several salmonidtraits that
contribute to aquacultural production have received mgjor attention. Among the most prom nent
of these are growth and size. Gowth and body size are inportant to successful commercial
aquaculture and are relatively easy to neasure; consequently, the enphasis on these traits is not
surprising. Ingeneral, anal yses have shown that the genetic conponent defining size
characteristics (typically, length or weight) is of a magnitude that areasonable repsponse to
sel ecti oncanbe antici pated.

Many of t hese anal yses have been summari zed by G edrem(1983, Table 1) and Tave
(1993, Tables 4.1 and 4.5). Estimated heritability estimtes (h?) for weight or Iength range from
about 0.10 to about 0.90, depending on the species and popul ation from which the fish were
derived. I'nnost cases, h? for size measured earlyinthe lifecycleisfairlylarge (060 0.70) and
decreases as the fish ages and approaches maturity. This could suggest that the genetic
determnation of size during the early-part of the life cycle is Merent than that for later inthe life
cycle. On the other hand, some results may be due to breeding designs that do not permt
separation of mate@or common environmental effects fromadditive genetic effects. Research
has shown that maternal effects on size are dimnished at about 150 days after hatching in
sal moni ds (Kincaid 1972), al though i n some species, environnental |y i nduced size differences
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expressed early in life can be maintained throughout the life cycle, at least in captive culture
(Wohlfarth and Moav 1972).

Reproduction. The next area of quantitative genetic research that has received major
emphasis in salmonids is reproduction. Reseaxchonsalmomdtepmducnoncmbedmdedmto
two groups of traits: maturation and egg production.

A phenomenon that is relatively common among fish species is precocious maturation. In
Pacific salmon (Oncorhynchus spp.), precocious maturation is usually expressed in males, often
referred to as "jacks." With the onset of maturation, growth is halted, and consequently,
precocious maturation leads to the production of adult fish that are smaller (often dramatically)
than those maturing at older ages. Because of the small size and the deterioration in flesh quality
(i.e., decrease in red coloration and softening of texture) brought on by maturation, precociously
maturing fish are generally unmarketable and, from an aquaculture-production standpoint, result
in a loss of investment and resources. On the other hand, precocious male maturation may be a
valuable life-history trait for the viability of fish populations in the natural environment (Gross
1991). Thus, numerous studies have been conducted to attempt to identify the genetic and
environmental components responsible for this phenomenon, especially in salmonids.

Much of the research on sexual precocity has been focused on captive populations,
especially of Atlantic salmon, and the results have implicated both genetic and environmental
influences (Piggins 1974, Bailey et al. 1980, Glebe et al. 1980, Saunders 1986, Rowe and Thorpe
1990, Herbinger and Friars 1992). Although information for Pacific salmon is less complete,
results from captive populations have also shown that genetic or environmental factors or both
may be involved in determining the incidence of precocious male maturation (Garrison 1971,
Childs and Law 1972, Hager and Noble 1976, Bilton 1978, Hard et al. 1985, Heath et al. 1994).
In both Atlantic salmon (Thorpe et al. 1983) and coho salmon, (O. kisutch) (Iwamoto etal
1984), the incidence of male precocity in progeny sired by precocious males was 4 to 5 times
higher than that shown in progeny sired by non-precocious males. Yet other studies to estimate
the heritability of this trait have yiclded low values for rainbow trout, (O. mykiss) : g
(h? = 0.04-0.06), coho salmon (h* = 0.05), and Atlantic salmon (b = 0.07-0.25) (Gjerde 1986,
Silverstein and Hershberger 1992). Consequently, lowering the incidence of precocious males in
these species will require exacting selection and breeding procedures, which may be slow to yield
results. On the other hand, recent work with chinook salmon (O. tshawytscha), which generally
mature at any of a wider range of ages, has yiclded h? estimates of 0.30 to 0.50 for the same trait
(Heath et al..1994). Response to selection in this species should be somcwhat more rapid, at least
in some populations. h

In addition to genetic factors, some environmental factors have been shown to produce
precocious maturation in such diverse species as brook trout (Salvelinus fontinalis), Arctic charr
(S. alpinus), brown trout (Salmo trutta), rainbow trout (0. mykiss), and kokanee (O. nerka).
These factors include high feeding rate (Bagenal 1969, Kato 1975, McComnick and Naiman
1984) and high temperature (Saunders et al. 1983, Papst and Hopky 1984, Crandell and Gall
1993a).
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However, results fromother stud& are not in agreenent wth these conclusions.
| wanot o et-al. (1984) showed that high tenperature, while increasing the growh rate of coho
salmon, did not produce a higher percentage of early maturing fish. Gkbe et al. (1980) reported
little difference in the proportions of precocious male Atlantic salnon raised at ambient and high
tenperatures. Natvdal (1983) reported faster growh of rainbowin full-strength seawater thanin
bradi & water, but noted little difference in the mat&y schedule of male fish’ SimlarlySiitonen
(1986) found nore rapid growth of rainbow trout in brackish water than in fresh water, but a
lower proportion of mature f& in brackish water. It would appear that fish of different strains
have different capabilities for early maturation (Na&al 1983) and that environnental facotrsw ||
influence those fish in which sensitivity to external facto= is high.

I'naddition to precocious maturation, the genetic conponent for “normal” age at maturity
has been estimated for rainbow trout, Atlantic salmon' and chinook salnon. In rainbow trout and
Atlantic salmon' Gerde (1986) reported relatively high h? estimtes for age at maturity (0.20 to
0.37), based on data transforned to a continuous scale. The estimates reported for chinook
salmon were somewhat higher (0.4 to 0.6), although these results were obtained from selection
reponse cal cul ations (Hankin et al. 1993), which can differ substantially fromestimtes obtained
from sib analyses or parent-offspring regression.

Wt hi n-seasonvariationinspawningtimehasal sobeenanal ysed geneticallyinseveral
species of fish, and this trait has been found to be highly heritable (h? > 0.50) (Canpton and Gall
1988, Gall et al. 1988, Siitonen and Gall 1989, Cransell and Gall 1993a, Silverstein 1993). Thus,
it woul d appear that the age at spawning and the tinming of spawning within a season coul d both
change rather rapidly with selection.

(otaining large nunbers of high-quality eggs at the right time of year is inportant for
progr amm ngaquacul t urgproduction. In addition, egg size has been correlated with hatching
percentage in rainbow trout (Gall 1974), with growh between -4 nonths of age in that species
(Chevassus and Bl anc 1979, Springate and Bromage 1985), and with survival and growthin
chi nook sal mon (Fow er 1972). Hegabilities for egg weight, egg volume and egg nunber have
been e&mated for rainbow trout and Atlantic salmon (Gall 1975, Gall and Goss 1978, Haus
1984, Halseth 1984). THe values are all fairly high (h? = 0.19-0.52) and suggestthese traits coul d
bealteredrelativelyeasilybyselection. Infact, Gall and Huang (1988). devel oped asel ection
approachutilizingt heset r ai t sf or enhanci ngreproduct i veper f or mace in rainbow trout.

Di esase resistance. Another suite of traits inportant to aguaculture, although it has
received relatively [ittle attention, represents those involved in the inheritance of disease
resistance. (ne of the earliest reports of successful selection with salmonid species was that of
Enbody and Hayford (1925), in which they demonstrated increased resistance to furuncul osis
(Aer omonas sal moni ci da) i nbrooktrout. Subsequent genetic work on disease resistance has
involved a variety of approaches (Chevassus and Dorson 1990). although relatively little research
has enphasized the estimtion of h® and the potential for response to selection. In fact, the only
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other reported selection program to improve disease resistance in fish has involved infectious
dropsy (A. hydrophila) in common carp, (Cyprinus carpio) (Schaperclaus 1962, Ilyassov 1987).

Considerable data on salmonids have demonstrated differences between populations in
susceptibility to bacterial (Cipriano 1983; Wolf 1953; Ehlinger 1964, 1977; Snieszko et al. 1959;
Suzumoto et al. 1977; Gjedrem and Aulstad 1974; Refstic 1982; Beacham and Evelyn 1992a),
viral (Amend and Nelson 1977, Mclntyre and Amend 1978, Silim et al. 1982, Okamoto et al.
1987) and parasitic (Zinn et al. 1977) infections. Published estimates of genetic influence on
disease resistance range widely in magnitude. The heritability of resistance to bacterial kidney
disease, caused by Renibacterium salmoninarum infection, was estimated at 0.00-0.38 in chinook
salmon by Beacham and Evelyn (1992a).

However, Beacham and Evelyn (1992b) found that the heritability of mortality and time to
death in chinook salmon challenged with R. salmoninarum was not different from zero.
Heritabilities of these traits in coho and chum salmon (O. keta) were also low (Beacham and
Evelyn 1992b). The heritability of resistance to Vibrio anguillarum infection (vibriosis) was
estimated at 0.11 in Atlantic salmon (Gjedrem and Aulstad 1974) and 0.00-0.13 in chinook
salmon (Beacham and Evelyn 1992a,b), whereas the heritability of the same trait in chum salmon
was estimated at 0.5 (Smoker 1981).

On the other hand, the heritability of susceptibility to the causative agent for furunculosis
in Atlantic salmon was estimated at 0.48 (Gjedrem et al. 1991) and from 0.00 to 0.34 in chinook
salmon (Beacham and Evelyn 1992a,b). Measurement of resistance to viral hemorrhagic
septicemia (VHS) in rainbow trout yielded h? estimates of -0.10 to 0.30 (Kaastrup et al. 1991).
Assessment of tolerance to infectious hematopoietic necrosis (IHN) virus in sockeye salmon (O.
nerka) produced h? estimates of 0.27 to 0.38 (McIntyre and Amend 1978).

There are a number of reasons why the genetic basis of disease resistance and |
susceptibility has not received more attention (Chevassus and Dorson 1990). A major reason is
lack of understanding of the mechanisms fish employ to resist infection, the intecactions among
these mechanisms, and their relationship to fish mortality. For example, a pathogen may not
invade the fish because of a barrier or destructive effect presented by mucous, gastric, ounwstmal
secretions. Altematively, a pathogen may penctrate but be inactivated by spontaneous :
mechanisms such as bactericidal serum effect; macrophage, complement, or killer cells; or induced
mechanisms such ag interferon or antibody production.

These agents represent numerous means through which genetic variability could impact
disease resistance in fish. Refstie (1982) studied the develepinent of serum antibodies to V.
anguillarum in rainbow trout families after i immunization and calculated heritabilities of 0.15 to
0.25. However, low antibody titers and the consequent inability to identify large variations make
these estimates suspect. Genetic analysis of serum hemolytic activity in rainbow trout as a
measure of natural immunological defense revealed high h’ estimates of 0.34-0.96 (Rged et al.
1990). However, the relationship of this trait to disease resistance has not been clearly defined.
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Recent quantitative genetic Wrk onsusceptibilityof rainbowtrout tothemyxosporeanparasite
Cer ut onpz shust urweal edsever al si gni fi cant geneti cconponent si nvol vedi ntheexpr essi onof
susceptibility (Ibarra et al. 1994). F&r, it appeared that the nature of the genetic causal
component s differedwith time of exposure to the parasite.

As a consequence of this lack of basic information, there has been little progress on the

use of genetics for inproving disease resistance in fish. Instead, reliance on the use of antibiotic
treatment and immunization to address disease problenms continues.

Body composition and flesh quality. A final set of traits that has direct application to
sal noni d aquacul ture is that dealing withbody conposition and flesh quality. A nunber of
studi es have been conducted to estimte the genetic deternmination of the quantity of various
bi ochemi cal conpounds (e.g., proteins and lipids) inthe flesh. Estimates based on proximate
analyses of proteins, lipids, and noisture in the flesh of rainbow trout and coho salnmon have
yiel ded relatively low hedabilities (CO 10) for percent protein and somewhat higher val ues
(0.14-0.47) for percent |ipidand percent noisture (G erde and Schaeffer 1989, | wanot o et al .
1990).

Another quality that is inportant to the narketability of cultured salmon and trout is flesh
color. Cenetic analyses of flesh color in rainbowtrout and coho salnon have yielded h* estimates
that woul d suggest arelatively rapidresponsetoselection(0.27and0.30, respectively; Gerde
and Schaeffer 1989, Iwamoto et al. 1990). Wrk with chinook sal mon suggested the possibility
of arather sinple genetic systemdefining whether or not the flesh contained red col oration
(Wthlerl986). Hard (1986) observed both strong genetic and envi ronnental effects on flesh
pi gment col oration in chinook sal mon reared in seawater netpens. The genetic basis of
pignentation intensity in this species i s unknown but is probably polygenic. Research on Atlantic
sal mon yi el ded | ow h* estimates (0.01) for met color scores (Gerde and G edrem194Q
suggesting that little change in the flesh coloration could be achieved in this species through
sel ection.

Lifehistory. Inadditiontowork on performance traits that are of direct consequence to
aquacul ture production, a number of studies have been conducted to estimate genetic parameters
ontraitsthat couldbeterned “adaptive” (Table 4.1, Tave 1993). These incluck such
characteristicsasi ncubat i onper f or mance, earlydevel opnent traits, survival, andbehavior.
Wthout going into detail on each of these traits, there! are two generalizations that can be nade
fromthe data obtained fromstudies on sal nonids.

First, traits associated withincubation, hatching, and early devel opnent exhibit a wide
range of genetic underpinnings. Analyses of hatching rate (MlIntyre and Blanc 1973, Beacham
1988, Sato and Mori kawa 1982) and hatching tine (Sat0 1980, Sata and Mori kawa 1982) have
yielded relatively high hedabilities. On the other hand, nost traits associated with survival during
early devel opment exhibit rather |owher&abilities (< 0.20) (Kanis et al. 1976, Robison and
Luenpert 1984, Wthé& et al. 1987, Sato and Mori kawa 1982, Beacham1988). In addition, nost
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alevin and fry body traits (e.g., yolk weight, alevin weight and length, and fry weight and length)
exhibit relatively low heritabilities (Withler et al. 1987, Beacham 1988). Since the early survival
and physical characteristics of alevins and fry have been shown to be strongly influenced by the
physical characteristics of the eggs (Fowler 1972, Gall 1974, Chevassus and Blanc 1979,
Springate and Bromage 1985), a large amount of additive genetic variability (expressed by a high
h?) should not be expected for traits measured during early development.

In fact, Beacham (1988) concluded from his results that increased survival rates for the
embryos and alevins would be more readily obtained by providing suitable environments than by
selection or crossbreeding. By contrast, Withler et al. (1987) detected genetic variability in cardy
developmental traits among three strains of chinook salmon; for example, h? estimates for survival
of uneyed eggs varied from 0.0 to 0.21 among the strains. Additional investigations are needed to
better define the contribution of genetics to phenotypic expression during early development.

Second, where genetic analyses have been conducted over different environmental
conditions there appeared to be a fairly strong interaction between genotype and environment.
Beacham (1988) identified the genetic determinants of early developmental traits in pink (O.
gorbuscha) and chum salmon under three different temperature regimes (3°, 8°, and 16°C) and
found that heritabilities varied in different ways with temperature. For example, the h? estimate
for alevin tissue weight varied from 0.06 at 3°C to 0.45 at 16°C, while the h? estimate for hatching
time was highest at 3°C (0.52) and lowest at 8°C (0.30). Studies of hatching time in steelhead (O.
mykiss) demonstrated that the h’ estimate differed depending on the type of container in which
eggs were incubated (McIntyre and Blanc 1973). In addition, although the results vary, there may
be greater additive genetic variance (i.c., higher h?) for traits associated with survival when
salmonids are raised under adverse conditions. 'Assessment of brown trout egg survival in acidic
watershowedh’esmnatesof027t0033(Edwardsandeedlem1979) Estimates of h? for
sunwalofAﬂamcsahnonmacndlcwatervanedwm)thelengthofexposum bmwemmlauvely
high (0.29 to 0.72; Schom 1986).

Inbreeding and inbreeding depression. Inbreeding and inbreeding depression have been
topics of considerable concem to fishery geneticists. Inbreeding can be defined as the mating of
individuals more closely related to each other than to individuals chosen at random from the
population (Wright 1978, Gall 1987). Related individuals have one or more common ancestors
and, therefore, may have received one or more identical genes. The measure of inbreeding, -
dummdthenbreedmgooeﬁcm(F),lsdlcptobabnlnythattwoallelmatacomonlocusare
identical copies of an ancestral allele (Falconer 1989). Inbreeding can occur in populations cither
as a directed or a random process, and it can occur in large or small groups of animals. The basic
impact of inbreeding on the genetic constitution of a population is an altered distribution of
genotypes toward fewer heterozygotes and more homozygotes. This distribution leads to the
"unmasking” of deleterious recessive alleles and reduces the frequency of genotypes expressing
codominance and overdominance.
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Often, the result of increased inbreeding is a decrease in mean phenotypic value of one or
more traits with respect to fitness, a phenomenon known as inbreedijg depression. |nbreeding
depressi on s comonl y neasur ed by conparing t he aver age phenot ypi ¢ val ues bet ween an i nbr ed
popul ation ad the base population fromwhich it was derived (Gall 1987). The traits often nost
strongly affected by inbreeding are those connected with reproductive capacity (e.g., fecundity,
eqg size, hat&ability) or physiological efficiency (e.g., growhrate, feed conversion efficiency,
survival )(Fal co~r1989).

I'ngeneral, inbreeding depressiontens toincreasein proportion to the inbreeding
coefficient during the early stages of inbreeding. However, as Kincaid (1983) pointed out, when
the inpacts of inbreeding on viaility and survival traits become severe enough to result in the
actual [oss of inbred |ines, the relationship between inbreeding depression and the inbreeding
coefficient is often unpredictable.

Because the exact |evel of inbreednginapopulatinis usually inpossibleto nmeage,
inbreedinginpracticeismeasuredrelativetotheinitial level inthesourcepopul ation(or assuned
tobeinitiallyzero; Lande and Barrowcl ough 1987). Amaj or probl emwheninvestigati
inbreeding and its effects in populations of fish is that information on the breeding history is
general | yiadequateto& ermkeventheinitial |evel of i nbreedi ngGeneaogi esaterarely
knownfor fishpopulatins. This preclucks the use of pedigrees for calculation of inbreeding
coefficients (Gall 1987), which requites definition of the relationship of individuals over
generations and the ability to follow and anal yze a pathway of inheritance (Wight 1969).
Gnsequent |y, estimates of inbreeding are most often based on the nunber of breeding individuals
in the population. The generalized formaul for making this calculationwth arandommating
popul ation is

AF:—E . (10)

where AF is the expected increase in the inbreeding coefficient per generation and N is the
nunber of individuals that mate to produce the next generaé

Under non-ideal conditions (e.g., non-random mating, different nunbers of each sex, or
greater than binomal variation in famly size) the “effective” nunber of individuals contributing to
subsequent generations can be substantialy |ower than the census number. This effective nunber
of breeding individuals (NJ can be estimted by several methods (Fal coner 1989) and is
substituted for N in the above equation to determne the rate of increase in inbreeding. The ngjor
probl emwith this approach to cal culation of the inbreeding coeffkient is that the estimtes of
inbreeding are highly sensitive to departure fromnon-ideal conditions, especially variation in
famly size. Consequently, values estimated by this procedure yield overestimtes of the actual
inbreeding rate after the fit generation, and the overestimtion increases as the effective
popul ation size decreases.
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Additional factors that complicate accurate estimation of inbreeding include overlapping
generations and nonrandom mating (as well as mutation, gene flow, and selection). Also,
estimates using population size (N or N,) yield an average rate of inbreeding over the population
and do not provide information on individual fish. Finally, these estimates depend on the
assumptions that population size is stable between generations and that mating is random.

Nevertheless, in the absence of records on breeding practices and pedigrees, this method
of approximation provides a valuable estimate of the rate that inbreeding accumulates in a
population. The calculated AF value for each generation can be added to the inbreeding
coefficient of the previous generation to obtain an estimate of the current level of inbreeding
(Falconer 1989). Falconer (1989) discusses this topic in detail and provides alternative formulae
for estimating levels of inbreeding when population size or family size vary or when generations

Results from studies on the effects of inbreeding in fish have shown that increasing the
level of inbreeding in a population yields reduced performance in a variety of traits. The
equivalent of one generation of brother-sister mating (i.e., full-sib mating; AF = 0.25) led to an
increase in the occurrence of fry deformities in rainbow trout (Aulstad and Kittelson 1971).
Results from this same level of inbreeding in brook trout demonstrated a decrease in body weight
of 27.7% after 7 months and 34.4% after 19 months (Coopeér 1961).

" Longer-term studies have permitted estimates of changes in traits with increased _
inbreeding. Bridges (1973) reported depression estimates of 5.1% in fish weight and 0.4% in
formalin tolerance at 150 days of age in rainbow trout with each 10% increase in inbreeding.
Gjerde et al. (1983) reported that three generations of inbreeding in rainbow trout led to increases
of 2.5% in eyed egg mortality, 1.9% in alevin mortality, and 3.2% in fry mortality. They also
found decreases of 3.0% in fingerling growth and 5.1% in growth to 18 months in seawater per
10% increase in inbreeding. One problem with these results is that increases in inbreeding were
achieved by use of sequential generations, which necessitates comparing data on trait performance
over environmental conditions that are not exactly comparable. 'l'lusmethodnmqectserrorm
the estimates of inbreeding depression that is difficult to quantify.

To address this problem, Kincaid (1976a,b) designed an experiment that allowed
comparisons between rainbow trout families with different levels of inbreeding, as well as
comparisons between related but outbred families, in a single year. Analyses of the phenotypic
values for a number of traits expressed with the equivalent of one and two generations of full-sib
matings (AF = 0.25 and 0.375, respectively) revealed that inbreeding depression increased with
_ the level of inbreeding. ‘At inbreeding coefficients of 0.25 and 0.375, respectively, fry deformities
increased 37.6% and 191% over outbred levels. Also, feed conversion efficiency decreased by
5.6% and 14.9%, fry survival declined by 19.0% and 29.7%, and fish weight at 147 days and 364
days of age decreased by 11.0% and 13.4% (AF = 0.25) and 23.2% and 33.5% (AF = 0.375).
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Subsequent work using this sane design to investigate field performance and later growth
and reproductive traits revealed | ower fishery recovery with inbred groups, resulting from | ower
rates of survival and growth (Kincaid 1983). Additionally, the total weight of eggs produced
decreased with increased |evels of inbreeding, probably resulting fromthe snaller size of inbred
femal es. Lower performance in the natural environment Was al so shown in Atlantic sal non by
| ower recapture frequencies for menbers of inbred famlies (Ryman 1970). Thus, inbreed@can
impact all phases of the [ife cycle and the deleterious effects appear to be, to a large degree, |inear
withincreases in the level of inbreeding..

There are several precautions that need to be considered when deal ing with inbreeding and
its phenotypic effect, especially on animals with little or no history of domestication. First,
acurate prediction of the response of a particular trait to increased |evels of inbreeding may not
be possible. For most quantitative traits, little is known about the number of genes that define the
traits, the frequencies of these genes in the population, or the relationships between the structure
(e.g., linkedvs. i ndependentyl y segregating) and expression(e.g., additiviyt vs. dom nance) of
these genes. Sinceinbreedingaffectsthegenotypicdistributiowthinthepopulation, the
frequency, arrangenent, association, and interaction of genes determning a trait are all critical-to
any changeinn expression. Inaddition, environnental factorsplayana orrdein
expression of quantitative traits and may act to “buffer” otherw se negative changes in genotypic
distribution.

second, fishpopulationswithlittle history of domestication coul d exhibit stronger
reponses to increased |evels of inbreeding (i.e., inbreeding depression) than those with sone
hi storyof control | edbreeding. ONe predictable result fromincreased | evel s-of inbreed@is the
unmaski ng of del eterious recessive allelesviaincreased honmozygosity andthe potential for
elimnation of these alleles fromthe population. The unmasking and elimination of these alleles
may h&e fewer opportuniteis to occur under natural circumstances and, thus, inbreeding
depression |evel s may be somewhat higher as an initial reponse to anincrease in inbreeding.

Final l'y, changes inthe phenotypic expressionof atrait withincreaedl evels of inbreeding
art a consequence of a nunber of genetic factors. Perhaps the nost inportant to consider is
selection, although other el ements (e.g., migration, mitation, drift) may play a role. A though
natural selectionactstoelimnate theless fit genotypes produced by inbreed&it may not be
sufficient to offset inbreeding depression. However, a change in selection pressures, such as
mght be expected in the in& phases of domestication, can counteract the effects of inbreeding
and result in weaker inbreeding depression. There is some evidence for this effect in domesticated
ani mal s (Fal coner 1989). These consi derations|eadtothe conch& onthat assessment of the
effects of inbreeding nust be approached very carefully and with an appropriate experinental
design (Gall 1987). '
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Wility and Reliability of Genetic Estimates

Inattenpting to interpret these da@it nust be remembered that heritability is calculated
as a proportion of the total phenotypci variance and that its magnitude for a specific trait in a
specificpopu aionw || bestronglyinfluencedbynongeneticvat\Wn. Alendorfetal.(1987)
pointed out that while fish species denonstrate al a& amount of phenotypic variation (as
neasur edby coefficientof vari ation), conparisonof heritability estimtes for simlartraits with
other ani mal species reveals smaller values in general. “Ibis could be explained by greater fish
susceptibility or responsiveness toenvironmental factorsmedi at dby1) poikil otherny, 2)
indeterninate growth, and 3) flexibility of age and size at sexual maturatuon.

Estinationof environnental influence on quantitative traits canbe achieved from results
of studies anal yzing t he magni t ude of genotype-environment interactions. These interactions can
be defined as the consistent variation in *notypic expression of specific genotypes under
different emnmonmmts. Theseinteractionsareusuallyestinatedbyanalyzingthe phcnotypic
reponseof organi sms with the same or simlargenotype under different environnmen@
condi tions.

For exanpl e, Donal d and Anderson (1982) found that 72%of the total variation in weight
of 2-year-old rainbowtrout froma strain stocked in nountain |akes could be attributed to
stocking density and overal | productivity of food organisnms, i.e., environnental variation. In
another study, Ayles and Baker (1983) determned that growth differences anong rainbow trout
strains stocked in central Canadian | akes were primrily due to |ake-t&&e variability.Under
morecontrol ledcul tureconditions, Atlanticsal monstrain(genetic) differencesaccountedfor only
6.4%and 7.0%of the total phenotypic variance in body weight and body |ength, respectively
(G erde andGjedrem1984) .

Inaddition, G er&(1986) foundlargevariationin percnet i mmaturefishinconparisons
between fish from the same full-sib families (families of fish sharing the same parents) reared on
different fish farms, fish from different year classes reared on the same farm, and full-sib fish
reared in different cages on the same faom. Further, in analyses of results from rainbow trout
grownunder vari ous combi nati onsof density andfeedi ngregimes, environnental factors
accounted for more&an 40%of the total variance in weight (1wanoto et al. 1986).
consequently, it iscritica thet enviromental factors be estinated wen atenpting tointerpret
quantitative genetic influence on *typic variation.

How satisfactorily h* estimtes explain the genetic component of phenotypic variation for
atrait can be determinedonl y through a directed sel ection programthat assessesthe magnitude of
actual response. ‘There have been few reports on directed selection programs of sufficient length
totest the predictions of quantitative genetic analyses with fish (Hershberger 1993). Those that
have been conducted beyond one or two generations have denonstrated the efficacy of selection
prograns to develop strains of fish with inmproved aquaculture characteristics.
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Probably the most extensive program with this purpose is in Norway, where stocks of
Atlantic salnon are being devel oped for aquaculture in marine net pens (G edremet al. 1987).
“I'here are also programs in Israel and Hungary for the devel opment of carp stocks for pond
searing ( Mpav and Wh! farth 1966, Bakes 1976). Inthe United States, several prograns have
been conducted with salnonids that have applications to various sectors of the aguaculture
industry (Donal dson and O'son 1957, Gall and Goss 1978, Hershberger et al. 1990). Results in
al| of these studi es have demonstratedthat sel ectioncanhave maj or effectson phenotypictraitsin
fish, although not all studies were based on prior quantitative genetic analyses or had appropriate
experinmental designs for estimation of gentic influence.

Wier e sel ection programs with fish have been conducted based on a priori genetic
heritabilityestimites, therealized estinateshave general |y corroborated estimates mde before
initiating selection (see Sheridan 1988 for counterexanples from other donesticated organisns).
For exanple, prograns conducted to increase size-related traits in salnonids have shown that h?
estinates are adequate predictors of the gains that can be realized (G edremet al. 1987,

Her shberger et al. 1990). Not surprisingly, however, work with other fish has demonstrated that
the results are dependent on the species and strain being analyzed and tested.

Study of the common carp has denonstrated an asymetrical response to selection (Mav
andVehl fat h1976): no response was real & in selection for larger fish, but a response was
apparent when selecting for smaller fish. Also, a positive response was reported for divergent
sel ectiononbody wei ght intireTiftonstrainofbluetilapia Tilapiuurea(Bondari et al. 1983),
whereas little response to selection on this trait was realized in either the Ivory Coast strain of T.
aurea( Tave and Smi t her man 1980) or the Ghanastrainof N | etilapia Oreochrom snifoticus
(Hul at aet al . 1986).

These differences have been attributed to a lack of genetic variability in these latter strains,
due to either a long history of selection or a small founding population size or both. Although
many ot her explanations can be cited for either an asymetrical response to selection or a lack of
response (Fal coner 1989), the exact mechanismwll be a function of the genetic conposition of
t hepoad ati aof fi shbei nginvestigatred.

A final area where breeding programs have been valuable in understanding quantitative
genetic variation is in characterizing genetic relationships among traits. These relationships are
estinated by anal yses of correlations between traits and, depending on the experinental design,
can be a=fi nedon a phenot ypi ¢ or geneti ¢ basi s (Fal coner 1989). Acorrel ationbetweentraits,
whet her phenot ypi ¢ or genetic, i sameasure of the proportionof observed covariance between
them scaled by the square root of the product of the trait variances. It is typically calculated from
variance and covariance conponents in ananalysis of variance.

Estimation of the genetic correlation differs fromthat of the phenotypic correlation in that

its computation requires know edge of the genetic relationship of the individuals that the variance
and covariance conponents are estimted from(see Equation 5). Cearly, given the nunber of
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traits that have been analyzed in fish, delving into the variety of combinations of traits that may
exhibit genetic or phenotypic correlations is a complex undertaking (see Table 4.5, Tave 1993).
Nevertheless, there are several generalizations apparent from the results that have been obtained.

* First, in most investigations with fish it has been difficult to obtain accurate estimates of
relationships between traits other than phenotypic correlations between measurements of the same
trait made at different points in the life cycle. .Until recently (with the development of the Passive
Integrated Transponder (PIT) tag) it has not been possible to ensure that measurements at
different stages of the life cycle were conducted on the same animal. Without this capability there

is an unknown quantity of environmental influence on the results, andtlmspotcntmlblasm
genetic correlation estimates. .

Second, correlations between measurements made on the same body-size trait at different
times decrease with age. For example, in rainbow trout the phenotypic correlation between lcngth‘ ,
at 6 months and length at 12 months was 0.81, whereas length at 6 months and length at
30 months exhibited a correlation of 0.06 (Mgller et al. 1979). Estimations of correlations
between lengths at intermediate points in the life cycle were between these two values.
Consequently, it would seem that either different genes affecting size are expmssed at particular
ages-or environmental factors are exerting cumulative influence over time.

A third general observation is that genetic correlations between traits associated with body
size (e.g., weight and length) and between these traits and other morphological measurements at a
particular life cycle stage can be rather high (> 0.80). For example, the genetic correlation
between length and weight in coho salmon at 84 days post swim-up was reported to be
0.95 £ 0.04 (Iwamoto et al. 1982). In Atlantic salmon, the genetic correlation between these
same two traits at two years of age was reported to be 0.99 + 0.01, and the genetic correlation
between body length and pectoral fin length at 1 year was 0.95 (Riddell et al. 1981). Thus, it -
appears that there is a strong pleiotropic effect of genes associated with morphological size.

Finally, it appears that body-size traits are fairly strongly correlated with some prominent
life-history traits. Gall (1975) and Huang and Gall (1990) obtained some relatively high genetic
eogglaﬁgmbetwmfmmkbodywm and cgg volume (0.37-0.47); these and other data
suggested that body size has evolutionary implications for reproductive performance. For pink
salmon, Beacham and Murray (1988) obtained genetic correlations in excess of 0.90 for the
relation between 315- and 500-day body weight and the ganadosomatic index in males and
females. In coho salmon, Saxton et al. (1984) found that the best predictor of successful transfer
to saltwater was body weight at transfer. For rapidly growing coho salmon raised in freshwater,
moderate phenotypic correlations were estimated between precocious maturation and body length
(0.45) and weight (0.47) (Silverstein and Hershberger 1992). Consequently, salmonids appear to
exhibit a fairly strong genetic and phenotypic relationship between body size and life-history traits,
at least in an aquacultural setting.
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This brief consideration of results from breeding programs indicates that information on
genetic variation in quantitative traits in salmonids has been directed primarily at traits affecting
aquacul tural production. For exanple, our understanding of the quantitative genetic basis of life-
history variation i s meager. However, new devel opments in technol ogy, such as molecul ar
genetic markers and PI T tags or other nonlethal tags that identify individuals, will undoubtedly
allow increases in the type and number of traits analyzed and in the breadth of experimental
application,

M xed- Stock Managenent

Quantitative genetic analyses as a source of information for assisting stock identification
of salmon in mixed-stock fisheries are problematic because unequivocal identification of
conponent popul ations is a managenent requiremt. G vent hesynoptic natureof t hest ati sti cal
analyses used for quantitative traits and the interplay of environmental influences and genetics in
the expression of *notypic differences, theresults areusually not definitive enoughfor effective
m xed-stock management. Theintegratin of nol ecul ar and quantitative genetic methods may be
useful in providing a neans to identify the gemresponsible for the determnation of quantitative
traits affecting performance or fitness (Patersonet al. 1988, Lander and Botstein 1989, Andersson
et al. 1994). However, this approach has limted ability to explain the genttic basis of quantitative
traits beacus it relies heavily on the analysis of single loci with large effects on the character.

Never&less, there are at least two important applications of quantitative genetic analyses
t o nanagenent of m xed-stockfishcries. First, identification of Quantitative genetic differences
bet ween groups of animal's can provide a basis for separate management of groups that had been
consi dered genetically homogeneous. For exanple, Gharrett and Smoker (1993) identified pink
sal mon subpopul at oosnwi thin a streamby their tenporal segregationinadult returntimng. other
measures of genetic differentiation (e.g., allozyme electrophoresis) did not separate these two
groups, and genetic variability inreturntimng apparent|y was the factor responsible for their
divergence. These results are consistent with a hypothesis of finer population differentiation at
the level of [ifehistory (quantitativetrait loci) thanat neutral genetic makers (singleloci) (Uter
et al. 1993).

The second application is the identification of changes that may result fromthe selective
effectsof mnagemet nactivitiessuchasfish@ egulations.Manyof therestrictionsintendedto
control harvest ate selective on fish popul ations by the way they are practived. Forexanpl e
Burgner (1%) demonstrated that the selective effects of the gillnet fishry on Bristol Bay
sockeye salmon coul d decrease the size of a population and skew the sex ratio. Al exandersdotir

(1987) suggested that the run tining of southeastern Alaskan pink salmn was altered as a result
of di rect edfi shign.

There have been few anal yses of such effects on anadronous salnon that utilize a
quantitative genetic approach. Ricker (1981) analyzed a large data set on body size collected
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over a number of years from different types of fisheries to estimate a realized heritability for this
trait onthebasisof real &reponse toselection. Resulti form analysis of body size (weight)
data on pink salmon yielded a heritability estimate that was very close to similar estimates for
other fish species (h® = 0.22433). Hs interpretation of this result was that selection imposed by
gillnet, troll and seine fisheries was amajor cause for the observed decrease in body size of pink
salnon in Britich Col umbia. Hankin et al. (1993) used a sinilar approach to estimte, after a
single generation, the real & h? of age at maturity (h*Q0.4-0.6) in hatchery chi nook sal non
harvestedintrol | fihseries. Their reult indicatedastrong potential for this character to decline
under expl oi ati aotnbysi ze- sel ecti ve(and, hence, age-sel ective) fi sheries. Sincemanylife-history

traits infish popul ations are quadative in nature, it seems prudent to enphasize the quantitative
genetic analysis of these traits.

CGenetic Conservation

Quantitative traits are the major genetic determnants of the adaptive capability of a
popul ation, and their genetic architecture constitutes a fundamental constraint on the population’s
evol utionary pathway. Consequently, the monitoring of these traits should be an integral part of a
gene& conservation program However, while nuch evidence suggests substantial genetic
determnation of adaptive traits, there have been few attenpts to estimate the magnitude and type
of genetic determniatsunderlyingthesetraits. The value of these estimateswouldresieinl)
better understanding of the genetic and environment+ basis of variation in adaptive kits and 2)
predi citonof theevol utionaryrepoonseof thesetraitstosel ectionor other factors. One problem
of growinginterst to salmon geneticists and managers that such etimates could provide a better

under st andi ngof i s thegene&consequences of artificial propagationfor hatcheryandnatural
@t ions.

Ceneti cconcernsinartificial propagation--Therei sevi dencet hat quantitativetraits
affecting adaptation in salmonids can change under human influences, including harvest practices,
habitat alteratin, add atificdid propagation (as in con- hatcheries or in captive
broodst ock pm&rans). Until recently, the effects of artificial propagation on adaptation of
salmonids in the wild were not widely appreciated. In the last 10-15 yea& however, many
authors have pointed to genetic problens that can ark during salmon artificial propagation
(Krueger et al . 1981, Reisenbichler andMIntyre 1986, Alendord etal . 1987, Li chat ow chand
Mcintyre 1987, Nel son ad Soul 6 1987, Lannanet al. 1989, H é&ret al. 1991, Wapl es 1991a).
Mich of this attention has been spa&d by declines in productivity (returns per spawner) of
hat cher yopul ati ons

To address sone of these problens, a nunber of authors have drafted docunents in an
attenpt to guide hatchery managers incertain areas of genetic management; these authors include
Her shber ger and | wanmot o (1981), Hyneset al. (1981), Krueger et al. (1981), Kincaid (J969),
Daviset al . (1985), Allendorf and Ryman (1987), Kapuscinski and Jacobsen (1987), and Si non
(1991). ALnost without exception, the detailed guidelines developed and recorded by these
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works focus heavily on the maintenance of a large effective breed@popul ation size (N), the
monitoring and control of sex ratio, and broodstock sampling.

Thei nmedi at egeneti cconcensof artificial propagationfor conservationmaydiffer
substantially from those of artificial propagation for enhancement and mtigation. For exanple,
mnimzing the genetic differentiation of hatchery fish and the natural fish they are intended to
supplement can be of equal concern to n@xi mdzi ng genetic variabilityinthe hatchery populationin
a conservation program However, few of the publications that address the genetic management
of threatened or endangered popul ations of fishes, including papers by Meffe (1986), Nel son and
Soul 6 (1987). Kapuscinski and Phillip(1988). Johnsonand Jensen(1991), and Ryman (1991),
have explicitly nade this point. Mich of this work has also failed to stress the inmportance of
mnimng anintentional selection (Pave 1993) during captive culture.

Li chat owi ch and Craner (1979) surveyed natural variationin anunber of [ife-history
characters in several populations of Pacific salmon. They arqued that investigators interested in
tracking natural variation should monitor traits that have a strong influence on survival rather than
survival or abundance directly, because natural variation in survival and abundance may be large
enough to preclude detecting effects of hatchery practices on these traits in natural popul ations, at
| east over the short term Lichatow ch andCraner (1979) basedt heir r ecommendation on the
greater statistical power to detect changes in traits such as growth rate, age and size at
outmgration and return, mgration timng, and spawn timng. These are precisely the kinds of
xoutmgrationand return, mgrationtimng, and spawn timng. These are precisely the kinds of

Interest in the use of artificial propagation as a tool to assist in the recovery of threatened
or endangered popul ations has grown dramatically in the past few years. Reviews of the salmon.
supplementation literature (Bakke 1987, MIler et al. 1990, Steward and Bj orm 1990, Cuenco
1991, Cuenco et al. 1993) have identified several areas where deficiencies mke it dfficurt to
determne the genetic consequences of supplementation for natural populations. These
deficinciesgeneral lyfallintotwocategories: informationonlevelsof geneticvariarionforté&s
inportant to reproductive success in the wild, and know edge of the effects of supplenentation on
this genetic variation.

Concern about the uncertainties associated with suppl enentatinof natural sal non
popul atins withartificially propagated fish has produced a flurry of recent research intended to
gui de the use of thistechnique (e.g., Busack 1990, Kapuscinski et al. 1991, Hard et al. 1992a,
RASP 1992, Kapuscinsi and M| 1er 1993, Lichatow ch and Wat son 1993) . Recommendat i ons of
this research have focused on ways to reduce the genetic risks associated with supplementation.

Unfortunately, while these guidelines have often provided specific information on methods
to mnimze the randomloss of genetic variation, they have generally failed to recomend specific
ways to mnimze genetic change that may arise during captive culture through the directional
process of selection. Such guidelines must often be constructed fro information in the
quantitative genetics and animal breeding literature, which may not be easily accessible to fisheries
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biologists with little or no genetics training. The texts by Kempthome (1957), Tumer and Young

(1969), Mather and Jinks (1982), Becker (1984), and Faiconer (1989) are prominent storehouses
of this information.

Inbreeding and loss of genetic variability during supplementation--Recently, Ryman
and Laikre (1991) pointed out that, in a supplementation program, the effective size of the _
hatchery-wild system as a whole is a more important consideration than the effective size of either
component separately. Theyshowedthatdlfferennallyenhancmgonlypanofthegenepoolofa
population through artificial culture (as might easily occur in a captive broodstock program) can
lead to higher levels of inbreeding and loss of genetic diversity in the overall population. -
However, Ryman and Laikre's study assumed discrete generations and considered only a single
generation of enhancement.

In a study conducted as part of a genetic monitoring and cvaluation program for Snake
River chinook salmon and steclhead (BPA Project 89-096), Waples and Do (in press) evaluated
more fully the Ryman and Laikre effect in age-structured Pacific salmon populations. Waples and
Do used computer simulations to model the level of inbreeding in the hatchery-wild system as a
whole and how this level is affected by various types of captive broodstock programs. Three -
scenarios were considered in the simulations: control (no supplementation), increase (population
increases through supplementation and remains large), and crash (population temporanly :
increases but declines after supplementation ends).

Results were summarized in terms of the parameter AIBD, which represents the change in
level of inbreeding in the postsupplementation population compared to the control. Waples and
Do (in press) found that: 1) The single most important factor affecting AIBD was whether the
increase in population size was sustained. Compared to the control, higher levels of inbreeding
were found under the crash scenario and lower levels were found under the increase scenario. 2)
The absolute number of wild adults taken for broodstock had a stronger influence on AIBD than
did the proportion of the population sampled. 3) In both the crash and increase scenarios, over
99% of genes in the postsupplementation population could be traced to hatchery fish. In the crash
(but not the increase) scenario, broodstock taken in later years of the program dominated the final
genctic makeup of the population. 4) AIBD was higher if broodstock collection lasted longer
than 1-2 generations, but the increase was not linear and there were some exceptions to the trend.
5) Marking hatchery fish so that they could be avoided in subsequent broodstock collections
postponed further increases in AIBD but did not prevent them altogether. Furthermore,
‘appreciable reductions in AIBD occurred only when the proportion marked was ncarly 100%.

6) Captive breeding and rearing strategies such as sib-avoidance mating andequahzmg progeny
number generally had little effect on AIBD.

These results should be useful in evaluating genetic risks of captive broodstock programs
and in developing programs to minimize these risks. However, although Waples and Do (in
press) attempted to provide a comprehensive evaluation of the Ryman-Laikre effect on captive
broodstock programs for Pacific salmon, it was not possible to consider every possﬂ:lc
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conbination of parameter values. Simlarly, there were a number of factors not consided in
their study (e.g., selective changes due to the adtureenvironnent and fitness consequences of
pacal ar val ues of Al BD) that shoul dalso be eval uated in decidign whether or howto

i npl ement captive broodstock prograns.

Quagal ive genetic issues in supplenentation-Research to guide the use of artificial
propagation for supplementation of natural salmon populations has generally provided few &ails
about how suppl ementation should be monitored and about which traits should be nonitored
closely. The lack of guidance on howto detect, monitor, and respond to the effects of selection
in hatchery fish undoubtedly has resul ted largely fromuncertainties about howadaptation
operates in novel environments. This process is a topic of activeresearch in evolutionary genetics
(Bryant et al. 1990, Holloway et al. 1990, Allendorf 1993, Frankhamet al. 1993).

As the previous review of quantitative genetic studies indicates, most quantitative genetic
research on salmonids has been applied prinarily to estimte levels of genetic variation and
covariationintraits inportant to hatchery production or market demand. Genetic variation and
covariation in life-history traits inportant to adaptation in the wild are, with few exceptions,
anknown for most Pacific sal mon popul ations. These traits include age at juvenile outm graion
and adult maturity, juvenile outmigration and adult run tining, fecundity, and habitat preference
(Riggs 1990, Kapuscinski and MIler 1993). To this list could be added stage-specific survival
rates, sexratio, egg size, developnent and growt h rates, food conversion, tenpertrure and pH
tol erance, hody nmorphometry and composition, mgration tendency, stamna and burst sw mming
speed, stress and di sease resistance, seawater tolerance, agonistic behavior and conpetitive
ability, and homing ability (Steward and Bj orm 1990, RASP 1992).

Estimation of genetic variationandconvariatonis essential totheinplenentation of
quantitative genetics in the management of natural popul ations, but other g-tic problems also
warrant investigation. There are a nunber of quantitative genetic issues relevant to salmon
suppl enent at i onefforts, i ncl udi ngcapt i vebr oodst ockpr ograns, that remain largely unexplored.
One of these issues is inbreeding depression expressed during short-term captive propagation of
smal | popul ati onsconposedof cl oserel atives. Another is donesticationsel ection, or-directional
genetic change during captive propagation that results fromadaptémto theprotective culture
environmt. A third issue is outbreeding depression resulting frominterbreeiing between
cultured and wi ld individual s.

I nbreedi ngdepr ssi n. Geneti ci stsgeneral | ycondi der i nbreedi ngdepressi ontobethe
one of the most serious threats tothe viability of small captive popul ations (Ralls and Bal | ou
1983, Lande and Barr owcl ough 1987, Rallset al . 1988, Simberlof f 1988, Hedrick 1992, Hedri ck
and Mller 1992). As described above, inbreeding depression is the reduction in fitness resulting
frommating between cl ose rel atives that occurs by chance in small popul atons or from
assortative matinginlarge popul ations. Inbreeding depression is a consequence of the expression
of del eterious recessive all el es as honoti gosity increases; therefore, it depends Iargely on
dom nance, or interactions between alleles withinloci (Falconer 1989, Lynch 1991). Inbreeding
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depressionis aninportant GI@ETIn captive broodstock programs for threatened or endangered
species beacse it addressest he addi tonal riskof extinctionthat resultswhenrelatedindividuals
aremated. Inpopulationsthat have existedat lownunber for any appreciablelengthof tine,
this risk can be high (e.g., Tenpleton and Read 1984).

| nbr eedi nglepr essi othas been documented repeatedly i n many pl ant and ani mal taxa

(Hedrick et al. 1986, Charlesworth and Charlesworth 1987, Hedrick 1992). To our knowl edge,
however, in Pacific salnon inbreeding depression has not been d-ted quantitatively in
hat &y popd a@ians, and its preval ence in wld sal non- is unknown (A lendorf and
Ryman 1987, Gall 1987). Inbreeding depressionis oftena |aborious quantitative genetic problem
to investigate because, unlike estination of sinple inbreed@ estination of inbreeding depression

ires the assessment of some measeure of fitness as well & know edge of the parentage of the
i ndi vi dual s under consi deration. Such assessnent requiresalevel of manipul ationthat is not
typically practiced (and, indeed, would be difficult to practice) in nost production situations.

Neverthel ess, further researh is needed to characterize the relationship between inbreed& and
fitness in salmon populations.

In addition to examining t he ext ent of i nbreed& and g nbreed ngdepr ssi onin both
hatchery and natural popul ations, three research topics-are particularly worthy of attention: 1)
effective mating schees tOmniné& further inbreeding, 2) e&maén of critical levels of
inbreeding that lead to substantial reductions in fitness, and 3) conditions necessary to avoid or
recover frominbreeding depression (i.e., anount andtype of outbreeding) (\iapl es. inpress).

Some experimental studies have shown that even though population bottlenecks increase
the opportunity for inbreeding depression to occur, these events sometimes increase the genetic
variance in quantitative traits (Bryant et al. 1986, Carson and Wisotzkey 1989, Cohan et al. 1989,
see also Hard et al. 1993). This expression of "hidden" variance is thought to result froma
redistribution of genetic variance under strong genetic drift (Robertson 1952; Griffing 1960;
Cockerham 1984; Goodnight 1987, 1988; Gimmelfarb 1989; Willis and Orr 1993). . Nevertheless,
strong bottlenecks pose considerable risk to populations. Bryant et.al. (1990) found that fitness
dmppedsharplyafterasmglebottlmed:(ofl 4, or leatmgpans)mMuscadomsnca,
although fitness in surviving lines began to rise by the third successive bottleneck. In Drosoplula
melanogaster, Frankham et al. (1993) found that selection for high fitness in inbred lines '
substantially reduced the loss in fitness due to inbreeding depression; however, fitness was still
significantly lower than in an outbred, unselected control line. Thus, while bottlenecks may .
provide some adaptive opportunities for populations in unstable environments, the additional risk
of extinction posed by bottlenecks should be avoided if possible (Willis and Orr 1993).

Donest i cation selection. In captive broodstock programs intended to supplement natural
popul ations, the genetic objective nust be to mnimze genetic and phenotypi ¢ divergence of
cultured fish fromthe natural fish they are intended to supplenent. The opportunity for selection
to produce this divergence in a captive broodstock programis large because fish are cultured
entirely in captivity for one or nore generations. The greater potential control of nortality in
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captive broodstocks my Limt the effects of natural selecitonduring captiviyt--ut onlyifthe
genetic divergence that results is sufficiently lowthat it entails only nomnal fitness costs once the
fish aereleased to the wild.

Genetic change in a quantitative character depends on three basic parameters: the amount
of genetic variation for that character, the amount of selection exacted by factors in the
envi ronnent, and t he nunber of generations exposed to the envoronnent. only recently has it
been explicitly recognized that the hatchery environmetn may be sufficiently different fromthe
natural envi romt that, evenif fishare heldfor afewgenerations for only a smll portion of

their lives in captivity, substantial quantitative genetic divergence of hatchery and wild fish mght
oceur.

CGenetic divergence can result from selection or genetic drift (as well as mutation and
moration), and it can be difficult to distinguish between the effects of these agents if popul ations
are at |ow effective population sizes (Lynch 1988). Yet this is precisely the condition that exists
when establishing most captive broodstock prograns. The effects of drift, because they are
determned by the effective population size, are to a large degree determined by the time a captive
broodstock is established and are typically randomin nature. By contrast, genetic change through

selection is directional (i.e., through adaptation to the protective culture environment) and can be
moredifficulttocontrol.

Artificial selection is not required in order to domesticate aninals, a process that can
occur through “inadvertent” selection (Doyle 1983, Kohane and Parsons 1988). In
suppl enentation schemes such as captive broodstock progranms, which art designed for
reintroduction of aninalstothewld, domesticationisnot desirable. Donestication is a process
of adaptationto anovel, usually controlled environnent, and this processisonly partially.
i ndependent of experinental design. The environment may be artificial, but the adaptive process
is anatural one. ‘Ihe bulk of evidence for domestication in wild animls cones from aninal
breeding experience (Spunvay 1952, Hale 1969, Price and King 1969, Lande 1983, Price 1984,
Frcdeen 1986, Kohane and Parsons 1988) and fromexperinental work on other organi sms, |
primarilyinvertebrates (Doyleand Hunte 1981a b; Frankhamet al . 1986; Parsons 1986; Hol | oway
et al. 1990; Briscoe et al. 1992).

Because donestication is a formof adaptation, it is thought to involve primarily
quantitative characters that affect fitness. Evolutionary theory predicts that the number of genes
affectingtrait expressionshoul dincrease with the trait’s correlation with fitness. Indeed, many
quantitativecharacters (especiallyloife-historytraits) whichareknowtoaffect fitnessshow
evi dence of polygenic control (Wight 1968, Lande 1981). Wl lianms (EM, Gadgil and Bosscrt
(1970), Rose (1982), and Clark (1987) have argued on theoretical grounds that many of these
constituent genes have pleiotropic effects on different characters, which are manifested as genetic
correlations between these traits.
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Adaptation should drive allelic combinations with positive genetic correlations with
respect to fitness toward higher frequencies, with the result that, when near selective equilibrium,
the correlations that remain will be predominantly negative. These negative correlations mean
that selection to increase one character with respect to fitness will tend to decrease correlated
characters with respect to fitness. As a result, genetic variation for fitness may be low, but
genetic variation for its components can remain high. The major prediction from this theory is
that populations that have adapted to a particular range of environments should exhibit negative

correlations among characters affecting fitness, a lesult supported by empmcal evidence (Rose
1984).

A population apparently adapted to one environment, upon exposure to a novel
environment with a different selective regime, can face a formidable evolutionary challenge.
Different selective pressures will favor different allelic combinations; the process of adaptation to
new environmental characteristics should result in rapid changes in allele frequencies
corresponding to the newly favored alleles. During this process, prior to selective ethbnum,
genetic correlations between fitness characters should become more positive, and the additive
genetic variance for these characters should increase (Service and Rose 1985, Holloway et al.

1990). The expected result is a rapid reorganization in the genetic architecture of life history,
including a phase characterized by positive genetic correlations among life-history traits.

Empirical results generally appear to support the notion of rapid adaptation to novel
environments. For example, Doyle and Hunte (1981a,b) found a substantially higher population
growth rate in a laboratory environment in a domesticated population (25 generations in the
laboratory) of the estuarine amphipod Gammarus lawrencianus, relative to a wild population.

“ Lande (1983) concluded from a survey of the literature that major adaptive changes occur in
domesticated and artificially distarbed populations due to mutations with large phenotypic effects.

The evidence for such effects comes primarily from resistance to toxins, pathogens, and
predation. Service and Rose (1985) showed that rapid adaptation to a novel environment (as-
might result if wild fish are cultured in a hatchery) altered the genetic covariance structure of life
history in Drosophila melanogaster transferred after 80 generations from an environment of
banana-agar-com syrup medium, 25°C, and constant light to onc of Instant Drosophila Medium
Blue medium, 15.5°C, and constant darkness. Holloway et al. (1990) showed similar results when
they introduced rice weevil (Sitophilus oryzae) that had been cultured for over 50 generations on
wheat (Triticum aestivum) and transferred to yellow split-pea (Pisum sativum). These results
were consistent with the above predictions.

Several studies have failed to detect negative genetic correlations among life-history traits
(e.g., Giesel and Zettler 1980; Giesel et al. 1982: Murphy et al. 1983; Bell 1984a,b). However,
Rose (1984) and Service and Rose (1985) argued that these correlations were measured in
_populations that either 1) were partially inbred--i.e., exhibited some degree of inbreeding
depression--which can bias patterns of genetic correlation (as in the case of the studies led by
Giesel) or 2) had been subjected to the laboratory environment for only a few generations—i.e.,
were not near selective equilibrium (as in the case of the other studies).
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On balance, experimental evidence supports a prominent role for antagonistic pleiotropy in
life-history structure and the ability of rapid adaptation in novel environments to disrupt this
structure. However, nore work is needed on fishes and other organisms to confirmthe generality
of these resuuls. Research on the gentic consequences of hatchery culture for salnonidlife
history isrequiredto fully evaluate the genetic risks of captive broodstock prograns for these
fish, )

The large apparent differences @earing environment between traditional salnon
hatcheries and natural rearing habitats suggest that the types of selection experienced by fish
devel oping i n these environnensmay di ffer substantially (Hynes et al . 1981, Doyl e 1983).

Wapl es (1991a) argued that sharp differences exist innortality profiles between hatchery and
natural salnon, and that these differences transcend metanorphosis (snoltification) and preclude
alnost any chance thatgenetic differentiation between these two groups can be avoi ded.

The enpirical evidence for domesticationinartificially propagated salnonids that are not
subjectad to artificial selectionis equivocal; most of it is based on reduced performance of
hatchery fishinthe wild, includingreduced survival @huck 1948, Reisenbichler and MIntyre
1977, Leider et al. 1990), reduced stamna (Geen 1964, Leon 1986), al tered behavior (Vincent
1960, Moyl e 1969, Swain and Riddell 1990, Riddell and Swain 1991, Flenming and Goss 1992),
and reduced reproductive success (Flemng and G oss 1993). Skaala et al. (1990, Table 1)
sunmari zed genetic changes connected with salmon culture, although their survey clearly
included other genetic problenms such as inbreeding and inbreeding &pre&on.

I'ndirect evidence for domestication selection comes fromchanges in quantitative genetic
paraneters in artificail selection experinents that are difficult to account for on the basis of the
applied selection differential alone. Gjedrem (1979) observed a larger response to selection for
increased growth rate in Atlantic salmon than he coul d ascribe to the anount of artificial selection
that he applied. Kinghorn (1988) presented evidence from fanned Norwegian Atlantic salmon
conpared to wild fish that was consistent with a response within four generations to
domesticatioselectionforgrowh. In an experiment to deternine response to selection for high
8-nonth wei ght in coho sal mon, Hershberger et al. (1990) detected a weight increase in .
unsel ected (control) popul ations reared initially ina hatchery and thrn transferred to mrine
netpens.

It shoul d be recogni zed, however, that the first three conditions are not very restrictive
and that the last condition is superfluous if no artificial selection is being practiced. The
evol utionary genetic literature contains several exanples of genetic change occurring over a few
generationsinquantitativetraitswithrelativelylowheritabilities (but potentially highadditive
genetic variances)that aredifficult toattributetogeneticdrift. The point isnotthat genetic
change is difficult to produce, but rather that its direction and magnitude are fifficult to predict
(e.g., Sheridan 1988).
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Table 1. Fitness consequences of crossbreeding between conspecific populations, exclusive of

salmonids (updated from Endler 1977, Table 4.6). The symbols +, —, and = refer to the
character’s value in the crossbred offspring relative to the parental mean; a period (.)
indicates no data. "Overall” refers to the general result of crossbreeding for the
character across studies. See Endler (1977) for further notes and qualifications.

Mean Variance
Character Species FLb F, F,__ F - References
Viability Drosophila melanogaster - + - - 4=  Wallace (1955)
= = + King (1955)
Drosophila pseudoobscura + - = = Vetukhiv (1953, 1955)
+ - . Brmcic (1954)
+ - . Wallace and Vetukhiv (1955)
. . + Spassky et al. (1958)
4= -= = 4= Vetukhiv and Beardmore (1959)
Drosophila willistoni + + + Vetukhiv (1954)
+. . . Wallace and Vetukhiv (1955)
Drosophila paulistorum + = 4+ Vetukhiv (1954)
+ . Wallace and Vetukhiv (1955)
Drosophila pavani . Bmcic (1961)
Drosophila persimilis Spiess (1959)
Drosophila prosaltans . . Dobzhansky et al. (1959)
Phyciodes tharos = = + Oliver (1972)
Boloria toddi 4= . Oliver (1972)
Cisseps fulvicollis - + + Oliver (1972)
Hyperia postica - . Blickenstaff (1965)
Rana pipiens - . Ruibal (1955), Fowler (1964)
- Moore (1950, 1967), Volpe (1957),
Cuellar (1971)
Viability Triturus critatus + - Callan and Spurway (1951),
Spurway (1953, 1954)
Strepeanthus glandulosus  + Kruckeberg (1957)
Mimulus luteus —= Hughes and Vickery (1974)
Mimulus tigrinus = Hughes and Vickery (1974)
Mimulus cupreus - . 'Hughes and Vickery (1974)
Drosophila mojavensis = = Eiges (1989)
Delphinium nelsoni o Price and Waser (1979)
_ Chamaecrista fasciculata = Fenster (1991)
Amphicarpaea bracteata’ - Parker (1992)
Tigriopus californicus . - Burton (1986, 1990)
Capra ibex subspp. - Grieg (1979)
Micropterus salmoides = Philipp and Whitt (1991)
Ipomopsis aggregata - . Waser and Price (1989)
OVERALL += += +
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Table 1. Continued.

Mean Variance
Character Species F, F, F, F, References
Fecundity Drosophila pseudoobscura + . . Wallace and Vetukhiv (1955)
4= += 4=  Vetukhiv (1956)
= = = = Vetukhiv and Beardmore (1959)
Drosophila willistoni + - . . Wallace and Vetukhiv (1955)
Drosophila paulistorum + - . . Wallace and Vetukhiv (1955)
Phyciodes tharos + + Oliver (1972)
Hyperia postica + - . . Blickenstaff (1965)
Zea mays + = . . Moll et al. (1965)
Delphinium nelsoni += . Price and Waser (1979)
Chamaecrista fasciculata  += Fenster (1991)
Tigriopus californicus += Brown (1991)
Polemonium visosum = Newport (1989)
Fecundity Ipomopsis aggregata += .o Waser and Price (1989)
OVERALL = = += 4=
Fertility Phyciodes tharos - - + + Oliver (1972)
Boloria toddi - = . Oliver (1972)
Cisseps fulvicollis - - += + Oliver (1972)
Triturus cristatus - - Callan and Spurway (1951),
Spurway (1953, 1954)
Apodemus sylvaticus - = . . Jewell and Fullagar (1965)
Hyperia postica - . . Blickenstaff (1965)
Mimulus guttatus . Vickery (1967)
Strepranthus glandulosus . . . Kruckebergl (1957)
OVERALL - = +

Growth or Drosoaphila pseudoobscura - = + Anderson (1968)

body size Drosophila subobscura - = . . McFarqubar and Robertson (1963)
Micropterus salmoides = . . Philipp and Whitt (1991)
OVERALL = =
Adult Drosophila pseudoobscura + - = + Vetukhiv (1957)
longevity
Development Drosophila subobscura - = McFarquhar and Robertson (1963)
time . Phyciodes tharos += + . Oliver (1972) .,
Cisseps fulvicollis + = . Oliver (1972)
Rana pipiens - . Moore (1946)
Drosophila mojavensis = = Etges (1989)
Tigriopus californicus - + = + Burton (1987, 1990)
Zea mays - - . Moll et al. (1965)
OVERALL = = += +
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Table 1. Continued.

Mean Variance

Character Specics ‘ F, F, F F,  References
Diapanse Wyeomyia smithii - - - +=  Hard et al (19920, 1993)
Sex ratio Phyciodes tharos + - Oliver (1972)

Cisseps fulvicollis + . . . Oliver (1972)

Hyperia postica + + . . Blickenstaff (1965)

OVERALL +
Pest Populus spp.” . . . ‘Whitham (1989)
resistance
Relative Geospiza spp." = . .. Grant and Grant (1992)
fitness
Morphometry Tinca tinca .
Fluctuating  Enmeacanthus spp.* = . . . Graham and Felley (1985)
assymetry - _
a Il ll o . s -ﬁ l ! . '

Population differentiation and outbreeding depression. The genetic mechanisms and
consequences of population differentiation are closely tied to the issue of genetic change
occurring in captive broodstock programs. Population differentiation may occur through random
(mutation, geneuc drift) or deterministic (selection, migration) means. Its consequences are
important because they determine whether a captive broodstock program used to rebuild a
declining wild population has maintained the genetic integrity of that population in traits that are
important to local adaptation (i.c., life-history traits). Thus, change in the life-history structure of
a supplemented population is a direct measure of the genetic success of captive broodstock or-
other supplementation programs. Assessment of adaptive differentiation requires quantitative
genetic methods: controlled breeding, phenotypic evaluation, and tests of quantitative genetic
models. Other genetic techniques smplydonotadd:essadaptatmandhfe-lustoryvananon :
directly.

Outbreeding depression is the reduction in fitness that results from mating between:
unrelated or distantly related individuals. Outbreeding depression may result from loss of local
adaptation (Templeton 1986) or from the breakup of favorable gene combinations (Dobzhansky
1948). Therefore, like inbreeding depression, it often results from nonaddn.we expression of
“constituent genes (Lynch 1991).

Generally, outbmedmg depression that results from the breakup of "coadapted gene
complexes” is expected to manifest itself after segregation (i.c., in the F, or later generations)
through reduced trait means and increased trait variances with respect to fitness. When two
interbreeding populations are so dlstantly related that their genomes have diverged considerably,
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the resulting genie interactions may be so strong that outbreeding depression is expressed in the
P.. However, outbreeding depression may al so be expressed inthe F, if hybrid offspring are
poor|y adapted to the habitat they occupy, regardless of the node of gene interaction.

Although current interest in-outbreeding depression is high, its extent and consequences in
natural sal mon popul ations or between hatchery and wild popul ations is unknown. Evidence
exists for outhreeding depression in other organisms, but the quality of this evidence varies and it
relies largely on a &w primrily invertebrate, species. The contentious nature of this issue for

sal mon suppl ementation warrants a detailed examination of the evidence. Thisevidenceis
summarized in Tables 1 and 2.

The results surveyed in Table 1 indicate a frequent tendency for outbreeding to yield
heterosis with respect to correlates of fitness in the P, followed by reduced fitness in the F,.
where variances in these hybrids have been examned, the trend is for increased variance in both
generations. However, phenotypicvariance is expected to increase in the F, due to segregation.
Thus, it is not clear fromthese results to what extent the observed increases in F, variance exceed
the amount resulting fromsegregation (potentially by disruption of coadapted gene conpl exes).

One way to test observed versus expected increases in trait variances in second-
generation hybrids (F, and first backcrosses) is by conparing observed means and variances with
the expectations of an additive genetic model (Cockerham1986). Hard et al. (1992b, 1993)
tested the means and variances of six geographic popul ations of the pitcher-plant nosquito
(Weonyiusnthii) andtheir F,, Fyandfirst-generationbackcrosses agai nst theadditivegenetic
expectation to show that the lower F, variances and higher F, variancesthey observed cannot be
attributed to additive effects al one. Largeincreaes inF, or Fyvariancewth respect to fitness
my be consistent with outbreeding depression, but they do not necessarily reflect it.

The evol utionary consequences of outbreeding among sal moni d popul ations are not clear.
Virtually all the studies surveyed in Table 2 have exam&d only first-generation hybrids, and,
consequently, most of these studies were not designed to detect outhreeding depression.
Neverthel ess, relatively few studies have found evidence for heterosisin first-generation hybrids,
suggestinglittledirectional dom nance(or epitasisinvolvingdirectional dominance)for fitness
anmong popul ations. Some crosses have shown reductions in fitness in the F,, which could
portend severe outhreeding depression in subsequent generations through the breakup of
coadaped gene conpl exes i f epistasishas contributedtopopul ationdivergence.

Inthe only enpirical study designed specifically to detect outhreeding depressionin
sal moni ds beyond first-generation hybrids, Gharrett and Smoker (1991) examined marine’ survival,
return date, body size, and bilateral assymety in two generations of crosses between even- and
odd-year popul ations of Auke Creek (A aska) pink salnon. These workers observed substantially
lower survival and increased assynetry inthe F, but not the F, hybrids, aresult consistent with
out breeding depression by breakdown of coadapted genes. However, it is inportant to recognize
that even- and odd-year popul ations of pink salmon fromthe same streammay have been

2-36



reproductively isolated for potentially thousands of generations. Indeed, such populations are
_genetically more distinct from each other than from populations spawning in the same yearin
different streams (Aspinwall 1974, Beacham et al. 1988, Shaklee et al. 1991). Consequently, the
results found by Gharrett and Smoker (1991) may not be representative of those expected
between hatchery and natural populations with a greater natural opportunity for gene flow.

Table 2. Fitness consequences of crossbreeding between conspecific salmonid populations. The

Salmo trutta

Maisse et al . (1983)

symbols are as in Table 1.
Mean Variance
Character  Species F, F, F, F, References
Viability Oncorhynchus gorbuscha = - Gharrett and Smoker (1991) -
Oncorhynchus mykiss - Reisenbichler and Mclntyre (1977)
=+ Ayles and Baker (1983)
= Hbrstgen—Schwark et al. (1986)
Oncorhynchus nerka =" Wood and Foote (1990)
Oncorhynchus tshawytscha = Cheng et al. (1987)
Salvelinus fontinalis - Mason et al. (1967)
+ ‘Webster and Flick (1981)
= Fraser (1989)
=+ Lachance and Magnan (1990a)
Salmo salar = Gjerde and Refstie (1984)
Saimo spp. —=t McGowan and Davidson (1992)
OVERALL =
Seawater  Oncorhynchus nerka = . Foote et al. (1992)
adaptability Oncorhynchus tshawytscha - = Clarke et al. (1992)
OVERALL — =
Growth rate  Oncorhynchus mykiss = . . Reisenbichler and McIntyre (1977)
: Oncorhynchus gorbuscha 4= = + Gharrett and Smoker (1991)
=+ . Ayles and Baker (1983)
s Ferguson ct al. (1985)
- Hbgstgen—-Schwark et al. (1986)
Growthrate  Oncorkynchus mykiss = Wangila and Dick (1987)
' : — Johnsson et al. (1993)
Oncorhynchus tshawytscha  -=+ . Cheng et al. (1987)
4= = Clarke et al. (1992)
- Salvelinus fontinalis =+ Mason et al. (1967)
=+ Keller and Plosila (1981)
+ Webster and Flick (1981) -
= . Fraser (1989)
=+ . Lachance and Magnan (1990a)
Oncorlivachus nerka = + ‘Wood and Foote (1990)

OVERALL
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Table 2. Continued.

Mean Variance
Character  Species F, F, F F, References
Catchability Oncorhynchus mykiss =+ Pawson and Purdom (1987)
Salvelinus fontinalis + Keller and Plosila (1981)
Hatching  Salmo clarki —=+ Ferguson et al. (1988)
time
Parasite Oncorhynchus kisutch —+ Hemmingsen et al. (1986)
resistance
Homing rate Oncorhynchus gorbuscha + Bams (1976)
Maturation/ Oncorhynchus mykiss = Marmrocco (1982)
spawn Salmo salar = Sutterlin and MacLean (1984)
timing/ Salvelinus fontinalis =+ Lachance and Magnan (1990b)
GST
Rheotaxis  Oncorhynchus mykiss = Kelso and Northcote (1981)
Meristics)y  Oncorhynchus gorbuscha = - Gharrett and Smoker (1991)
fluctuating  Oncorhynchus mykiss = Ferguson and Danzmann (1987)
assymetry  Salvelinus spp.® + Leary et al. (1985)
Oncorhynchus spp.® + Leary et al. (1985)
Oncorhynchus mykiss - Ferguson (1986)
Sailmo clarki + Ferguson et al. (1988)
= Forbes and Allendorf (1991)
Salmo trutta = Ielli and Duchi (1990)
OVERALL +=

* GST = Gonadosomatic index )
* Naturally occurring interspecific hybrids

In the following section, we outline prominent quantitative genetic risks associated with
captive broodstock programs, discuss the importance of genetic monitoring for quantitative

characters, and suggest some basic approaches to address these issues.
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A Quantitative Genetic Approach to Saimon Captive Broodstock Programs

Busack (1990) and Riggs (1990) identified four genetic risks posed by artificial
propagation: extinction, reduction in variability within populations, reduction in variability among
populations (loss of population identity), and change through domestication. One problem with
this framewark is that domesctication hag had different intermretatione (R ASP 1002 Kanuscinglki

ALY ALGEEE NV VYV WAE P UALLVAVELS MWL EAVIMLIVELY \EN SR LS Sy &

* and Miller 1993, Kapuscinski et al. 1993, Lichatowich and Watson 1993). For the purposes of
captive broodstock programs, we suggest three categories of genetic risk: reduction of genetic
variability within a population, loss of population identity, and genetic change. We consider
extinction to be the complete loss of population identity. ‘The loss of population identity can
occur through either gene flow (introgression) or genetic change (through selection or genetic
drift). The former mechanism should occur only rarely once a captive broodstock program has
been initiated. Genetic change is likely to be of greater concem.

Genetic concems can surface at any of several points in a captive breeding program.
These concems are not the exclusive domain of such programs, as they are also relevant to more
traditional forms of artificial propagation, but they can become even more prominent when fish
are cultured for their entire life cycle. The major "control” points in a captive broodstock
program that determine the quantitative genetic consequences of supplementing a natural
popnlatnon are outlined mTable 3. Th_ese control pomts mdlcatethe ample opportunity that exists
for genetic risks to arise in captive broodstock programs.

The relative importance of these risks depends on the program's scope. For example, if
the natural population is very small and all individuals are used for captive broodstock (a situation
that already exists for endangered Snake River sockeye salmon; Waples et al. 1991c), then loss of
genetic variability within the population (and its enhanced risk of extinction) becomes the most
prominent genetic concern. Other risks, such as genetic change, are relevant in that they affect
the success of reintroduction, but the highest priority should be given to protection against
catastrophic loss or excessive mortality (Hard et al. 1992a). ‘

In many cases, however, not all individuals are used to establish captive broodstock; some
are allowed to reproduce in the wild. In this case the risk of genetic change becomes a greater
concem. If care is taken to select wild broodstock only from the population to be supplemented,
the loss of genetic variability among populations can effectively be ignored. Attention should then
be focused on genetic change and the loss of genetic variability within the population.

Quantitative Genetic Monitoring of Captive Broodstock Programs
The genetic risks of captive broodstock programs for natural populations indicate that
genetic monitoring should be an integral part of a well-designed program. A properly

implemented monitoring scheme should allow for detection of genetic problems before they
become large enough to pose serious risk. Few genetic monitoring plans currently exist for
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Tabl e 3.
Sal mondi o

Maj or control points and possibl e genetic consequences of activities associated with
broodstock programs.

control point

Genetic consequences

selection of broodstock

Collection of broodstock

Mating of broodstock

Rearingof first-generationdescendant st o
maturity in captivity

Sampling of descendants for broodstock

Rearing of second-generation
descendants in captivity

Release of second-generation
descendants to the wild

Founder event (genetic change)

Founder event (genetic change)
Bottleneck (reduced gentic variation)

Genetic drift (reduced genetic variation)
I nbr eedi ng depressi on (reducedfitness)
Domestication selection (genetic change)

Bottleneck/genetic drift (reduced genetic variation)
Donestication selection (gentic change)

Bottleneck/geneticlr | f t(reducedyenet i cvari ation)
I nbr eedi ngdepr essi on(reducedf i t ness)
Founder event/domestication selection

(genetic change)

Bottleneck/ genetic drift (reduced gemetic variation)
Domestication selection (genetic change)

Bot t | eneck (reducedgenti ¢ variation)
Domesticationsel ect i on( genet i cchange)
Cent i ¢ introgression ( genti ¢ change)

Pacific salmon (e.g., Waples et al. 1993) and to our know edge, none of &e nonitor .
uantitative characters. It is inportant to consider monitoring Quantitative characters to fully
eval uate theeffects of captive propagation on adaptationin the wld.

Monitoring quantitative characters involves one consideration that is not at issue when
moni t ori ngsi ngl e-1 ocuschar act er: discrimnation between environnental and genttic sources of
observedvariation. Determningthegenetic basisof phenotypicvariatioisthenraisnod@étreof.
quantitative genetics. Two main issties should be considered in monitoring quantitative genetic
variation: the first is genetic, the second statistical (Hard, in press).

The genetic problemarises formthe fact that observed variation in quantitative characters
has an environnental as well as a genetic conponent. A portion of this variation often reflects
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interaction between these components, so that the phenotypic variation expressed by particular
genotypes depends on the environment in which they exist. For captive broodstock progranms, the
primary significance of environmental influence on phenotypic expression is that phenotypic
change during the course of the program is likely to reflect both genetic and environmental
change. Determini ngt heanount of genetic change associated with an observed phenot ypi ¢
change is essential to evaluation the genetic co-of captive propagation for the
popul at i on, andt hi sdet ermni tai onrequiresquant i t at i vegenet i ciet hods.

However, to achieve this objectiveit isprobably not mecessaryto estimate genetic'
parameters such as heritability with the precision usual |y enployed in most quantitative genetic -
research or in selective breed@ prograns. Because these estimtes depend on the population's
environment as well as its gene frequencies, estinates for captive populations are often higher
t han cérrespondingesti mt esf or thesamet rai t sinpopul ationsdevel opi ngunder natural | ymore
vari abl e condi tions ( Proud 1958, Coyne and Beecham1987). Furthernore, the &ability of such

estimtes in predicting phenotypic response to selection has been called into question (Sheridan
1988).

thus, it may be sufficient todetermneonlywhether additivegeneticvarianceexistsfora
character, as this parangeter i s what de- a popul ation's potential for genetic change (Hard,
inpress). |Fsignificant a&l & genetic variance exi stsfor aquantitativecharacterinacaptively
propagated population, and if appreciable phenotypic change has occurred during propagation,
concern shoul d arise that genetic change has resulted during the captive broodstock program

The statistical problem arises directly from the objective to minimize the genetic and
phenotypic differentiation of captive and natural fish during supplementation. This objective
generates a different approach to hypothesis testing than other goals might.  For a captive
broodstockptogramwnthdusobpcuve,anapproprmtenullhypodnesnsnsthntcapﬂveandmmml
fish do not differ for the trait in question.

There are two statistical errors that can result in testing this hypothesis, and only one of
these has been widely appreciated by fisheries biologists. This error, known as type I error
(Winer 1971, Sokal and Rohlf 1981), is in the present context the probability of concluding that
these two groups differ when in fact they do not. Fonunatcly,ﬂnleveloftype[aror(deugnmd
@), can be controlled a priori by the investigator by setting the significance fevel for the test.

The other error, known as type Il error (Dixon and Massey - 1957, Wner 1971), is the
probabi ity of concluding that these groups do not differ when in fact they-do. Unfortunately,
type Il error cannot he controlled by theinvestigator except indirectlythrough sanpl e size and
"effect size" (the direction and magnitude of the effect the investigator wishes to detect), and it
tends to rise with nore stringent control of type | error (Cohen 1988).

The consequences of type | error have received a great deal of attention by enpirical
biol ogi sts because it has genrally been presumed that this error is the most serious of the two
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t ypes (Cohen 1988; Pet er man1990) . However, i nmany st udi esinenvironnental t oxi col gy,
industria and chem cal safety, and consrvaiton biol ogy, typell error may be nore serious than
typelerror. Ingeneral therisks of theseerrors shoul d be wei ghedinany eval uati ontom nm ze
- unanticipated problems and guide experimental design.

A conprehensive treatment of the statistical risks in hypothesis testing and an explanation
of experinental power is beyond the scope of this rep&t. Pete- (1990) gives an exenplary
Introductiontothisissueinfisheries applicatin; statistical texts by Dixonand Massey (1957)
and Sokal ad Rohlf (1981) provide additional detail for the interested reader.

For the putposes of captive broodstock programs, the follow ng point should be
remenbered: The genetic consequences of concluding that appreciable genetic change has not
occurredduring protective cul ture, when such change has actual 'y occurred (typell error), are
arguably more serious than the consequences of falsely concluding that such genetic change has
occurred (type | error).

The former conclusion has irreversible hiological consequences; the second has serious
(butreversible), prinarlyeconom c, consequences. The risk of type Il error is inversely related
to the intensity of genetic monitoring (i.e., sanple size) and the direction and magnitude of
gentic di vergence consi dered acceptabl e (the effect size). These risks, inturn, depend on
character variability and how divergence i s measured. Hard (in press) discusses this issue in
further detail and illustrates difficulties in avoiding type Il error that could arise during genttic
monitoring of quantitative characters.

The success of suppl ementation efforts that involve captive broodstock programs can be
enhanced if quantitative characters are monitored because these characters are sensitive to
changes inenvironnent, adconsequent!ythepotential for domestication. Thedesirabl ef eatures
of such programs include 1) quantitative genetic nonitoring as an integral part of the
suppl enent at i nprocess, involvingdifferential matkingof releasedindividual sandadequate
sanpling of |&history characters on captive and natural individuals; 2) identifying the amount of
genetic differentiation allowed to occur in the characters that are assessed, this amount to be
det er mi ned by consi derati onof i nfornati ononcharact er variation; anti 3) det ernini ngappropri ate
responseto geneticprobl ens that surfaceintheprogram

Future Research Priorities

As the discussion above indicates, there are several potential genetic consequences of
salmon captive broodstock prograns, and little research has been done on any of them A
consi derabl e amount of work, firmy groundedin quantitative genetics, will berequiredto
determne the [ikelihood and extent of these consequences, which can be grouped into three main
categories: 1) loss of genetic variability within a salmon population resulting from the
establishment of a captive broodstock program and the inbreeding depression that may result
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from small population size and patterns of mating; 2) genetic change that may result from
adaptation (domestication) in captive fish to the protective culture environment; and 3) genetic
divergence of the captive fish from their natural source population and the subsequent
consequences of genetic interactions between these groups. -

The experimental requirements of studies designed to address these issues are formidable.
These studies require large numbers of available spawners and at least one, and generally two or
more, fish generations to address the experimental objectives. Previous studies have attempted to
address three main categories of quantitative genetic risk in captive broodstock programs:

.1) To relate the degree of inbreeding to the degree of inbreeding depression by
determining the extent of inbreeding depression that results from various levels of inbreeding, and
compare the levels of inbreeding incurred by different mating schemes: The simplest approach is
to subject a population to several generations of full-sib mating (Kincaid 1976, 1983) and
compare its response to that of other mating techniques.

2) To determine whether natural selection ("domestication™) that acts on captive
populations during protective culture differs qualitatively from selection that acts on salmon in
nature. The q)pmachusedoouldexanﬁnevaﬁationinfamilysizeasanindicatorofdonmticathn
selection, or could use the relative inter-generational variation in a trait(s) between a selected and
control (i.c., unselected) captive population to characterize the direction and general magnitude of

natural selection acting on that trait during protective culture (Kinghomn 1988, Hershberger et al.
1990). ’

. 3) To determine the genetic consequences of interbreeding between captive broodstock
and natural fish. The approach involves making crosses between cultured and natural fish,
establishing their first- and second-generation hybrids, measuring the means and sampling
variances of life-history traits in each derivative line, and testing the goodness of fit of the
variation in these traits among cross derivatives to various simple models of gene expression.

Such an approach can allow one to determine not only whether adaptive divergence
between captive and natural fish has occurred during a captive broodstock program, but also
whether the most commonly accepted mechanism for this "outbreeding” depression (i.c., the
breakup of "coadapted gene complexes”; Dobzhansky 1948) is likely to be responsible for the
depression. At a 1994 American Fisheries Society Symposium on the "Uses and Effects of
Cultured Fishes in Aquatic Ecosystems” in Albuquerque, New Mexico, outbreeding depression
was identified as a primary concern among fishery geneticists.
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Conclusions

Quantitative genetics has applications to a wide variety of problems. However, most
fishery work published to date has dealt with estimating levels of genetic variation within and
among populations. This objective is important, but it raises questions about what maintains or
crodes this variation. Attempts to address this issue are not only of basic evolutionary interest,
but can contribute to informed management and conservation.

Tbmajmiyofmsearchhqumhaﬁyégemﬁcshasmnphasiuddetcmhﬁngﬂzgmic
and environmental components of variation in traits important to aquacultural production. These
traits include growth and size, reproduction (especially maturation and egg production), discase
resistance, and body composition and flesh quality. In gencral, the genetic basis for most of these
characters is often large enough that a reasonable response to selection can be realized, but
individual responses depend strongly on the stock and environment involved.

A number of studies have examined the quantitative genetic basis of life-history characters
and their covariation with morphological and other characters. Life-history characters examined
include incubation performance, early development traits, survival, age at maturity, and behavior.
Four general observations emerge from these studies.

First, while life-history characters tend to exhibit a wide range of genetic underpinnings,
the reliability of genetic parameter estimates such as heritabilities and genetic coryelations is
questionable because of inadequate experimental designs or sampling techniques. Second, where
analyses have been conducted over different environmental conditions, there often appears to be
substantial interaction between genetic and environmental effects on the phenotype. Third, some
traits appear to evolve in close association with other traits, often precluding selection on them
independently. Finally, genetic relationships among traits are often (but not always) qualitatively
similar to their phenotypic relationships.

The genetic basis of adaptation has received little attention in fishery quantitative genetics.
Topics in particular need of attention include inbreeding depression, selection, and population
differentiation and outbreeding depression. Until these topics receive empirical attention, fishery
geneticists will find it difficult to predict the evolutionary consequences of small population size,
intensive hatchery culture, or interbreeding between hatchery and wild fish. Consequently, we
believe it is crucial to integrate investigation of these topics into genetic conservation research.

Evidence is growing that quantitative traits that contribute to adaptation in salmonids can
change under human influences, such as harvest, habitat alteration, and artificial propagation (as in
conventional hatcheries or in captive broodstock programs). Many authors have recently pointed
out potential genetic problems that can arise during artificial propagation as a result of these '
influences, since the immediate genetic concems for conservation may differ substantively from
those for enhancement and mitigation. For example, minimizing genetic differentiation between
hatchery fish and the natural fish they are intended to supplement may be as important a concemn
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vas naintaining genetic variability within the hatchery populationLack of guidance on how to
detect, nonitor, and respondtothe effects of selectioninhatchery fishundoubtedly has resulted
fromuncertainties about howadapt ai on operates i nnovel environments. A thoughtheseand
other quantitative genetic issues should be addressed enpirically before artificial propagation is
applied to salnon conservation on a large scale, there are several reasons why they have not yet
been adequately addressed. Two of these issues stand out as particularly significant.

First, it isonlyrecently that possible adverse genetic effets of hatchery culture have been
w del y appreci at ed. Suppl enent at i onof wi | d sal mon popul ati ons and t he concept of captive
broodst ocks are recent devel opnent s associ ated with acknow edged declines in wild popul ations.
Traditional hatchery prograns were devel oped primrily to enhance fisheries or to mtigate for
lost of naturally reproducing fish due to harvest or habitat |0ss or degradation. In such
prograns, i ssues such as i nbreedi ng depression, sel ection, and the consequences of hat chery-wild
stock interactions have not received the attention they deserve because hatchery production has
general Iy been considered to be independent of wild production (Larkin 1974, Riddell 1993,
Li chat owi ch and Wt son 1993) or even a replacenent for it (e.g., Nethoy 1974).

Assessnent of st ock perfornancehas been gauged in terns of fishery contributions and
adult returns to the hatchery, not interns of reproductive success and genetic and phenot ypic
change. In addition, transfers of fish within and anong mejor river bhasins removed many
constraints on broodstock devel opment. G owing evidence that hatchery production may have
adverse effects on wild production has forced a reevaluation of these attitudes (H ndar et al. 1991,
Ri ddel | 1991, Wapl es 199l a).

Second, nost quantitativegeneticissuesaredifficult toaddressexperimentalyywith
salnon. Most empirical work done on inbreeding depression, selection, and popul ation
differentiation has involved invertebrates and plants that have short generation tines and can be
culturedinlargenunbers of closely relatedgroups. Pacific sal monsatisfyneither of thesecriteria
very wel|. Few sal non biol ogi sts have adequate training in quantitative genetics, and this lints
their ability to design breeding programs that eval uate the evol utionary basis of phenotypic
variation. Thesefactorshave proventobe anaj or obstacletoresrarhconthe quantitative.
genetics of Pacific salmon.

The use of artificial propagataion techniques such as captive broodstock prograns to help
reverse declines inwld salmon production shoul d be acconpani ed by aggressive research to
understand the genetic basis of population differentiation and adaptation. This research nust
entail quantitative genttic approaches. These approaches are often costly, logistically difficult to

inplement, and protracted, but they are necessary to directly address genetic issues of primry
inportance to fishery managers and salnon producers.
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Introduction

Reproduction in salmonid fish involves the growth, development, and release of
mature gametes (eggs and sperm), as well as the development of appropriate secondary sex
characteristics and spawning behavior. Cultured salmon are artificially spawned; therefore,
spawning behavior is not required for successful reproduction of a captive broodstock.
The major problems with reproduction of salmonids in captivity involve timely maturation
of broodstock, losses due to prespawning mortality, reliable production of high quality
gametes, and precocious maturation of male fish. There is an obvious need to develop
methods to monitor and control sexual maturation in captive broodstock, to ensure
production of high quality gametes and high survival of offspring, and to minimize
asynchronous maturation of male and female fish. In this report, literature relevant to
these problems will be reviewed as follows: 1) endocrine control of reproduction in
salmonids; 2) environmental regulation of reproduction in salmonids; 3) hormonal
induction of final oocyte maturation, ovulation, and spermiation salmonids; 4) precocious
or early male maturation in salmonids; and 5) factors affecting gamete quality.



Endocrine Control of Reproductionin Sal moni ds

I'ntenperate-zone fishes | ike sal monids, the seasonal timngof reproductionis
strongly influenced by photoperiod, wth tenperature having a suppl enentary role.
This environmental information is perceived and processed by the brain, which in turn
regul ates intend processes through the endocrine system Mjor conponents of the
repordi ctinveendocrinesyst emarethebrai n(hypot hal nus), pituitary, andgonads (Fi g.
1). Thepituitaryglandplaysa central roleininitiatingreproductivematuration(puberty),
mai ntai ni ng production of spermand eggs by the gonads, and inducing final maturation
andganet erel ease( spawni ng) .

I'nfish, gonadotropinsarethemsjor pituitaryhornonesresponsibleforregul ating
product i onof gamet es(gamet ogenesis). Q her pituitary hormones such as prolactin,
growt h hor none, and somat ol act i n have been shown t o stinul at e gonadal steroi dogenesis
in fish or to potentiate the response to gonadotropins, but their potencies are far less than
gonadot ropi ns andt hei r specificrol esinregul ati onof ganet ogenesi sarenot ful ly
under stood. Synt hesi zed by gonadotropes of the pituitary, gonadotropins are secreted into
the peripheral circulation and bind to receptors in the gonad with subsequent effects on
ganet ogenesi s. I nnost cases, gonadot ropins act throught hebi osynt hesi s of st eroi ds,
whi chinturnmediatevarious stages of gametogenesis: oocyte growth, oocyte maturation,
Ssper nat ogenesi s, and sperm ation. Theability of thegonadotropinstonmodul ate
gamet ogenesi s depends not only on circul atinglevels of gonadotropins, but alsoon
expression of the appropriate receptor proteins by potential target cells in the gonad. In this
section, the biochem stry and physiol ogy of gonadtropins and howthey regul ate
reproduction in salmon wll be briefly reviewed.

Bi ochem st ry of Gonadot ropi ns

Pituitarygonadotropins, folliclestinulatinghormne(FM, andluteinizing
hor mone (LH), al ongwi t hpl acent s-deri vedchorioni c gonadot ropi n(CG) andathird
pituitary hormone, thyroidstinulatinghormone (TSH) constituteafamly of chemcally
rel at edhor mones(Pi er ceandPar sons1981) . Each nenber of this famly is a
het enti meri ¢ gl ycoprotein, consi stingof t henoncoval ent associ ati onof acommna
subunit and a unique-@ subunit, which confers biological specificity to the hormone. For
full expression of biological activity, carbohydrate noieties and association between
subunits arenecessary (Ryan et al. 1987).

Hstorically there has been controversy over whether the fish pituitary gl and

produces one or two t ypes of gonadotropins (Burzawa- Gerard 1982, |dl er and Ng 1983,
Van Qor dt and Peut e 1983, Font ai ne and Duf our 1987).
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Initially it was thought that all phases of gametogenesis in fish were regulated by a single
“LH type” gonadot r opi n, desi gnat ed* mat ur at i onal " gonadot r opi n{ Bur zawa- Ger ar d1982) .
Later, two types of gonadotropins were isolated by Idler and col | eagues, and were

desi gnated carbohydrate rich “maturational” gonadotropin, and carbohydrate poor

“vitel | ogenei ¢" gonadot ropi n, whi ch does not bel ongtothe LH FSHhormone fam |y (Idler
and Ng 1983). Unfortunately, the bi ochem cal nature of the vitellogenic gonadotropin
identified by I'dler and colleagues has not been fully characterized, and the original

physiol ogi cal Werk done with this protein has not been verified in other [aboratories.

Thus, the controversy of one versus two types of gonadotropins infishpersisteduntil the
| at e1980s.

The debate was resolved primarily through the efforts of Kawauchi and col | eagues
(Suzuki et al . 1988a, b; Itohet al. 1988, 1990, Sekine et al . 1989; Kawauchi et al. 1989;
Swanson et al . 1991) who initially characterizedtwo types of gonadotropins, GTHI and
GTHI I, inchumsal mon (Oncor hynchus keta) and coho sal mon (0. kisutch). Like
tetrapod LHand FSH, both GTHI and GTHI | consist of anaand B subunit. The B
subunits of salmn GTH | and GTH Il have only 31%amno acid sequence identity to each
other, and 3040%sequence identity to mammalian LHand FSHB subunits (Itoh et al.
1988). In salnon, unlike tetrapods, two types of a subunits, a-1 and a-2, have been
Identified (Itoh et al. 1990). Both of the salmon a subunits are highly conserved, show ng
approxi mat el y 65% sequence identity to manmalian a subunits. The salmon GTHI B
subunit associates with either of two a subunits, a-1 or a-2. On the other hand, the B
subunit of GTHII associates only with the a-2 subunit GTHII isidentical tothe
previously described chinook sal mon (0. tshawytschu) “maturational ™ gonadotropin andis
most chemcally simlar to manmalian LH. Neither GTHI nor GTHII showany
biochemical simlarity tothe vitellogenic gonadotropinidentifiedby Idler and col | eagues.
Since the identification of the two types of gonadotropins in salmon, considerable progress
has been nade in understanding their physiological roles.

3-3



Environmental Cues
(photoperiod, temperature)

'

Central Nervous System
(hypothalamus- GnRH)

Pituitary Gland
(GTHI,GTHID)

\

Ovary and Testis

(reproductive steroids, peptides,
and growth factors)

)

oocyte growth and maturation, spermatogenesis,
spermiation, development of secondary sex
characteristics, reproductive behavior

Figme 1. Reproductive endocrine axis in salmonids. Environmental cues are perceived
and processed by the central nervous system, which regulates production of
hypothalamic peptides such as gonadotropin-releasing hormone (GnRH).
GnRH acts on the pituitary gland to regulate synthesis and secretion of
gonadotropins (GTH I and GTH II). The gonadotropins are secreted into
the peripheral circulation and regulate gametogenesis primarily through effects
on the production of reproductive steroids, which also affect the development of
secondary sex characteristics and reproductive behavior.
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Plasma and Pituitary Level s of Gonadotropins

Plasma | evel s of GTHII showa sinilar pattern during the reproductive cycleina
variety of salmonids: levels remain relatively low or nondetectable until the period of final
oocyte maturation and ovul ation or spermgion, when |evels increase in a pattern simlar to
that of the preovulatory LH surge intetrapods (Fitzpatrick et al. 1986; Sunpter and Scott
1989; Suzuki et al . 1988¢c; Swanson1991; Amanoet al . 1992, 1993, 1994; Qppen-
Bernsten et al. 1994:Slater et al. 1994). Incontrast, GTHI |evels increase and remain
el evated duringthe periodof vitellogenesis or spermatogenesis andthendeclineduring
final maturation (Suzuki et al. 198& Swanson et al. -1989, Swanson 1991, Oppen-
Berntsenet al. 1994, Sater et al. 1994). In coho sal mon, plasma GTHI |evel s increase
only inmaturing fish 6 to 9 nonths prior to spawning. The [ack of GTHII in the
peripheral circulation during periods of gonadal growth suggests that GTH Il does not play
arolein regulating this phase of reproductive devel opment (Pig. 2).

| mrunocyt ochem cal studiesinsal nmoni dsindicatethat GTHI and GTHI | are
produced indistinctly different cell-types (Nozaki et al. 199Ca, Naito et al 1993) and are
differentiall'y synthesized during gonadal devel opment (Nozaki et al 199Ch, Naito et al.
1991, Sagaet al. 1993). I munoreactive (ir) GTHI Bsubunit isfirst detectedabout 56
days post-fertilizationinthe pituitary of the devel oping embryo (Mal et al 1988, Mal 1991,
Sagaet al . 1993), andl evel sincreaseduringvitellogenesis and sper mat ogenesi s (Nozaki et
al. 199Ch, Naitoet al. 1991). Onthe other hand, their-GIHII B subunit i s not detected
until | atestagesof vitellogenesis or spermatogenesi s, withthehighest pituitarylevelsat
spawni ng devel opnent (Nozaki et al. 199Cb, Naito et al. 1991). The a subunits are
detected throughout garnetogenesis. However, |evels of nmessenger RNAfor the a subunit
declinein GTHI-producing cells at the time of spawning (Naito et al. 1991).

Regul ation of gonadot ropin secretion

Secretion of GTH Il in fishis regulated by hypothal amc peptides such as
gonadot r opi n-r el easi ng hor mone ( GaRH) and neur opepti de Y ( NPY) as wel | as by ot her
neur onodul ators such as dopam ne ( DA), serotonin (5HT), norepi nephrine (NE)and
gamma- am no hutyric acid (GABA) (Peter 1983, Peter et al. 1991). Like LHin other
vertebrates, secretionof GTHII infishisprimrilyregulated by GaRH (Peter 1983). The
endocri ne mechani sms i nvol ved inregulating GTHI secretionhave not been extensively
studi ed; however, GnRH has been shown to stimulate in vitro rel ease of GTHI in sal mon
(Swanson et al. 1987,1989; Swanson 1992).
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Al'thoughtheterms GhRHand | uteinizing hor mone-rel easi ng hor mone (LHRH) are
frequent|yusedinterchangeabl y, LHRHhas beengeneral | y usedtodescribethe
manmahan formof GhRH. The current and nost widely used terminology to describe all
menbers of this hormone famlyis GhRH The specific type of GhRH s naned according
to the species in which it was first discovered.

In salnonids, at least two forms of GnRH have been identified. Sal mon
(s) GRH has heen purified and sequenced (Sherwood et al. 1983). Like mammalian |
GhRH, sGhRHi s adecapeptide, but it differsfromthemanmal i amforminam no-acid
postions seven and eight. Asecond formof brain GaRH (chicken (¢) GiRH11) has been
found in sal moni ds (Sherwood et al . 1983, Ckuzawa et al. 1990, Amano et al. 1991),
which differs fromsGnRH in amno-acid positions five and eight. The second form
CGIRH L is probably not involved in the regulation of gonadotropin secretionin
sal moni ds because cGhRH I was found throughout the brain, but could not be detected in
thepituitary (Okuzawa et al. 1990, Amanoet al. 1991). Interestingly, bothsGuRHand
CGRH I stimulateinv&o secretionof GTHI and GTHII inasinlar manner (Swanson
1992). However, the response of the pituitary varies accordingto stage of ganetogenesis
and the pituitary content of GTHI and GTHIL Duri ngvitellogenesi s andsper mat ogenesi s
whenir-GTH | iselevatedandir-GIHII islowor nondetectabl e, GaRHstinul ates rel ease
of GTHL At the stage of spawning, whenir-GIHII is highest, GaRH stinulates rel ease
of GTHII and has either a weak or no effect on GTHI secretion.

I'nmany but not al | teleosts, GaRHstinulated GTHII rel ease can be bl ocked by
DAthrough direct effects on gonadotropes and by i nhibiting rel ease of GhRH (Peter 1983,
Peter et al. 1991). The degree of thisinhibitionis strongincyprinids, but either weak or
absent in salnonids (Billard et al. 1984).

Gonadot ropi n Recept ors

It iswell establishedthat gonadotropins act viahindingtospecificnenbrane
receptors. Initial studies in fish suggested that there was a single type of GIH receptor
(Breton et al. 1986, Kanamori et al 1987, Kanamori and Nagahama 1988; LeGac et al .
1988). However, recent studies using purifiedGTHI and GTH I in sal mon demonstrat ed
two types of GTHreceptors: atypel receptor (GIHRI), which binds both GTHI and
GTHII, andatypell receptor (GTHRI1), whichbinds GTHII but not GTHI (Yanet al.
1992, M wa et al. 1994). The GTH RI was |ocal &l in three cell-types by invitroligand
aut oradi ography: in the thecal cell-layer and granul osa cells of the vitellogenicfollicle, in
the thecal cell-layer of the preovulatory follicle, and in presumptive Sertoli cells of the testis
at al | stages of spermat ogenesi s (M waet al . 1994). Incontrast, the GTH Rl | was
l'ocal & inonly the granul osa cel s of the preovul atory follicle and Leydig cells of thefully
mat ur € sperm ating)t estis.
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Gonadotropin Regulation of Oocyte Growth

The salmon ovary consists of cogonia, oocytes and surrounding follicle cells,
supporting stromal tissue, vascular, and nerve tissue. Oocytes grow while arrested in .
meiotic prophase. Enormous growth of the salmon oocyte octurs during the phase termed
vitellogenesis, which involves the sequestration and packaging of the hepatically derived
yolk precursor protein, vitellogenin. The selective uptake of vitellogenin into the oocyte
occurs through a receptor-mediated process (Tyler et al. 1987, 1988; Kanungo et al. 1990).
The process of vitellogenesis is regulated by a two-step mechanism whereby gonadotropin
stimulates ovarian synthesis of estradiol-17p (E), which in turn stimulates hepatic
vitellogenin synthesis. The specific uptake of vitellogenin by the oocyte is stimulated by
GTH I (Tyler et al. 1991) and possibly other growth factors.

During oocyte growth, the eggshell or vitelline envelope between the granulosa.
cells and oocyte is also formed (Yamagami et al. 1992). The eggshell consists of a thin
outer zona pellucida and thick inner zona radiata. The zona radiata (zr) proteins are
glycoproteins produced in the liver in response to E (Hamazaki et al. 1989, Oppen-
Bemtsen et al. 1992). The mechanism whereby u—proﬁemsatedcposlted ontheoocyw
" surface is not understood.

In salmonid fish, it has been demonstrated that during oocyte growth, plasma levels
of E increase and subsequently decline prior to final oocyte maturation (Fostier et al. 1978).
The production of E.by the follicular cells of the salmon ovary requires the involvement of
both the special thecal cells and granulosa cells (Kagawa et al. 1982a; Nagahama et al.
1982b; Nagahama 1983, 1987) and is stimulated by gonadotropin (Kagawa et al. 1982b).
Testosterone, produced by the thecal cell layer, is converted to E by aromatase in granulosa
cells. Both GTH I and GTH II stimulate in vitro production of testosterone and E by intact
ovarian follicles (Suzuki et al. 1998d, Swanson et al. 1989, Planas 1993), and production
of testosterone by isolated thecal cell-layers (Kanamori et al. 1988, Suzuki et al. 19884,
Planas 1993). The effect of GTH I and GTH.II on E production may occur through
stimulatory effects on T production because a direct stimulatory eﬂ'ectofgonadotmpm on
aromatase activity has not been reported in salmon.

The similar ability ofGTHIandG'l‘HIItosurhulatestermdpmducmn“atdxisstage
mmosthblydmtoasmgletypeofgonadotromnmoeptorptesmtmboththed:ecaland
granulosa cells, which binds both gonadotropins (Yan et al. 1992, Miwa et al. 1994).
Although both GTH I and GTH II show similar steroidogenic activity in the vitellogenic
follicle, it is unlikely that GTH 1I plays a physiological role at this stage in salmonids
because plasma levels are low or nondetectable. Furthermore, levels of GTH L, but not
GTH 11, are significantly correlated with plasma E and zr-proteins in salmon (Oppen-
Bemsten et al. 1994).
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Thus, the production of both vitellogenin and eggshel | proteins in salnmonids is probably
regulated indirectly by GTHI through its effects on E production (Pig. 3). Non-steroid
mediated effects of GTH 1 on oogenesis may al so exist, but have not yet been reported.

Gonadot ropi n Regul ation of Final Oocyte Maturation

Cocyte growthis followed by a process called final oocyte maturation (the
resunption of meiosis), which mst precede ovulationandis required for successful
fertilization. Itiswell establishedthat gonadotropininitiatesfinal oocytematurationby
stinul ating production of maturation-inducing hormones (M H) by ovarianfollicular cells
(Nagahama et al . 1982b; Nagahama 1983, 1987). Anunber of C21-steroids i nduce
00cyte maturation in vitro, including 17a-hydroxyprogesterone (17-OHP); 17a,208-
dihydroxy-4-pregnen-3-one (17,208-P), 17a,208,21-trihydroxy-4-pregnen-3-one (20§-
S), cortisol, anddeoxycorticosterone.  Insal noni ds 17e,208-Pi s the nost potent M H
(Nagahama1983, 1987) .

Several studies have shown that gonadotropin stinulates production of 17-CHP in
thethecal cells; the17- OHPisthenconvertedto17c,208-Pingranul osa cel | sbythe
enzyme, 20-hydroxysteroid dehydrogenase (208-HSD). In the preovulatory salmon
follicle, both GTHI and GTHII stimlate production of 17- OHP by the cell layers;
however, GTH I is far nore potent than GTHI in stinulating conversion of 17- OHP to
170,208-P (Suzuki et al. 19884, Planas 1993). The enhanced potency of GTH Il during
thisperiodis associatedwth the appearance of a GTH I1-specific receptor inthe granul osa
cells(Mwaet al. 1994). Additionally, thegonadotropinreceptor, whi ch bi ndshboth GTHI
and GTHI| (GTHRI'), isnot present ingranul osa cellsof thepreovul atoryfollicle. The
inability of GTHI tostinulate activityis probably dueto the loss of GTH RI inthe
granul osacel | sat thi sstage.

During the post-vitellogenic period, the capacity of thefolliclestoproduceE
ded i nesandi sassoci atedwi t hadecl i nei naromataseactivityingranul osa cells, whi | e208-
HSDactivity increases (Kanamori et al. 1988). The capacity of the thecal cells to produce
testosterone in response to GTH i ncreases at this tine. Just prior tofinal oocyte
maturation, the production of 17- OHP by thecal layers increases. Thus, there is a shift in

t he steroi dogeni ¢ pat hway i n granul osa cel | s fromprodé& on of Eto17a,208-P, and there
I's enhanced production of 17- OHP by theta cells.

The i nduct i on of 208-HSD and producti on of 17c,208-P during final oocyte
maturation are most likely controlled by GTHII, because plasma |evels of GTHII increase
during this period, and a receptor that hinds GTHII but not GTHI is present ingranul osa
cellsof the preovulatory follicle (M wa et al. 1994). The appearance of the GTHII-specific
receptor is coordinated with the increase in plasma levels of GTH II that precedes
ovulation. Thus, key steps inthe process of finaloocyte maturationare regul ated by GTH

| (Fig. 3).
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Gonadot r opi n Regul ati on of Spermatogenesi s and Sperm ation

The salmon testis is composed of interstitial and lobular (tubular) compartnents
(Billard 1983, 1992; Billard et al . 1986). Intheinterstitial conpartment, Leydigcellsate
present and ate involved in steroid biosynthesis. Wthin the lobule, two cell types are
present germcel s and Sertoli cells, which line the periphery of the lobule. Sertolicellsin
fishhavebothhistochem cal andultrastructural features, whichsuggest that theyare
steroi dogeni c. However, therol eof Sertoli cel I sintesticular steroi dogenesisisunclear
(Nagahama 1983). In mal e sal nonids, as wel | as inother teleost species, plasmlevels of
testost erone and 11-ketotestosterone( 1| - 1 Cl ) i ncrease during later stages of
spermatogenesis and decline slightly at the time of spermd on, when plasma | evel s of
17a,208-P &t ease (Hunt et al . 1982, Fostier et al. 1983, Ueda et al. 1984, Baynes and
Scott 1985, Billard et al. 1990, Billard 1992).

Spet mat ogenesi s i s regul ated by gonadot ropi nindirectly throughstimulation of
steroi dbi osynthesis(Billardet al . 1986, 1990;8i | | ard 1992, 1993). M ura and col | eagues
(Muraet al. 1991) have shown that the entire process of spermatogenesis coul d be i nduced
invitroby 11-KT. However, spermgion and the acquisition of sperm motility are
medi at ed by 17,208-P (M uraet al . 1992). Gonadotropin stimulates production of
testosterone and 1 1-1Cl by somatic cells of the testis (Schulz 1986, Sakai et al. 1989,

Schul z and Bl um 1990, Planas 1993, Planas et al. 1993, Planas and Swanson 1994), and
the capacity of the testis to produce these steroids in response to gonadotropin increases
during spermatogenesis. The productionof 170H P170,208-P i ncreases duringlate

st ages of spermat ogenesi s and sper n& on (Depeche and Sire 1982, Sakai et al . 1989,
Planas et al. 1993, Planas and Swanson 1994). Planas and Swanson (1994) denonstrated
that duringearlytomd-stages of spetmtogenesis, both GTHI and GTHII stimlate
productionof testosterone, 17a,208-P,and 1| - KT withsimlar potencies. However,
duringlate stages of spermatogenesi s and at sperngion, the steroi dogeni ¢ pot ency of
GTH II exceeds that of GTH L ’

Simlar potenciesof GTHI and GTHI I duringthe early stages of spermat ogenesis
could be correlated with the presence of-a single type of gonadotropin receptor (GTHRI)
that binds both GTHI and GTHII (M wa et al . 1994). Thisreceptor was |ocalizedin
presunptive Sertoli cel lsof thetestis throughout spermatogenesis, but may al so be present
inLeydigcells. Inthespermatingtestis, whenGTHI I hasenhanced st eroi dogeni ¢
pot ency; a second gonadot ropin receptor (GTHRI1), which binds GTHII specifically
appeal sinLeydigcells.

It is likely that spernkion and the acquisition of spermmotilityin salmonids are
regulated by GTHII, not GTHI, because during this period plasma |evels of GTHII
increase, a GT'HI | -specific receptor appearsinLeydigcells, andthecapacityof thetestisto
produce 17a,208-P i n response to GTHI | increases.
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In contrast, spermatogenesis is probably regulated by GTH I via stimulation of 11-KT
production because plasma levels of GTH I and 11-KT increase during early phases of
spermatogenesis and remain elevated throughout spermatogenesis when GTH 1 levels are
non-detectable (Swanson 1991). '

Applications of Reproductive Endocrinology to Captive Broodstock
Programs for Salmonids and Future Research Needs

Reproductive endocrinology may be applied to captive broodstock programs by
using hormones to control and monitor reproduction in broodfish. Later in this report, the
use of exogenous hormones to control reproduction in salmonids is discussed. Plasma
levels of hormones may be used to determine state of maturity and sex; gonadotropins to
distinguish maturing from non-maturing broodfish, and steroids (E and 11-KT) to .
distinguish male from female fish. In both male and female salmonids, the period of
gonadal growth appears to be regulated primarily by GTH I, whereas the period of final
oocyte maturation and spermiation is regulated primarily by GTHIL. Because plasma
levels of GTH I increase 6 to 9 months in advance of the spawning period in maturing coho
salmon (Swanson 1991, Fig. 2), it may be possible to use GTH I levelsasa
nondestructive method to distinguish maturing from non-maturing broodstock well in
advance of the spawning period. Plasma GTH I and GTH II levels may also be used as a
research tool to monitor the progress of maturation of experimental fish in response to
various rearing conditions. Further research on the feasibility and reliability of using
G'IHIlevelsasanon—desu'ucuvemethodtodlsnngmshmamnngfromnon—mamrmgma
vanetyofsalmomdswillbereqmred. ‘
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Envi ronnmental Regul ation of Reproduction in Sal nonids

Fi sh of the sal mon fam |y Sal noni dae are native tothe oceans, rivers and |akes of
the northern tenperate zone and are seasonally breeding fish. The mgjority of salmonids
in the tenperate zone spawn during autum (Septenber to Decenber). However, sone
stocks of rainbow trout (0. nykiss) and steelhead (0. nykiss ) spawn during winter
months (January to March) and a few spawn during the spring and summer. Spawning
time has been shown to be a heritable trait in salmonids (Gall 1975, Gardner 1976, Gall et
al. 1988). For each strain or stock, spawning occurs at a time which will ensure that the
young fish or fry emerge when local climtic conditions are favorable and natural supplies
of food are abundant (Brannon 1987, Heggeberget 1988). In addition to genetic factors,
the seasonal timng of spawning in salmonids is controlled by photoperiod, tenmperature,
and an endogenous circannual rhyt hm(revi ewed by deVlaming 1972, Lam1983, Scott
1990, Bromage et al . 1993).

Regul ation of Reproduction in Sal monids by Photoperiod

‘Ihere is substantial evidence that the reproductive cycle in salmonids is driven by
an endogenous rhyt hm(\itehead et al . 1978a, b; Scott 1979; Duston and Br omage 1986,
1987, 1991 ; Bromage and Dust on 1986). Spawni ng occurs at approxi mat el y annual
intervalsinfishexperimental |y mintainedonconstant photoperiods(LD 12:12). The
endogenous rhythmis sel f-sustaining, has an approxi mate circannual rhythmcéy, andis
synchroWor entrained to the annual cycles by environmental cues. Photoperiod is the
most inportant of these environmental cues in sal nonids.

The mejority of studies on photoperiod control of reproduction in salnonids have
been conducted in domesticated strains of rainbowtrout (Hoover 1937; Bronmage et d.
1993) and brook trout (Salvelinus fontinalis) (Hazar d and Eddy 1951, Henderson 1963,
Carl'son and Hal e 1973), while relatively few studies have been conducted on Pacific
sal non (Conbs et al. 1959; MacQuarrie et al. 1978, 1979; Johnson 1984) and Atlantic
salnon (Salmo salar) (Johnston et al. 1987,1990,1992; Taranger et al. 1991; Hansen et
al. 1992). These studies have denonstrated that advanced or corn@ seasonal |ight
cycles induce precocious gonadal devel opment; whereas delayed or extended photoperiods
resul tinl aterspawnings.

Fromthe early 1960s to the m d-1980s t here was consi derabl e debat e about
whet her gonadal devel opnent in salnonids is cued by “long” or “short” day lengths. This
debate was fueled in part by conflicting definitions of what constituted a “long” or “short”
day. In nunerous studies, the terms “long” and “short” day were used rather |oosely to
describe day lengths nore than 16 and less than 8 hours of light per day, respectively.
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It vas thought‘that a specific quantity of light (in terms of day length) was required to exert
an effect on reproduction.

Nowit is clear that the direction of change of photoperiod, rather than the absol ute
number of hours of light, is the critical factor for entrainnent of reproduction by
phot operiod (Duston and Bromage 1987, Randall et al. 1987). Therefore, “long” days can
be defined as those which ate preceded or followed by a photoperiod which is shorter, and
“short” days are those which are preceded or followed by a photoperiod which is |onger.
Based on this definition, Scott (1990) concludes that in all salnonids the reproductive cycle
isinitiatedinspringtine, under conditions of &asingor “long-day” photoperiods.
Decreasing or “short-day” photoperiods only advance the reproductive cycle in autum-
spawni ng sal noni ds.

(ne of the questions that arose early in the studies on photoperiod control of
reproduction was whether seasonally changing light was critical for controlling Spawning
time. Studies in rainbow trout have demonstrated that the timng of reproduction can be
modified by an altered seasonal light cycle; however, seasonally changing light is not
essential for maturation (Witelad et al. 1978a, b; Bronage et al. 1982,1984; Elliot et 4d.
1984; Bromage and Dust on 1986, 1987; Duston and Br omage 1986, 1987); For exanpl e,
the rise and decline in day length, which occurs seasonally, can be replaced by constant
“l'ong” and “short™ phot operiods, respectively (Witehead and Br omage 1980, Br omage et
al . 1982, Bromage and Duston 1986). Because of the endogenous rhythmcontrol |ing
maturation, the timng of exposure to changes in day length relative to the phase of
endogenous rhyt hmdet er m nes whet her spawni ng i s advanced or del ayed and the degreeto
whi ch spawning time is altered. This phenomena has been studied extensively in rainbow
trout and is reviewed below Studies conducted on other salmonids are cited when
rel evant.

Spawning time can be advanced if rainbow trout are exposed to “long” days or
continuous Iight during the early part of the reproductive cycle, or fromthe wnter solstice
throughout the spring (Witehead and Bromage 1980; Bromage et al. 1982, 1984; Scott et
al . 1984; Bromage and Dust on 1986, 1987; Duston and Br omage 1987, 1988). The
degree of advancenment of spawning tinme appears tobe greatest if trout are exposed to
“l'ong” days or continuous |ight just after spawning at the winter solstice (Bromage et 4.
1984, Scott et al. 1984) In contrast, the reproductive cycle of salnonids can be extended
and spawning tine can be delayed by exposing fish to “long” days or continuous Iight after
the summer sol stice (Allison 1951; Combs et d. 1959; Henderson 1963; Shirashi and
Fukuda1966; MacQuarrieet al . 1978, 1979; Lundqui st 1980; Wi t ehead and Br omage
1980; Bromage et al . 1982; Johnson 1984, Bourlier andBillard 1984; Takashi ma and
Yamada 1984). Fish exposed to continuous light after the summer solstice not only show a
delay in spawning, but their period of spawning can be extended two- to three-fold
(BourlierandBillard1984).
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However, exposure to continuous light will also cause spawning to be asynchronous
withinagroup of fishand a significant anount of atresia of eggs can occur (Bourlier and
Billard1984).

In general, exposure of trout to constant “short” days during the very early stages
of mturationresultsinadelayinspawing (Witehead and Bromage 1980, Bronage et al .
1984, Duston and Bromage 1987). The extent of the del ay depends on the point at which
the photoperiod is applied relative to the stage of reproductive devel opment and natural
spawning time of the particular stock of fish. Once maturation has proceeded for
approximately 3 to 4 nonths in rainbow trout, exposure of fish to “short” days advances
spawning tine (Bromage et al. 1984, Duston and Br omage 1987).

Regul ation of Reproduction in Salmonids by Tenperature

Although photoperiod is regarded as the most inportant environmental factor
controlling gonadal devel opment and spawning time in salmonids, it does not act al one in
controlling reproductive function,

The extent to which tenperature acts inconcert with photoperiodtoregulate the timng and
rat eof ganet ogenesi s i spoor | yunderstood. Mst studies on photoperiod manipulation of
reproduct i onhave mai nt ai nedfi sh-oneit her const ant or anbi ent t enperat uresaver agi ng 10
°C. Fewexperinental studieshave beenconductedonthe effectsof rearingtenperature
on reproduction in sal moni ds (Henderson 1963; Breton and Billard 1977; Morrison and

Smi th 1986; Be&amand Mutray 1988; Bromage and Cunar anat unga 1988; Nakari et al .
1987,1988; Johnston et al. 1987,1990,1992; Taranger and Hansen 1993).

In rainbow trout, studies have shown that tenperatures ranging from8 to 16 oC
have little effect on timng of the reproductive cycle, but higher tenperatures adversely
affect the quality and quantity of gametes (Billard 1985). Theapproxinateupper [imt for
successful reproductionof salmonidsinthewldisconsideredtobe139C (MacCri nmon
1971, Scott 1990). However, this upper limt may be lower for salnonids which naturally
spawn in t he not her nnost | atitudes or highaltitudes (Taranger and Hansen 1993).

Wile the range of water tenperatures for survival and successful reproduction has
been studied for a nunber of salnonids, the question of whether seasonally fluctuating
tern- are inportant for reproductive performnce of broodstock has not been
thoroughl y i nvesti geted!n many hat chery conditions, particularly those using wel | water,
fishare mared on datively constant water tenperature. Only one study has conpared the
effects of constant versus seasonal |y fluctuatingrearing tenperature on spawningtine.

Davi es and Br omage (1991) nmaintained rainbowtrout onariver-water supply with
seasonal variations in water tenperature ranging from4eC in February to 16.5°C in July.
They found that these fish responded simlarly to a parallel group of fish maintained on

wel | -water with constant tenperature of 8.5°C and exposed to the same stinulatory
phot oper i od.
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Spawni ng tine of both groups was advanced. However, Davies and Bromage did not
describe the effects of tenperature on the quality of gametes produced by fish reared on the
two thenud regimes. Cther inmportant factors to consider are that the response of
domesticated stocks to rearing tenperatures nay be very different than that of wild stocks
and may vary considerably among species and stocks.

Because fish are poikilothermc aninals, tenperature directly affects their gonadal
physiol ogy by changing the rate of yolk sequestration, steroid biosynthesis, and other
general net abol i creactions. In sal monids, |ow tenperatures (< 8°C) reduce the rate of
mat uration; causingvitellogenesis (Johnstonet al . 1987, Korsgaard et d. 1986) and oocyt e
growth (Gimet d. 1983b) to proceed sl owy. At very | owtenperatures (3°C)the final
stages of oocyte naturation and ovul ation are conpletely inhibited (Billard 1985).
Testicular steroid production is also reduced at |ow tenperatures (Manning and Ki me
1985). Spawning time in autumm-spawning trout can be delayed until spring by adversely
cold weather conditions, and conversely, spring-spawning trout can be nade to spawn in
titer or autum by movement into tenperate water conditions (Morrison and Smth 1986,
Nakari et al 1987, Titarev 1975). In Atlantic salmon, high water tenperatures (increases
from 10 to 13-14°C) during the spawning season inhibit ovulation and have a detrimental
effect on gamete quality (Taranger and Hansen 1993). Heggeberget (1988) found that in
this species, peak spawning in Norwegian rivers occured when water tenperatures were
decreasing. This suggests that among sal moni d species and/or strains, tenperature may
affect reproduction differently.

Applications of Environmental Control of Reproduction to Captive
Broodstock Prograns for Sal nonids and Future Research Needs

In comercial farmng of salmonids, manipulation of spawning time has been used
to spread the availability of juvenile fish over the year. This regulation provides the market
with continuous production, and synchronizes or conpresses the spawning period. In
captive broodstock programs for depleted fish stocks, off-season spawning of fish may not
be an appropriate goal, since production of progeny for release into the natural habitat
shoul d be timed appropriately for the requirements of the stock However, photoperiod in
captive rearing facilities must be controlled, and inadvertent exposure of fish to light during
the dark phases shoul d be avoided. Uncontrolled Iighting coul d have catastrophic
consequences if, for exanple, it artificially extended spawning periods into periods when
ambient water temperatures are sufficiently high to inpair ganete quality and offspring
survival. Furthermore, exposure to continuous |ight can induce asynchronous naturation
andatresiaof oocytes (Bourlier andBillard 1984).

MacQuarrie et al. (1978) observed abnormalitiesinthe process of oogenesis and
poor fertilization of eggs when coho salmon were exposed to advanced photoperiod and
natural thernoperiod.

3-16



In addition, the photoperiod history, stage of reproductive development, and natural
spawning time of the fish must be considered if alterations in light-cycles are made because
the response of the fish to changes in photoperiod depends on all three factors.

The ef fects of tenpera= on reproductive performance i n sal noni ds have not hem
extensively examned. Further stud& arenecessary to develop better quidelines for
rearing temperatures for Pacific salmon broodstock, and to determine whether constant or
seasonal |y fluctuating water tern- affect reproductive performance. Thisis
particularly important because facilities for captive rearing of broodstock may be practically
limted by the ability to control water tenperature and the availability of water of constant
versus fluctuating tenperatures.
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Hormonal | nduction of Final Qocyte Maturation,
Ovul ation, and Sperm ation in Sal nonids

Reproductionin captive broodfishcanartificially controlledat twolevels: through
mani pul ation of environmental cues and through alterations in the reproductive endocrine
system As nentioned in the previous section on environmental control of reproduction in
sal moni ds, spawni ng time canbe del ayed or advancedthroughalterationsill environmental
factors such as photoperiod. Photoperiodic influences on reproduction, after perception
and integration by the central nervous system alter release of hornones by the
hypot hal anus (primarily G&H, which in turn regulate secretion of pituitary
gonadotropins (Pig. 1). Techniques for the control of reproduction through exogenous
admnistration of hormones have been devel oped which intervene at each |evel of the brain
(GRH) - pi tui tary (gonadot ropi n) - gonad( st eroi d)axis. _

Al though mani pul ation of gametogenesis (gonadal growh) has been achieved in
some speci es through chronic treatment of fishwithvarious preparations of gonadotropins
and/or steroids (Billardet al. 1986, 1990;Billard 1992), thistechnol ogyis not presently
used on cultured salmonids. However, hornmonal induction of final oocyte maturation,
ovul ation, and spermationis wdely used on sal mon broodstock to prevent |osses dueto
prespawning nortality and to advance or synchronize spawning tine (Donal dson and
Hunter 1983; Donal dson 1986; Zohar 1988, 1989).

Hormones Used to Induce Final Cocyte Maturation, Ovulation, and
Sperm ation

“I'he hornonal induction of spawning is achieved by producing an increase in
plasma | evel s of gonadotropin (GTH |1 or homol ogous proteins) in fish that have
conpl et edvitel | ogenesi sandsper mat ogenesi s.  The gonadot ropi ns act onthe ovary to
induce final oocyte maturation and ovulation or on the testis to induce sperméion (as
previously described). Plasma | evel s of gonadotropins can be el evated either by
stimul atingsecretionof endogenous gonadotropins, or byadmnistrationof pituitary
extracts, human chorionic gonadotropin (a human hornone which is chemcally simlar to
fishGTHI 1), or purifiedpreparationsof fishgonadotropins.

Induction of spawning with pituitary extracts or partially purified sal mon
gonadot ropi n has been denonstrated widely in salnonids (Jalabert et al. 1978; Hunter et al.
1978,1979,1981; Sower et al. 1982; Donal dson et al. 1985; Van Der Kraak et al. 1985).
However, this technique has some major limitations. There is a high degree of variability
inthe purity. and quality of the gonadotropin preparations, and highly purified
gonadot ropi ns areexpensiveanddifficult toobtain.
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Furthernore, there is a high degree of species specificity in fish gonadotropin: a
preparation fromone species may not be effective in another. Finally, the content of

bi ol ogi cal |y active gonadotropin in pituitary extracts is variable, and the presence of other
hornones in the extracts can lead to undesirable effects.

Amore reliable and econonical alternative to admnistration of gonadotropin
preparations has beent he use of GhRHor superact i ve anal ogues of GARH( GhRHa) for
induction of spawning. This appears to be the most efficient therapy because GhRH
stinul ates rel ease of endogenous gonadotropin, thus avoi di ng probl ens wit h speci es
specificity and qual ity of the gonadotropi npreparations. GnRHand GaRHa ar e non-
| munogeni ¢ decapeptides, whi ch can be synt hesi zed and obt ai ned i n pure formand are
readily available froma variety of chemcal conpanies. They also can be admnistered in
very | owdoses (fewm crograns/kilogrambody wei ght), whichis nore econom cal than
gonadotropin preparations.

I nduction of Spawning with Anal ogues of GhRH in Sal noni ds

I nduction of ovul ationandspermationinfullymturefishusing GaRHor GhRHa
has been achieved in a wide variety of salmonids (Donaldson et al. 1981, 1984; Sower et
al. 1982,1984; Giimet al. 1983a, b, 1986, 1987, 1988a, b; Donal dson and Hunt er 1983;
Wi | and Cri m1983; Cri mand G ebe 1984; Fitzpatricket al . 1984, 1987; VanDer Kr aak et
al. 1985; Zohar et al. 199Ca, b; Bretonet al., 1990; Taranger et a. 1992; Myl onas et al .
1993; Haral dsson et al . 1993; Sater et al. 1995). Ininitial studiesof GhRHor GhRHa-

i nduced spawni ng in sal noni ds, GhRH or GhRHa were tested in conjunction with
gonadotropin preparations (Donal dson et al. 1981,1984,1985; Sower et al. 1982, 1984;
VanDer Kraak et al. 1983,1984,1985). However, treatment with GhRHa al one has heen
shown to be equal |y effective to that of GhRHa combined with gonadotropin as | ong as
twoinjectionsof GhRHaweregi ven.

Superactive anal ogues of GhRHamgeneral |y more potent invivothan native forns
of GARH(Crimet al. 1987,1988b; Donal dson et al . 1981) because of their prol onged
biological half lives(CGorenet al. 1987, Zohar et al. 199Ca) and hi gher affinityto GhRH
receptors (Habibi et al. 1987). The anal ogues of GhRHmost commonly used f or
induction of spawning are as follows: [D-Argb-ProPNET] salmon GnRH, [D-Ala6-Pro9-
NET] mammalian GnRH, and des-Gly!0[D-A126}-mammalian GnRH ethylamide. These
anal ogues differ somewhat intheir ability toinduce spawning in goldfishandin their
affinity to goldfish GhRH receptors (Habibi et al. 1987, Habibi and Peter 1991); however,
no significant differences have been observed anong these anal ogues when used in
salmoni d fish or seabream (Sparus awurata) for spawning induction (Zohar et al. 1989,
1990a; Haral dssonet al . 1993).
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For successful induction of ovulationin salmonidfish, GaRHa dissol vedin saline
has beenadm ni steredby twointranuscul ar or intraperiotoneal i nj ections spacedat an
interval of 3 days (Donal dson 1986; Cri met d. 1987; Van Der Kraak et al . 1984, 1985;
Fitzpatricket al. 1984, 1987; Zohar et al. 1989, 1990a; S ater et al . 1995). In general,
GhRHa- i nduced ovul ationwas observedw thin10-14daysafter theinitial injection.
However, the rate of response to the GhRHa depended on the tining of treatment relative
to the natural period of ovulation and the dosage of GhRHa |f GnRHa was adni ni st ered
within 3 to 4 weeks prior to the normal spawning tine, ovulation was synchronized and
advanced by approximately 2 weeks (T&anger et al. 1992). Ovulation was synchronized,
but not significantly advanced when fish were treated within 2 weeks of the nornal
spawning time. Dosages ranging from10 to 150 pg GhRHa per kg body wei ght have
been used to advance or synchronize ovulation in female salmonid& However, several
studies (Crimand G ebe 1984, Taranger et d. 1992) have reported reduced fertilization
rates and survival of offspring to the eyed-stage when females were treated with high
dosages of GhRHa (100- 150 @g body wei ght). Dosages of 10-20 pug G&Ha/kg body
wei ght have been shown adequate for advancing or synchronizing ovulation without
i mpairingoffspringsurvival (VanDerKraak et al. 1985, Tarangeret d. 1992).

Technol ogy for controlled-release GhRHa delivery systems has been devel oped for
i nduction of ovul ation and sperngionin salnonids (Crimet al. 1983b, 1988a; Cri mand
G ebe 1984, Zohar et al. 199Ch; Breton et al., 1990). The advantages of this technique are
that 1) the quantity of hornone admnistered and [abor required for the treatnent can be
reduced, making the treatment norecost-effective, and2) stresstothebroodfishassoci ated
Wi th protocol s requiring nutiple injections can be reduced. Several typesof delivery
Systens for GhRHa have been devel oped and tested in sal noni ds.

Crimandcol | eagues (Crimet al . 1983h, 1987, 1988a; Cri mand G ebe 1984)
advanced and synchroni zed ovul ationwith apelleted formof GiRHa in a chol esterol
matrix. The m ni mimdose of GhRHa has not been determ ned for this techni que;
however, asingletreatment with 20-25pg GhFUWKQ body wei ght was ef fectivein
advanci ng ovul ation (Cri mand G ebe 1984). Zohar and col | eagues ( Zohar et al . 199(h)
have devel oped two types of GhRHa delivery systems: nonbiodegradabl e and
bi odegr adabl e. The nonbi odegradabl e delivery systemis a pellet (approximtely 0.5 nm
dianeter) conposed of an ethylene vinyl acetate copol ymer (EVAC) Inplants containing
dosages of GhRHa as | ow as 25 ug per fish (body weight ranging fromapproximtely 0.8
to 2.5kg) effectively induced ovulationin trout (Breton et al. 1990) and coho sal non (Fig.
4) without inpairingoffspringsurvival These inplants were adninistered by
intramscul ar injectionandinduced ovul ationor sperm ationapproxi mately 8-12 days after
treat ment.

Asecond type of delivery systemdevel oped by Zohar and col | eages (Zohar et al.
199(h) i s apreparationof biodegradabl e m crospheres consisting of apolyglycolic acid
copol ymer.
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Figure 4. Induction of ovulation in female coho salnon using gonadotropin-rel easing
hor noneanal ogue ( GhRHa) admi ni st eredvi aet hyl enevi nyl acetatecopol ymer
(EVAC) inplants. Fish (N=10 per treatment) vere i njected i ntramscul arly
wi th WAC i npl ants containing either 25 or 75 mcrograms GhRHa. Control
fishreceivkd bl ankinplants. Dataonovul ationare expressedascumul ative
percent of fenales that ovulated during the course of study. Both doses of
GnRHa effectively advanced ovul ation (A) without inpairing egg quality (B).
Data on fertilization are mean + standard error. (Swanson, Dickhoff, Larsen:
and Zohar, unpubl . data, NVFS).
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Figure 5.

I'nduction of ovulation in adult female coho salmon using m crospheres
containing GhRHa (75 m crograns/ kg body wei ght). Fish (N =6 per
treatment) were treated approxi mtely 3 weeks i nadvance of thehistorical
spawning date for the stock. Treat mentw t hGnRHa-microspheresadvanced
ovul ation by about 2 weeks without affecting survival of embryos to hatching.
(Swanson, Di ckhoff, Larsen, Myl onas and Zohar, unpubl. data, NVFS)
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Figure 6. Induction of spermiation and ovulation in Lake Wenatchee sockeye salmon.
Fish were injected intramuscularly with microspheres containing GnRHa (75
micrograms/kg body weigh) either on day O (Aug. 31) or day 7 (Sept. 7).
Control fish received blank microsphereson day 0. N = 10 fish of each sex per
group. Dataare expressed as cummulative percent of either spermiating males or
ovulated females. The GnRHa treatment successfully advanced and
sync- maturation in both male and femalefish without affecting the rate
of fatilizstion or survival off* eggs to the eyed stage (Swanson Yan,
Dickey, and Zohar unpubl. data, NMFS).
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Applications of Hornone-1nduced Maturation to Captive Broodstock
Programs for Sal monids and Future Research

Technol ogy for hornonal induction of ovulation and spermation has several
important applications to captive broodstock programs for endangered or threatened
salmonid fish. This technology can be used to 1) prevent [oss of game- due to .
prespawning mortality, 2) synchronize spawning in wild and captive fish, 3) extend the
period of sperm&ion and yield of sperm and 4) to synchronize and/or advance Spawning
inmaleandfenal e raoccfish Hatchery nanagers may not need to routinely induce
spawning in broodstock, but this technology is a tool that should be available to managers
who may need to produce a predictable spawning period or advance spawning if there is a
risk of prespawning mortality. However, artificial induction of spawning using GaRHa
shoul d be further refined for general use in control of reproduction in Pacific salmon
br oodst ock.

Further researchis necessary to devel op areliableindex of when GaRHa can be
admnisteredto both male and femal e fish for successful induction of spawning. This will
be particularly inportant for species with extended spawning seasons. The m ninum
effective dosages and optimal modes of admnistration of GhRHa nust be established in
several species and stocks for both nales and females.
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Precocious or Early Maturation in Male Sal moni ds

In both captive and wild populations of anadromous sal nonids, sexual maturation
my occur at an earl& age for males than for females in the breeding population. Early, or
precocious maturation in male salnonids may occur in freshwater prior to smoltification
and seawater migration or after a period of seawater reside-. Theterm"precocious parr'
has been used to describe male salmonids that mature without smolting and migrating to
sca, whereas the term “jack™ has been used to describe males that mature after a period of
seawat er residence, usually at least 1 year prior to the first maturation of females. The
period of seawater residence for jacks @nds on the species, and is less than 1 year for
coho salnon-and up to a year for chinook salmon.

Precoci ous maturation of male parr is comonin Atlantic salmon (Thorpe 1986),
but al so has been documented in a wide variety of anadromous Oncor hynchus sp.
i ncl udi ng chi nook sal mon (Robertson 1957, Gebhards 1960, Taylor 1989, Foote et al.
1991), sockeye sal non (Ricker 1938, 1959; Burgner M), coho sal mon (Silverstein and
Her shberger 1992), steelhead (0. mykiss) (Schm dt and House 1979), amago (0.
rhodurus) (Nagahana et al . 1982a); and masu sal mon (0. masu) (Aidaet al . 1984, Kate
1991). Early maturation of nmles after seawater residence has been documented for
chinook salmon (Hard et al. 1985, Healy 1991, Backing and Nass 1992), coho sal mon
(Bilton 1980, Biltonet al. 1981, Sandercock 1991) and sockeye sal mon (Burgner 1991).

The phenonena of precoci ous sexual maturation of male salmonidsis an
evolutionary viable, alternative [ife-history strategy. Smaller, younger nales gain access
to females for reproduction by utilizing “sneaking' behavior, while the larger, ol der males
guard females and fight each other to defend their territory (Gross 1985). Thus in nature,
precocious male maturation is not necessarily an undesirable characteristic. However, in
captive breeding programs for depleted salnon stocks, maturation of males in the absence
of mture females could be catastrophic.

I'ncommercial aquaculture, earlymaturingmal efishhavereducedmarket val ue and
poor sunrival, thus representing serious firemad |oss to the fanner. I'n addition,
precocious male maturation in hatchery-reared Atantic salmon causes a significant decrease
intherate of adult recapturesfromhatchery rel eases Lundqvi st et d. 1988) and a | oss of
adul't chi nook sal non tot the fishery (Foote et al. 1991, Millan et al. 1992). Precocious
mal e parr may reabsorb gonadal tissue and smolt in the year followi ng maturation
(Robertson1957, Gebhard 1960, Lundqui st and Fridberg 1982, Bemi er et al . 1992).
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However, the maturation process inpairs seawater adaptability and smolting during the
subsequent springinprecocious Atlantic sal non (Saunders et al . 1982, Langdon and
Thor pe 1985, Lundqvi st et al . 1988, Thorpe 1987). seatrout (S. trutta) (Dellefors and
Fareno 1988), masu sal non (Aida et al . 1984), amago sal non (Nagahama et al . 1982a)
and chinook salmon (Foote et al. 1991). It has also been shown that the mortality rate of
mture male parr is hdwe than that of immture parr (Mers 1984, Denpson et al. 1986).
Tarekae a better understanding of the control of early malematurationisneededto
devel op rearing nethods that will maximze the synchronous maturation of both sexes and
reduce the proportion of precocious males while not adversely affecting the survival of
sexual yimmturesmolts.

There is strong evidence that the age of sexual maturity in salmonids is regulated by
bot h genetic and environnental factors (Purdom1979, Randall et al. 1986, Gjerde 1984a).
Environmental factors include hoth abiotic factors such as photoperiod and tenperature,
whi ch affect the seasod timng of maturation, and biotic factors such as food availability
and diet conposition, which affect growth and energy status. Al though effectsof both
genotype and environment on precocious mal e maturation have been found, clarifyingthe
dative roles of these factors has been difficult because of their interrelatedness. In the

following sections, biological factors that affect the rate of early maturation in mle
salnonids are discussed.

Genetic Basis of Precocious Mturation

There is strong evidence that genetic factors play arole in deterning the age of
sexual maturation in several species of salmonids (Purdom 1979, G m 1985, Naevdal
1983). Mbst genetic evidence for age of sexual maturity has come fromwork on Altantic
sal mon (Gardner 1976; Nagal et al. 1978a; Thorpe and Morgan 1978, 1980, Thor pe et
al. 1983; Gerde 1984a, b; Mers et al. 1986; G ebe and Saunders 1986) and rai nbow trout
(Gall 1975; Mol ler et al. 1976; Naevdal et al. 1979; Gm1985; Gall et al. 1988;
Crandel | andGal | 1993a, b). However, there i s al so evidence i n coho sal mon (1 wanot o et
al. 1984, Silverstein and Her shberger 1992), chinook sal mon (Hard et al . 1985, Heath
1992), andAr cti ccharr, Sal vel i nus alpinus (Nilsson1992) .

One difficulty in genetic analyses of precocious maturation in salmonids is sorting
out clear geneticfromnon-genetic mternal effects. For exanple, egg size can affect early
growh of offspring, which in turn may play a role in precocious mturation (Silverstein
andHershberger1992). A maternal effect on early growth could have an inpact on
estimates of the dam component of observed variancein maturation timng and nust be
consi deredintheanal yses (Bradfbrd and Pet ezman 1987).
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Breedi ng experinents have identified both a mterrA and paternal genetic
conponent to precocious nale maturation. An effect of sire age has been found in chinook
sal mon (Heat h 1992), coho sal mon (1 wanot o et al . 1984, Silverstein and Her shber ger
1992), and Atlantic salmon (Thorpe and Mrgan 1980; G ebe and Saunders 1986; Thor pe
et al. 1983; Gerde 1984a, b). Miternal genetic effects on precocious maturation have al so
“been found (Heath 1992, Silverstein and Hershberger 1992).
| naddi t i on,significantgenot ype: by-en vironment i nteractionsfortenperat uteandgrow h
have been found in a nunber of sal nonids (MKay et al. 1984, Iwanoto et al. 1984,
Heath 1992, Nilsson 1992). In other words, the maturation response to growh
acceleration in early life is not equivalent in all genetic groups or genotypes.

Gearly, genetic effects on maturation may be linked to genetic effects on growth
(Thor pe-and Morgan 1978; Purdom1979; Thorpe et al. 1983, 1984; Crandel| and Gal |
1993a, b). Thorpe et al. (1983,1984) have shown that fast growh rate and early
mat uration were genetical |y linked to devel opnental rates. In a later study, Thorpe (1986,
1994) proposed that maturation &pen&d on a genetically determned rate of devel opment
that nust be exceeded during a specific time of year.

Gowth and Age at Maturity

Infish, different popul ations of the same species may show a wide range in mean
age of maturity. There is also variation within the same population that suggests that age at
first maturation in fish is probably linked to environmental effects on individual growth
rates. Each specie may need to reach a certain sizeor body condition before successful
sexual maturation and breeding cantake pl ace (Policansky 1983), and t hese threshol ds may
be partially &ermdd by environnental conditions.

Wthin popul ations of salnonids, thereis ahigh degree of variationin age of
mturity, ranging from1 to 7 years. It is generally thought that males are able to mature at
an earlier age than females because the energetic “co& of producing spermis very |ow
conpared with that of producing viable eggs (Wotton 1985). Thorpe (1994) suggested
that the high degree of phenotypic plasticity in age of maturity in salmnids is nost |ikely
an adaptation to the variable productivity of the freshwater environnent, which the fish
occupy during early life-history stages. Furthermore, he has proposed that timing of
maturation is influenced by growh opportunity at critical [ife-history stages.

It iswell established that age at first maturity in salmonids is strongly dependent on
size and growh. Al m(1959) was the first to showthat in a popul ation of brown trout
(Salmo trutta), fi shwhi ch grewfastest mturedearliest. Simlarly, Lament (1990) used
individual 'y tagged rainbow trout and coho salmon to show that the fastest growing
individual's were early mturing males. Several studies have shown that maturing male parr
are usual ly l'arger than nonmaturing siblings (Naevdal et al. 1978b, Bailey et al. 1980,
Thorpe et al. 1983, Rowe and Thorpe, 199Ca, Heath 1992).
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Furthermore, age at first maturity in salmonidsis negatively correlatedwithgrowthrate, or
i not her wor ds, ear|ymaturationispositivelycorrelaedwith growth rate ( Kato 1975,
1978; Gardner 1976; Hagar and Nobl e 1976; G ebe et al . 1978; Naevdal et al. 1978b,

1979; Bilton et al. 1981; Lundqvist 1980; Hunt et al. 1982; Thorpe et al. 1983; MCormi ck
and Nai man 1984; G edrem 1985; Thor pe 1986; Rowe and Thor pe 1990a; Ber gl and 1992;
Carke and Blackburn 1994).

However, the correlations of early male ma&rationto growth rate are not
mai nt ai ned t hroughout gonadal devel opment Several studies have shown that during |ater
stages of gonadal growth the specific growth of maturing males decreases (Thorpe and
Morgan 1980; Saunders et al. 1982; Thorpe et al. 1983; G ebe and Saunders 1986; Rowe
and Thorpe 199Ca, b; Foote et al. 1991). This is consistent with the generally accepted
idea that as fish mature, a reduction in somatic growth occurs due to allocation of energy to
gonadal devel opment (\ére 1980, Roff 1983). In contrast to this model, a reduction in
somatic growth was not observed inin one study of early maturing male chinook sal mon
(Heath 1992).

A number of studies have indicated that the rate of early male maturation can be
modified by the hatchery rearing environment prinarily by factors that affect growth
opportunity (Saunders and Henderson 1965, Schmidt and House 1979, Bilton et al. 1981,
Saunders 1986, Saunders et al. 1982, Taylor 1990, Rowe and Thorpe 199Cb, Thorpe et al.
1990, Bergland 1991, Herbinger and Friars 1992, Oark and Bl ackbum1994).

Bilton et al. (1981) denonstrated that acceleration of growth in chinook salnmon fry with
elevated water temperature also increased the incidence of early male maturity. In Adantic
salmon, Bailey et al. (1980), Saunders et al. (1982) increased the number of males
mturing at Ot age-by increasinggrow h duringthew nter months with el evat ed wat er
tenperaturesSim |l ar resul tsof el evatedt enperatureonprecoci ousmaturationinAtlantic
sal mon were found by Bergland et al. (1991) and Herbinger and Friars (1992).

Rowe and Thorpe (1990b) found that in Atlantic sal mon, reduced feeding
opportunity duringthe springprior tomaturationsuppressedearlynal e maturation
whereas increased feeding at this time increased the incidence of male maturation. A
simlar effect of springfeedingopportunityongrilsinginAtlanticsalmonheldinseawater
cages has been reported (Thorpe et al. 1990). In chinook salnmon, Clarke and Bl ackbum
(1994) increasedthe proportionof sexual |y maturingyearlingfishbyincreasingration
from November through June. They also noted that males destined to mature as yearlings
grewnore rapidly as underyearlings than their i mmature cohorts, and thus concl uded t hat
sexual naturation is conditional to and facilitated by rapid growh,
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These relationships between maturation and size have led to several hypotheses to
explain the role of growh inthe initiation of sexual naturation. Early work led to the
proposal that there was a mni numthreshol d of size for maturation of male parr (E sson
1957, Refstie et al. 1977, Bailey et al. 1980, Myers et al. 1986) and that this size threshol d
was higher for maturation than for smoltification (Thorpe et al. 1980, Saunders et al. 1982,

Thorpe et al. 1987). Mers (1984) and Mers et al. (1986) found that the proportion of

mature nale parr over a 5-year period was correlated with growh to a size threshold of 7@
72 mm in Adantic salmon. '

Later, it was recogni zedthat growth opportunity at critical seasonal periods was _
important for initiation of maturation. Thorpe (1986) proposed that maturation is initiated if
a set-point in growh rate is exceeded at a particulartime of year. Because maturation in
salmonisinitiatedunderincreasing day lengths (Scott 1990, Adams and Thorpe 1989),
Thorpe proposed that the initiation of maturation depended on grow h performance during
the winter or spring. Rowe and Thorpe (1990h) coul d reduce t he proportion of maturing
mal e parr by reducing f&g and growth during the spring nonths. Although naturing
mal e parr tended to be larger than nonmat uring siblings inthe winter, norelationship
between monthly specific growh rates and mturation could be established in this study.

However, maturing parr&owed greater increasesinconditionfactor than nonmaturing fish
during the spring.

“his led to another hypothesis: that levels of stored energy reserves in the spring,
rather than body size, were involved in the physiological initiation of maturation(Herbinger
and Newkirk 1990, Rowe and Thorpe 199Cb, Rowe et al. 1991, Sinpson 1992). In
sal moni ds, mesenteric fat is the major energy store (Henderson and Sargent 1981). A
study by Rowe et d. (1991) demonstrated that levels of nesenteric fat in My, prior to
maturation, are himin precocious Atlantic salmon nale parr than in their enmaturing
siblings. These investigators proposed a model describing a potential mechanismfor the
effect of Eat on maturation.

Inthisnodel, mesenteric fat storesact assites for aromatizationof androgens to
estrogens, which in turn trigger maturation through stimulation of pituitary gonadotropin
synthesis. However, no further endocrine studies have been reported to support this
nodel . It is likely that the endocrine mechanisminvolved in initiation of maturation is far

more conplex &an proposed in this nodel and probably involves metabolic hormones such
as insulin.

More recent|y, Thorpe (1994) has suggested that’ duringthelife-cycleof sal mon,
there is an annual opportunity for sexual naturity and that duringcritical periods of this
annual cycle, growh opportunity acts as a gate permitting mturationto be i&até&In
Thorpe's nodel, the maturation process is initiated by the time of frost feeding, and takes
priority over somatic growth: conpletion of maturation is environnental [y dependent and
can be arrested annually.
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Wether or not maturation is arrested depends on the statusof energy stores of the
individualatpariicularcﬁﬁcallim&ofyear. This model and data on the relationship
betweeen growth and maturation has several inplications for the inpact of fé&g/growth
regimes in captive culture on maturation timing.

In captive cultVe, the f&g opportunity for fish far exceeds that normally
experiencedinthewld. , Foodavailablity isconstant, not seasonally variable asinnature.
Frequent |y hat chery managers rear juvenilefishtoaspecificsizefor release, but when
during the season that size is achieved varies according to management practices. The
rationisrelativelyconstant andisgeneral | yadj ust ed esmnlichey earingt enper at ur e and
desired growh pattern Infish, the rate of growh also affects the rate of devel opment.
Because growth in culture conditions frequently exceeds that in the wild, the developnental
cycle is also accelerated. As a result, Me-history transitions during seasonal periods that
are abnormal for the stocks often occur: Thus, it is not surprising to find that hatchery-
reared fishare substantially fatter than wild fish (Ludwi g 1977, Shearer and Swanson,
1994) and that precoci ous male maturation rates as high as 80%occur in captive culture.

Future Research Needs on Early Male Maturation

In a captive broodstock programfor depleted stocks of salnon, it is undesirable to
produce mature males at a time when females of the same stock are not mature. In
addition, selective mortality of precocious males could reduce the effective breeding
popul ation size of a captive broodstock Thus, there is a critical need to develop methods .
to nini nnze precocious mal e maturation in captive broodstock programs for depleted
sal non stocks. Fromthe above review of literature, it is clear that the time of sexual
maturationis controlled by genetic, abiotic (e g., photoperiod, tenperature, salinity) and
biotic (e.g., diet, growh rate, energy stores) factors. ‘Ihe relative inportance of these
factors and howthey interact are poorly understood Because artificial genetic Selection
shoul d be nnni nhzed i n a captive broodstock programfor depleted stocks, rearing strategies
that mnim& expression of precocious male maturation should be devel oped.

Research to date, primarily fromwork on 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 inportant factors affecting the incidence of precocious maturation It nmay be
possible to reduce level's of precocious mle naturation through alterations in rearing
conditions, growh rates, and diet. However, it is not known whether all of the results

fromstudesof Atlantic salmon are applicable to Pacific &n species such as chi nook
sal mon.

Bef orenet hodsthat mnimzethe rate of precocious nale mturation can be
devel oped, researchi smecessary to determiV? how stored energy levels (body fat content),
growth rates, or rates of energy &position at critical developmental stages either permt or
prevent the onset of maturation.
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It will be necessary to determne the relative roles of growth rate and stored energy |evels,
aswel | asinterstive effectsof thesefactors, onprecoci ousmaturation. Diets and growth
regi nes that sustain somatic growh and provide sufficient stored energy for appropriate
life-cycle transitions nust be developed: in other yards, rearing metho& that mnim&
precoci ous maturation in a population but do not affect the quality of smolts are needed.
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Factors Affecting Ganete Quality

Successful fertilization of eggs and subsequent devel opment of offspring depend
greatly on the quality of gametes produced by the parent fish. Various biol ogical and
nonbi ol ogi cal factors have been inplicated as determnants of gamete quality and
subsequent survival of progeny. These include: conposition and Sz2of the egg, quality
of the sperm genetic makeup and nutritional status of the parents, husbandry procedures,
and qual ity of the water supply (Bromage and Cunammat unga 1988; Br onmge et al . 1992;
Springat e and Br onage 1983, 1984a, b, ¢, 1985%b; Springate et al 1984; Springate
1985).

In mny instances it is difficult to separate the relative effects of &se parameters
because they are frequently interrelated. For exanple, the chemcal conposition of the egg
Is affected by nutrition of the female (diet conposition and quantity, Forster and Hardy
1995), genetics of the fish, and water quality. Environnental factors and hushandry
practices that affect egg size fecundity, and egg conposition frequently al so affect intake
of food (see discussion below on stress), therefore is it difficult to determne cause-effect
relationships among these variables.

Conposi tion and Size of Eggs

The conposition, sins, and number of eggs produced by an individual female are
influenced strongly by nutrition and are reviewed by Forster and Hardy (1995). There
have been a considerable nunber of studies conducted on the effects of dietary constituents
on egg quality, and the relationship between chenical composition of the egg and egg
qualtiy inrainbowtrout. However, Bromage and Cumamat unga(1988) concl udedt hat
1) there is no clear relationship between any single conponent of the egg and egg quality,
and 2) profound effects of dietary constituents on egg quality are observed only when
specific vitamns or nminerals are absent or present at very low levels. Mich of the data
suggesting that egg size affects egg quality are i& nchée because experinents were not
controlled for ripeness of the egg. For exanple, when eggs were collected within 1 week
of ovulation and fry were giveri proper nutrition and water quality, no relationship between
egg qual ity and egg si ze was observed ( Springat e and Br omage 1985a).

Timng of Egg Col l ection and Husbandry Practices
Fish hushandry practices can have dramatic effects on egg quality. Probably the
most profound effects are those that result fromthe timng of egg collection (stripping) and

handling of the ganetes (Craik and Harvey 1984, Springate et al. 1984, Springate 1985,
Spri ngat eandBr omage 1985a, Br omageandCunaranatung 1988, Bronmage et al . 1992).
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‘Ibe time of stripping relative to ovulation can have marked effects on fertilization rates and
survival of devel oping enbryos (Normura et al. 1974, Sakai et al. 1975, Escaffre and
Billard 1979, Springate et al 1984). In eggs stripped too soon after ovulation, a modest
reduction in f-on has been observed (S& et al 1975, Springate et al. 1984,
Springate and Bronage 1984b), and this may be due to excessive force used during
stripping or inconplete ripening of the eggs. In addition, overripe eggs have very |ow
rates of fertilization and subsequent survival (Sakai et al. 1975, Springate et al. 1984).
Eggs collected more than 10 days after ovulation in rainbow trout exhibited reduced
viability. Viabilities of over 70%were observed when eggs were stripped within 10 days
of ovul ation, whereas when eggs were col | ected 30 days after ovul ation 096 viability was
observed (Nonura et al. 1974, Sakai et al . 1975).

Qverripeness of the egg is characteréd by the aggregation and fusion of oil
droplets and migration of the cortical alveoli (Nomura et al. 1974). It is not known exactly
how the morphol ogi cal changes are related to specific chemcal changes in the egg and
reduction in viability of the egg and fry. Whatever the cause of reduced viability when
eggs remain in the hody cavity for an extended period after ovulation, overripeness of the

egg remains a major cause of egg loss infishculture (Lamet al. 1978, Bromage et al
1992).

The timng of egg collection has been nost precisely determned for rainbow trout
reared at 10 “C(Springate and Bromage 1984a, b; Springate et al ., 1984; Br omage and
Curar anat ungga 1988; Bromage et al. 1992). Instudies conduct ed under these conditions,
eggs that were collected between 4 and 10 days after ovulation exhibited high rates of
fertilization. Thus, checking female rainbow trout for “ripeness” every 7 to 10 days was
reconmendedby Br omage et al (1992). ‘ I'heyal sorecomendedthat sortingand
stripping of ripe fish shoul d be carried out under anesthesia to avoid stressing broodst ock
and danmging eggs, and that recovery of fish that are not spawned should be done with
good wat er fl owor auxilliaryaerationWen admnistrationproperly, anesthetics have no

effect on the quality of ganetes (Billard 1981). Unfortunately the rate of ripening may vary

with naring tenperature, and differences anong sal nonid species as well as stocks within
a Species may exist.

Met hods of col lection and handling of gametes al so affect gamete quality. General
handling procedures have heen described in several texts on fish farmng (Leitritz and
Lewi s 1976, Piper et al. 1982, Springate and Bromage, 19858). Batches of broken or
overripe eggs, as well as eggs that have poor fertilization or survival 24 hours post-
fertilization, should be discarded so that contamnation of good eggs is avoided. WIcox et
al. (1984) denonstrated that broken eggs caused poor survival of embryos in coho sal non,
General |y, fertilization rate and survival during the first few days of incubationis a good
predictor of subsequent survival to hatch (Springate and Bromage 1983,1984 a, b, c;
Craik and Harvey 1984).
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Effects of Stress on the Quality of Ganetes

Studies in rainbow trout have shown that acute and chronic stress have suppressive
effects on the reproductive endocrine system Both types of stress reduced plasma
tesoterone and gonadotropinlevelsinmales, and reduced pl asma sex steroids,
vitellogenin, and gonadotropininfenal es(BillardandG | let 1981, Pickeringet al . 1987).
During both acute and chronic stress, plasma |evels of cortisol increasedto a point that
i mpai redreproductivefunctionintrout (Carragheret al . 1989, Carragherand Sunpt er
1990). A thorough study by Canpbel| et al. (1992) evaluated the effects of repeated acute
stress on ganete quality and quantity in rainbow trout, ‘lhe stress consisted of exposure to
a brief period of emersion approximtely once per week at randomintervals during a 9-
month period. This stress delayed ovulation, reduced egg size and sperm count, and
| owered survival rates of progeny of stressed fish. However, it had no effect on
fertilization rates or somatic growth in the adults. Mrtality of offspring was highest from
fertilization up to hatch, but also peré&ed through 28 days post-hatch.

Qt her studi es have exam ned t he ef f ect s of stress onoogenesis and sper nat ogenesi
using fish exposed to sublethal levels of pollutants or |ow pH. Exposure of female fish to
acid stress has been shown to delay ovulation and reduce fecundity, egg quality, and
survival of progeny (Tam and Payson 1986, Mount et al. 1988, Veiner et al 1986).
Negative effects of |ow environmental pH on the reproductive systemof nale fish have .
al so been observed @ye and G ebe 1984). However, one of the problenms in interpreting
results of these studies is that acid stress also reduces food intake and growth (Tam et al.
1987,1990. This woul d expl ain the reductionin egg and body size i n acid-stressedfish,
sincereductioninfoodintake suppresses ganet ogenesi s and r educes fecundity ( Lows
1980, Billard and Gllet 1981). Thus when stress inpairs growth, it is not possible to
distinguish between the direct effects of stress on reproduction and the indirect effects,
which are due to nutritional factors.

The effects of stress on reproduction, which have been described primrily in trout,
may not begeneralizedtoal | salnonids. Several investigators have demonstrated that there
IS considerable variation in the sensitivity of different strains and species-of trout to stress
(Picking et al. 1982, Refsie 1982). In addition, the stage of devel opment and history of
exposure to stress also affect the response. Mature or maturing trout show a substantially
reduced response to stress conpared to juvenile fish (Sunpter et al. 1987). It is also

possible to acclimate trout to regular periods of mld stress (Pickering and Pottinger 1985,
Barton et al. 1987).

Mbst work on stress and reproduction in fish has been conducted on fenales, with
little work carried out on the effects of stress on spermquality. It has been shown that
f requentstripping decreases spermdensity and total spermnunber, and reduces sperm
motility(Billard1992, Buyukhati pol gl uandHol tz, 1984).
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Unfortunately, it was not possible to deternnned whether theeffects of stripping on sperm
quality were due to the frequent handling stress or to a change in quality of the sperm

rel eased by thetestisduringthe periodof spermation e of the problems encountered in
these studies has been the difficulty in assessing the quality of sperm.

Assessing the Quality of Sperm

At present there is no truly dependable criteria for estimting spermquality. In fish,
thelengthof timeandintensity of spermatoonnotility (Terrier 1986,  Mcciaand
Mig&t rick 1987, Billard and Cosson 1992). the percentage of notile spermatozoa
(Levanduski and O oud 1988), spermdensity (Mccaci a and Minkittrick 1987, Scott and
Baynes 1987), and the chemical conposition of semnal plasma (Haang and Idler 1969,
Mori sawa 1988) are al | factors that have been measured in an attenpt to assess sperm

quality. However, there is little strong evidence directly linking any of these factors with
fertility.

In salnonids, greater length of time and intensity of motility are not consédy
correlatedw thhigher fertilizingability(Billard 1988). Mocci aand Munkittrick ( 1987)
concl uded that the critical factor for fertilization was the number of motile sperm not the
mtility per se. It is widely agreed thatfunctional tests of spermquality, such as
fertilzability probably provide a nore val uabl e means of asses&g quality of the sperm
However, until nore techniques are developed that allow evaluation of sperm quality in the
field, hatchery managers will probably have to rely on counts of notile sperm

Fut ure Research Needs on Ganete Quality

Mbst studies on gamete quality in salnonids have been conducted on domesticated
stocks of rainbow trout. Little is known about the factors affecting egg andspermquality
inwldstocks of Pacific sal mon captive broodfish. It islikelythat wild stocks of fish my
be nore stressed by the rearing environment and handling, thus the inpact of stress on the
quality of gametes may be more dranatic. Procedures which have been established for
donesticated stocks of salmonids may not be applicable to wild stocks of fish. Thus,
research is needed on the effects of rearing environment (water quality and rearing density)
and on devel oping handling procedures that mnimze stress in wld stock of Pacific
sal mon. ‘Ibe effects of rearingtenperature on maturation timng and gamete quality in
captive broodst ocks needs to be eval uated inavariety of pacific sal mon species, as does
the inpact of diet on the quality of gametes (Forster and Hardy 1995). In addition, better
methods to accurately determne the quality of spermin the field are needed.
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Concl usi on

The maj or problens with reproduction of Pacific salmon species in captivity
include: inappropriatetimngof sexual maturation of broodstock, osses dueto
prespawning mortality, unreliable production of high quality gametes, and precocious
mturation of mle fish. Most studiesto date onfactorsaffecting gamete quality andthe
age and seasonal timng of sexual maturation have been conducted on domesticated stocks
of rainbow trout and Atlantic salnon. Although some of the information generated from
these species is applicable to Pacific salmon, further research is necessary to solve
probl ems with poor reproductive performnce of wild Pacific salmon stocks rearedin
captivity. “lke is an obvious need to develop methods to monitor and control sexual
maturationin captive broodstock to enswe production of high quality gametes and hi gh
survival of offspring, andto nmni nnzeasynchronous maturation of nale and female fish.
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[ ntroduction

One of the limitations of modemn aquaculture is the availability of reliable sources of
high-quality juvenile fish for stocking into growout farns. Juveniles can be obtained from the
wildor fromhatching and rearing of fspring of artificially spawned, wild, naturingfishor captive
broodstock. Asisthecasefor tenxtrial agriculturespecies, procurementof Juveniles from
captive broodstock is preferable because it allows the use of breed& programs and affords
control of the rearing environment to the c&u&t. When the objective of fish culture is the
restoration of depleted stocks, as is the case for many sal monid stocks in the Col unbia River
Basin, captive broodstock use is essential.

Each female salmon is capable of producing thousands of viable eggs, meaning that even
severely depleted stocks with only a few adults remaining can, in theory, be restored in a few
generations or even in a single gentration. Simlarly, apattially depleted stock can be enhanced to
historic levels by artificial spawning of a relatively small number of parents.” Concerns about
reduction in genetic diversity resulting fromusing a small nunber of parents, however, usually
dictate that greater numbers of adults be spawned than woul d be required for production of a
gi ven nunber of of fspring.

Maintaining fish foré&e as broodstock involves different rear @methods than those used
to rear salmon for food. Wen fish are grown for use as food, characteristics such as fast growh
and hi ghefficiency of feed utilizationate desirable. Earlysexual maturationinfood fishlowers
their value. In contrast, the desired characteristics of broodstock fish are high egg production,’
high quality (survival and growth) of the offspring, and high rates of naturity Egg production is
general |y neasured either as the number of eggs per fanale, or as the number of eggs per unit of
body wei ght. These pammeters are referred to as fecund@and rel ative fecundity, respectively.

, Each of the desirable characteristics listed above for broodstock have been shown to be
affected by environmental rearing conditions, including the diet. Conditions which enhance one
characteristic may diminigh others. Deciding which of these criteria to maximize will depend on .
the objectives and capacity of the culture facility. When the rearing facility is large enough to
handle the entire available broodstock, as may be the case for severely depleted salmon stocks,
fecundity will be the criteria to maximize. Since larger fish produce more eggs, a policy of
maximizing fecundity entails feeding broodstock in such a way as to maximize broodfish size at
maturation. Alternatively, if the facility is limited in the biomass of broodfish that it can
accommodate, as is normally the case, then maximizing relative fecundity will increase the number
" of juveniles that can be produced. Achieving these objectives by manipulating diet and feed
practices will be discussed later in this report.

" In practice, however, toachieve ad min& n historical |evels. the factors contributing totheoriginal decline (i.e
fi sheri esmnagenentand environnentalal t erat i on)nustal scectressad
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Efficient devel opment andi npl enent at i onof asuccessful fishcul tureprogramrequiresan
under standi ng of the principal s of management, genetics and nutrition, and howthese are
integrated witheach aher. Many studies have indicated that the diet and feed level of fish can
affect egg production and fry quality (Luquet and \\tanabe 1986, Hardy 1985, Bromage et al.
1992), but gaps inour knowl edge remain. Filling in these gaps will inprove the efficiency with
whi ch sal moni d broodst ock can be utilized for the production of juveniles for commercial
concerns andfor the restoration of depleted stocks.

This report provides a critical review of what is known about the manner in which diet and
feedi ng of sal mni ds canaffect their reproductive performance, and is presented in four seém
The first section describes the natural diet of Pacific salmon and steelhead in the sea and in
freshwater. The second section reviews experimental work conducted to relate nutrition and
feeding of salmonids to their reproductive performance. The third section summarizes the current
state of knowl edge, indicatesthe gapsinour know edge, and provides recomendati ons f or
further experimental study. Finally, the composition of somecommercial and experinental diets
designed for salmonid broodstock are given in the fourth section.
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Condi tions of WIld Sal non

W1id adult Pacific salmon ate highly variable in their feeding habits, spawn timng, and
fecundity along their geographic range and fromyear to year. There is great variability in these
factors even within stocks of fish. Intheir nmomentous work, G oot and Margolis (1991) have
synthesi zed a great deal of information on these factors which allows some perception of patterns
of these factors among the species of Pacific salnon. The great variability, however, makes
application of generalizations to conditions of cultured broodstock difficult and risky.

Body Size and Fecundity

Size, as measured by length of the maturing females of all Pacific salmon species, is
positively correlated to the nunber of eggs produced (Forster and Pritchard 1941, Heal ey 1987,
Codfrey 1959, West and Mason 1987, Major and Oraddock 1962, Heal ey and Heard 1984,

Ni chol as and Hankin 1988, Drucker 1972, Sal e and Bayliff 1958), al though the nunbers of eggs
per female between and within a stock may be highly variable. So&eye salnon maturing at a
given age are larger (weight and length, both sexes combined) than their immature cohorts
(Lander et al. 1966, French et al. 1976). Average size at maturityt varies, however, over the
geographic range, with Chignik River sockeye salmon being the largest (3.2 kg, sexes combined),
and Col unbia R ver sockeye salmon the smallest (1.6 kg, sexes conbined) (Goat and Margolis
1991). Healey (1987) examined 51 sockeye salmon populations in Alaska and found a great
degreeof interpopul ati onvariationinsizew t hi nagecl asses.

Fecundity in chinook salmon appears to be less related to body size than in other species.
Heal y and Heard (1984) reported highinter- andintra-popul ationvariability of egg productionin
chi nooksal non. These researchers al 5o found t hat al t hough f emal e body | engt h was si gni fi cantly
correlated withfecundity, size explained |ess than half of theindividual variationinfecundity
within a population. Further, they found that the influence of female body length was less for
chinook sal mon than for aher sal non speci es.

Crone and Bond (1976), | n summarizing data for coho salmon, found a positive tendency
for fecundity toincrease over the range fromcCaliforniato Al aska. However, these researchers
acknowledge that the numbers for each stock are not strictly comparable because of differences in
methods used and large variations in sample size (chinook salmon fecundity was also reported to
increasefromsouthtonorth(G oot andMrgolis 1991)).

The number of oocytes has been found hi ghest in young sal mon, declining over the course
of ocean life. The rate of oocyte degeneration in pink salnon was-found to increase during the
fall and early winter periods (Gachev 1971). Pink sal monnaturing early in the spawning season
had smaller ovaries and were less fecund than fish that matured [ater in the spawning season.
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Natural Diet of Pacific Salnon and Steel head Trout

The Pacific sal non andrai nbow trout are camivorous, and as such have natural diets that
are high in protein content The wide variety in the prey of adult salnonids is consistent with that
ofoppor t uni sti ccar ni vor es.

Freshwat er Juveni| e Stage- | n freshwater, newl y ener ged sockeye sal non (0. nerka) fry
consuneprinci pal | ycapepods, chirononids, diptereanl arvae, andcl adocerans(Mart 1967,
Simnoval972). Larger pre-smolt sockeye salnon eat cladocerans, copepods, and insects
(Rogers 1968, Hoag 1972, Parr 1972).

Chinook salmon in fresh water principally consume larval and adult insects (Becker 1973)
and plankton. Cladocera, diptera, copepoda, and homoptera predominated in the diet of chinook
fry in the freshwater regions of the Sacramento-San Joaquin River delta (Kjelson 1982).
Hermann (1970) found Chehalis River chinook salmon feeding primarily on crustacea and -
immature and adult insects. Insects were found to comprise more than 95% of the diet of
Columbia River chinook fry salmon (Becker 1973), with adult Chironomidae accounting for
58-63% and larval chironomids 17-18%.

The diet of chinook salmon residing in estuaries varies with body size. Smaller fish,
residing .in tidal channels, consume primarily insect larvae and pupae (Levy et al. 1979, Levy and
Northcote 1981). Larger fish, residing near the delta front, feed on small fish such as juvenile
herring and stickleback, as well as insects (Levy and Northcote 1981, Levings 1982).

In freshwater, the diet of juvenile chum salmon includes the larvae and chrysalis of
chironomid, mayfly larvae, tricoptera, and other i insects (Frolenko 1970, Kostarev 1970).
Supplementation of the natural diets of juvenile chum salmon with commercial feeds has improved
their rate of return in Japan. Japan has a highly successful hatchery program for chum salmon and
released more than 2 billion chum fry annually from 1982 to 1985. Before 1966, fry were
released with no supplemental feeding, and the average rate of retum was about 1%. Since
artificial feed supplementation was established in 1966, the retum rate has increased to about 2%,
and on occasion, 3% (Shirahata 1985).

The diet of coho salmon juveniles is comprised primarily of insects and secondarily of
zoopl ankton (Mason 1974, Zorbidi 1977). In CQultus Lake, British Columbia, young sockeye
salmon fry were the principal food itemof coho salnon yearlings (Foe& and R cker 1953).

Saltwater Stage--The prey itens of adult sockeye sal non have been sunnari zed by many
authors. The composition of food is clearly dependent on the availability and relative abundance
of prey items, which vary with season and location. In salmater, sockeye salmon juveniles. were
found by McAllister et al . (1%9%) t o seek areas of hi ghconcentrations of macrozoopl ankt on south
of the central ‘Aleutian Islands. Favorite (1970) reportedthat food-itemconposition was different
among 82 geographic locations in the central North Pacific Ccean and Bering Sea fromMy to
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August, 1960. On average, the fish consumed amphipods (43%, fish (18%, squid (169,
euphausiids (12%, copepods (7%, pteropods (2%, and ot her itens (2% .

Food items of maturing sockeye salmon were also found to vary according to |ocation.
Ni shi yama (1974, 1984) found that inthe basin area of central Bering Sea, food itens included
squid, fish larvae, amphipods, and euphausiids, while fish in the shelf area to the east consumed
al most excl usivel y euphausiids, withasmall anount of fish. Thedifferencesin stomachitens
were coincidental with the relative abundance of food items. Both Del| (1963) and LeBrasseur
(1966) found that young, more so than maturing sockeye sal mon, favored euphausiids.

O the Pacific salmon, chinook salnmon in seawater appear to be the most dependent on
fishasfood (Heal ey 1976). In general, herring and sand lance are the nost inportant prey itens,
al t hough euphausi i ds have been found insignificant quantities (43% in the stomachs of chinook
sal mon of f the coast of Washington State (Silliman 1941).

Chumsal non are pl anktivores during early marine [ife. The nost inportant items intheir

diets are calanoid copepods, hyperiid amphipods, euphausiids, chaetognaths; decapod larvae and
fishlarvae (Ckadaand Tani guchi 1971, Heal ey 1976, Si menstadet al . 1982).

Wien coho salnon enter salt water, they feed mostly on marineinvertebrates, but as they
growl arger they become nor e piscivorous (Shapoval ov and Taft 1984). Herring and other fish
predomnateinthe diet of adult coho sal mon (Pritchare and Tester 1943, 1944, Foerster 1955),
al though there is considerabl e plasticityinpreyitens (P&ash 1962).

Once salmon enter freshwater on their spawning mgration, they mlonger eat. Therefore,
nutrient stores nust supply all of the metabolic and reproductive needs of the natmng fish. This

phase can last for several days or for weeks depending on the distance fish migrate to the
spawni ngar ea.

De | a Noue and Choubert (1985) deternined the am no acid conposition and appar ent
digestibility of daphnids, chironomids, and gammarids to rainbow trout. These researchers found
that the dry natter, crude protein, and energy-apparent digestibility was high for each of these
invertebrategroups, al thoughdigestibilitycoefficientsfor ganari dswerefoundtobeslightly
lower than for the other two. DelaNoue and Choubert (1985) al soconparedthe amnoacid
profile of &se invertebrate groups with the known am no acid requirenments of sal monids and
confirnedthat the amno acid requirements can be met by diets conprisedof theseinvertebrate
groups. The val ues for crude protein digestibility found by De |a Noue and Choubert (1985) are
simlar towhat isfoundfor fish meals (R W Hardy, unpubl. data, NVFS).

Inconclusion the dietary conposition of salnonidsinwldconditionsis somewhat
dependent on food availability, but each species will target specific groups of organisms. Though
there is great variety in the conposition of prey itens between and within salmonid species, all
diets studied appear to easily fulfill the requirements for growth, health, and reproduction. A
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.report will be published soon that summarizes a great deal of information on the diet of wild

sal noni ds at various life-history stages and details the chemcal conposition and nutrient

bi oavail ability of wild sal noniddiets (D Hggs, Wst Vancouver L&oratory, Department of
Fisheries and Cceans, Canada). Hi ggs concludes that as I ong as sufficient prey are available, the
nutrient conposition and feed intake levels of wild salmonids will be consistent with known
requi renentsfor grow hand heal th.

Conparison of Chemcal Conposition of Wld aid Farned Sal monids’

Few studi es have found substantial differences in the chenical conposition of wild and
cultured salmon& except in the lipid hction. Diet has a strong influence on the lipid level, fatty
acid (FA) profile, andlipid-solublenutrient levels(i.e., somevitam ns and carotenoids) of
sal noni d tissue and organs.

Ludwi g (1980) examned wild and cultured juvenile coho salmon in fresh water for
chemical differences in carcass conposition. He found that the protein and ash portions of the
fish were simlar, but that there were differences both in content and composition of the lipid
fraction. QOrega-3 FA levels were lower in the neutral lipid of artificially reared fish than wild fish
(28.3%vs 58.2%, whereas there were no differences in the omega-3 FA level of the polar
hction of the lipid. The cultured fish had been reared on Oregon moist pellet, which was found
to have a lower level of omega-3 FA relative to some of the prey items consumed by the wild fish
(Table 1).

Table |.- Fatty acid conposition of some prey species of salmon in freshwater and of Cregon
moi st pellets. Data from Ludwi g (1980).

Lipid group* Ephemeroptera Plecoptera Chiromonidac Trichoptera OMP
Saturated 324 228 29.6 30.9 20.0
MUFA 36.8 439 42.6 394

58.2

PUFA 299 323 26.5 26.9 21.1
n6 45 3.6 13.6 5.7 ' 5.1
n3 254 28.7 129 21.2 16.0

* MUFA--mono-unsaturated fatty acid; PUFA--poly-unsaturated fatty acid; n6, n3—number of carbon atoms from
terminal methyl group of fatty acid of first doube-bond.

Ashton et al. (1993) conpared the FA conposition of wild and cultivated chinook salmon
eggs and alevins. They obtained eggs fromfarmreared fish of two stocks, each fed diets
containing lowor moderate levels of omega-3 FA lipids (15 or 24%of dietary lipid), and from
retuning wild fishof both stocks. The omega-3 FA content of the eggs fromcultured fish
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reflected the dietary level s of thislipidfamly and the eggs fromall cultured fish fedeither diet
were | ower in omega-3 FA than those obtained fromwld fish.

Survival of fertilized eggs fromcultured fish to the eyed stage was genral |y | ower than
that of eggs fromwild fish, but anong the eggs of cultured fish, levels of dietary onega-3 FA had
noeffect Ashtonet al. (1993) also found that al though the 22: 6 omega-3 FA2 content of eggs
correlated with dietary |evel s, aad was general |y | ower in the eggs of cultured fish, the [evel of this
FA was invariant in the polar lipid fraction, and was the same as that found in wild fish. This FA
(22:6 omega- 3 FA) isrequiredspecificallyduringreproductionfirstinthesynthesis of polar
l'ipidsrequiredfor vitellogen production by thebroodfishandtheninthesynthesisof the polar
l'ipid conponent of nentranes during enbryonic devel opment (Ashton et al. 1993).

I'n the second study by Ashton et al. (1993), alevins were obtained fromwild and cul tured
chinook salmon from the same stocks as before, but all cultured fish were fed the same
comercially available diet. Asinthefirst experinent, differences in fatty acid composition
between alevins fromwild and cultured f& were greater in neutral than in polar lipid levels.

Poppe et al. (1985) conpared wild and farmed Atlantic salmon for liver content of three
mneral s and serum/|evels of vitamn E They found that wild salmon had much higher |evels of
copper and selenium and serunvitamin EFish used in this study ranged in size from1.5 to
9.0 kg and were kept in seawater.

2 An onega- 3 FA cont ai ning 22 carbon atons arranged i n series, with 6 doubl e-bonds between them oneof whichis
between the third and fourth carbons fromone end.
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Dietary Factors Affecting Captive Broodstock Performance

The ability of feeding regime to affect egg production and the maturation rate of rainbow
trout has been well documented (Bromage et al. 1992). Studies have general | y been concer ned
with daily feed rate of maturing fish or alterations in feeding rate, including periods of starvation
during the year prior to spawning.

Springate et al. (1985) examined the effect of different ration sixes on fecundity and egg
quality of rainbow trout. These researchers fed previously spawed fish either at the rate of 0.7%
or 0.35%body weight per day for 1 year. They found that fish fed at the higher rate were |arger
than those fed at the lower rate (1.3 kg vs 0.8 kg) and had higher fecundity (2,800 eggs/female vs
2,100 eggs/female), and egg size (4.7 mMmODvs 4.5 mOD). The survival of the eggs to hatch
was nat significantlydifferent betweenthetreat ments.

. Progeny of fish fed at the high rate of intake were larger than those of fish fed at the | ower
rate at hatch. This size difference persisted for 4 months post-hatch. Perhaps the most significant
finding was that although all of the fish fad at the high rate of intake spawned, only 89% of the
hal f-ration group matured.

Scott (1962) and Bagenal (1969) worked with rai nbowtrout and brook trout,
respectively, and found that the proportion of fish reaching mturity and the fecundity were
reduced for fish fed restricted rations. However, the studies were seriously conmpromised by their
experinental desi gnsandbythehighrateof mortality(Bagenal 1969).

Rol ey (1983) fed rainbowtrout either to satiation or one-half satiation under two
tenperature regimes for 8 months prior to spawning (diet contained 60% protein and 17% lipid
on a dry weight basis). Size at spawning, fecund@ relative fecundity, and egg survival of fish in
each treatment were anal yzed using anal ysis of variance and analysis of covariance (with fé&ale
spawni ng wei ght as the covariate) He found that feeding at a higher rate had a positive effect on
growh and f-d&y, but a negative effect on relative fecundity and hat&ability (Pabe 2).
Broodfish that were reared in the warmer water exhibited higher fecundity, but Iower relative
fecundity and hat&bility, than those fish reared in the cooler water. The maturationrate of the
broodfish was not affected by treatment.  ~

Thorpe (1986) suggested that maturation of Atlantic salnonis determned by the rate of
storage or turnover of surplus energy (ultimately dependent oft& rate of feed intake). This rate
mst exceed a genedal |y fixed threshold value during a critical, linted season, defined by rate of
increase of day length (Thorpe et al. 1990).

Recent work by Thorpe et al. (1990) with Atlantic salmon indicated that restricting feed
intake during any nmonth from Decenber to April reduces the proportion of females maturing in
the subsequent summer and autum. The researchers fed six groups of first-sea winter Atlantic
sal non (approxi mately initial weight of 45Qy/fish) a comercial feed either to apparent satiation
or inarestricted fashion from Decenber to My. One tank of fish was fed to apparent satiation
throughout this time,
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Table 2. Summary of fecundity, relative fecundity, and egg survival of rainbow trout
broodfish fed at two rates of feed intake and reared in two water temperatures (means
1 sd). Data from Roley (1983).

Treatment

Cool, low feed Cool, high feed Warm, low feed = Warm, high feed
Fecundity
(eggs/fish) 5,546 + 1,248 6,017 +1,772 6,039+ 1,779 6,694 £ 2,103
Relative fecundity
(eggs/kg
fish) 3,008+630 . 2,254 £526 3,562 £ 967 2,287 £ 699
Hatchability . '
(%) 4541330 2531238 199 +27.1 59+126
Number of
fish 32 35 24 12

Fish in the other tanks were fed in the same manner except that for some period of time
feed intake was restricted by withholding feed on altemnate weeks (Table 3). The maturation
status of each fish was determined by dissection. It was found that the average female maturation
rate in all the groups that had been fed in restricted fashion was lower than for the control group,
and that this reduction was most pronounced in those fish receiving restricted rations during
February/March and March/April. Fecundity was not determined in this experiment.

Reimers et al. (1993), working with second sea winter Atlantic salmon (approximate initial
weight of 5.5 kg/fish), also found that restricting feed intake during February and March
substantially reduced the maturation rate. In this experiment, feed was withheld entirely for these
2 months. The maturation rate of females that had been starved was only 52% of that found for
the satiation-fed fish (21.2% for starved fish; 40.4% for fed fish). The maturation rate of males
followed a similar pattern (35% for starved fish; 52% for fed fish).

Jones and Bromage (unpublished data, cited by Bromage et al. (1992)), investigated the
effect of seasonal alterations in relation to the reproductive performance of rainbow trout. One-.
year-old rainbow trout were fed at variable rates over their second year until first spawning as 2-
year-olds. Their subsequent spawning rates and fecundity were measured (Table 4). Details of
this experiment, such as nutrient composition of the diet, number of replicates per treatment, and
hatchability of eggs were not presented, but some interesting pattems were evident in the results.
The proportion of fish spawning in their second year was most influenced by the ration size during
the period between 12 and 9 months prior to spawning season. All groups of fish fed
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Table 3. Feeding regime and subsequent maturity rate of Atlantic salmon. Data from

LVIPG Gt al. \177V)-

Month Control Diet Test Diets

Dec Standard® EOW® EOW Standard  Standard  Standard
Jan Standard Standard EOW EOW Standard  Standard
Feb Standard Standard  Standard EOW EOW Standard
Mar Standard Standard  Standard Standard EOW EOW
Apr Standard Standard  Standard  Standard  Standard EOW
May Standard Standard  Standard  Standard  Standard  Standard
male’ (%) 73.7 81.3 75.0 82.6 48.1 68.0
female® (%) 42.3 30.0 28.0 26.1 14.3 15.0

* Standard = normal daily feed schedule (three times daily).
®* EOW = every other week, i.c., alternate 7-day periods of no feeding and feeding.
* Maturation rate of fish in each treatment.

Table 4. Reproductive performance of rainbow trout on varying rations. Data from Bromage

—a =1 100790\
eta. (1972).

MR® Fecc Wt Jan Feb Mar Apr MayJun Jul Aug Sep Oct Nov Dec
70 3060 543 + + + + + + o+ o+ - - - -
68 3036 1205 + + + + + + O+ O+ O+ O+ o+ o+
68 2268 843 + + + + - - - - + .+ +

+

64 2355 603 + + 4+ 4+ - - - - - - - -
48 2562 1070 - - - - + + + + + + + +
47 2693 822 - - - - + + + + - - - -
41 1865 1417 - - - - - - - - + + O+ o+
35 1864 1205 - - - - - - - - - - - -

* + denotes periods of feeding at 1% body weight per day; - denotes periods of feeding at
0.4% body weight per day.
* Maturity rate (%) defined as percentage of females in a treatment that matured.
¢ Number of eggs per spawning female.
4 Biomass (kg) of females required to produce one million eggs (includes non-maturing females).

at the low rate of intake during this period (0.4% body weight per day) had the lowest rates of
maturation. Their spawning rates, ranging from 35-48%, were compared with those of groups
fed at the high rate (1.0% body weight per day), which ranged from 64-70%. In general, the
fecundity of the fish followed a similar pattern, although fish fed at the high rate during the period
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between 9 and 6 months prior to spawning exhibited the greatest fecundity. Jones and Br omage
suggested that afiniterange of potential fecundity is established prior tothe final 3 months of the
maturationcycle. Inadditionthese researchers expressed thereporductive success of the fishin
terns of the nunber and wei ght of fishrequired to produce a specified nunber of eggs (one
mllion, in this instance). This measure conbines fecundity and maturity rate data, and can be
used to calculate the maximum production capacity of a facility based on the biomass it can
sustain. The data indicate that feeding broodfish at less than maximum rate for part of the

mat urationcyclecaninprove theefficiency of egg productionandincrease thepotential yield of
spawning facilities.

Kat o (1975) and Ri del man et al. (1984) reported that short-termdiet restriction
i medli at el y prior to spawning produced mchanges in either fecundity or egg size of rainbow
trout. Ridelman et al. (1984) examined the fecundity and egg hat chability of naturingrai nbow
trout starved for 40 days prior to spawning. They found that fecundity and proximate
composition and haté&ability of the eggs were unaffected by this period of starvation, indicating
that sufficient material was present inthe maternal tissue of maturingfishtoallowvitellognensis
to proceed to conpletion. Ridel man et al. (1984) concluded that the expense of feeding rai nbow
trout during the period i mwdiatley prior to spawning coul d be saved, without any I0ss of egg
production, by withholding feed at this time. However, these authors also recomend futher
research on the effect of such starvation on post-spawning survival of mture fish.

Recently, Erdall and Barrows have examined the effect of feed rate on rainbow trout
reproduction (Dr. Dave Erdall, USFishand Wldlife, Bozeman, M Pers. conmun. /
1994). These researchers fad rainbow trout, which had previously spawn& at the rate of 04,
0.8, or 1.2%of body weight daily for 10 months prior to second spawn& No differencd was
found in egg size or survival among the treatmts. Fecunditywasfoundtoincreasew thration
size, while relative fecundity was inversely related toration size. Thisfinding agrees with the
findi ngsof JonesandBr omage previ ous! y nent i oned.

In summary, the rate of feeding and the alteration of feed rate during maturation influences
the reproductive output of previously spawned rainbow trout. Fecundity is positively related and
relative fecundity is negatively related tofishsize. Maturation rate is also related to the feed
regime and is highest in fish that have been fed 9-12 months prior to spawning. Similar work has
not been reportedwi th Pacific sal mon captive broodfi sh. Results of the work reported here
suggest that wnen properly applied, -cation of the feeding regime of broodfish is a potent
tool for hatcheries to meet their production goals.
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Nutrient Requirenents

Dietary Protein-Various studies have shown that the dietary protein requirenment of
maturing rainbow trout broodstock for maximumreproductiveoutput islessthanthat required
for optinumgrowh rate.

Takeuchi et al. (198 1) exantd the ability of | owprotein, hgh-energy dietsto support
growth and reproduction of rainbow trout. These researchers fed three groups of juvenile
rainbow trout either a comercial diet (43-47%protein) or one of two Geneal - baseddiets
containing reduced protein (33.35% for 3years. A the second spawning of these' fish there was
msignéant difference among the treatments for body weight, fecundity, relative fecundity, and
egg haté&ability.

Rol ey (1983) exami ned t he growt h and reproducti ve perfornance of rainbowtrout
broodfish in response to feeding diets containing 27,37,47 or 56% protein for 8 nmonths pér to.
spawni ng. The wei ght of females imediately prior to spawning was positively con&ed wth

dietary protein, but maturation rate, fecundity, relative fecundity and hatchability were not related
to diet.

Watanabe et al. (1984) fed three f--based diets containing different |evels of protein
and lipid to rainbowtrout for 3 nonths prior to spawning (Table 5). These researchers found that
fecundity, relative fecundity and egg survival of fishfed the diet containing thelowest |evel of
fishmeal (diet #1; 28% protein, 21% lipid) was higher than that of fish fed the diet containing the
highest level of fishneal (diet #3; 46%protein, 15%lipid). Because these diets varied in lipid and
protein content similtaneously, it isnot possibletodifferentiate the effect of each nutrient
separately on reproductive performance. Furthermore, the significance of the findings could not
be determned due to lack of treatment replication in this study.

Washburn et al. (1990) investigated the relationship between dietary protein and
reproductive performance of rai nbowtrout by feeding diets containgtwolevelsof proteinto 2-
year ol dmat uringfish. The two experinmental diets contained either 57.5%or 30.3%protein, and
both contained 10%!ipid. The principal sources of proteinin &se diets were fish meal and
soybean meal, with what flour replacing &se ingradients itithe [ow protein diet. In addition, a

commercial diet (source unknown) known to support good growth and reproductionof trout was
fed.

Al fish were fed at 1% of body weight daily for 9 months until 4-6 weeks prior to
spawni ng. These researchers found that the high protein diet pronoted the greatest growth in
fish. There was no difference in weight among fish fed the different diets when eggs were
removed. Dietary treatnent had no effect on fecundity, and relative fecundity (# eggs/ body
wei ght) was significantly lower infish fed the high protein diet.
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Survival of eggs to hatch was also markedly lower in fish fed the high protein diet relative
to those fad the low protein diet (36%and 6596, respectively). The number of hatched eggs
produced per kilogramof adult body weight was about 1,000 for fish fad the |aw protein diet and
the commercial diet, and about 600 for those fed the high protein diet. This level of productivity
Is quite lowconpared to that found by other researchers (e.g., Bromage et al., (1992).

Table 5. Protein and lipid content of diets fed to rainbow trout broodstock and subsequent
fecundity and egg survival . Data fromVatanabe et al. (1984).

! 2 3 4 5 6 7
dietary protein 28.2 36.3 45.7 40. 1 42.9 42.9 43.1
dietary lipid 20.8 17.5 14.6 19.4, 14.0 14.0 12.7
eggs/ kg fish 2821 1817 2355 2573 2485 2632 2295
eggs/ fish 2375 1699 2197 2015 1429 1937 1737

%total hatch 70.0 85.8 67.1 68.5 46. 4 82.4 70.7

" Diets 1,2, 3 and 4 contained fish meal. Diet 4 contained 7% beef tallow. Diets 5 and 6 contained casein. Diet 5
[(j;onta| ned 15%met hyl aurate. Det 6 contai ned 10%met hyl | amate ad 5%ethyl lité&ate. Diet 7 was aconmerci a
iel,

Recently, Erdall and Barrows (unpublished data) investigated the effect of varying dietary
lipidand proteinlevels on growth and reproductive perfornance of rainbowtrout. These
researchers fed six diets containing one of two levels of protein (32 or 43%of diet) and one of
three levels of lipid (9,12 or 15%of diet) for 2 years. After 1 year of feeding, no differences in
growh or fecundity were found to be statistically significant. After 2 years, however, fighsize
was positively related to both dietary protein and lipid level. There was no influence of dietary
treatment on fecundity or egg survival, but relative fecundity was higher inthe | owprotein diet.

In summary, evidence fromseveral experinents indicates that the level of proteinin
rainbowtrout dietsrequiredfor optinumreproductive performnceis|ower thanthat needed for
maximum growth. This is especially true if relative fexrdtyis cons- The level of dietary
protein required for optimum reproductive performance has not been quantified for salmonids.
No studies investigating the dietary protein requirement for optinum reproductive output of
Pacific salmon have been published.

The studies described above suffer from lack of treatment replication, which reduces their
scientific nerit. Experinental diets were fed to only one group of fish, making it inpossible to
ascribe differences in results to treatment effects. Even so, the near uniformty of the Endings
indicates that efficiency of egg production may be increased if mturing female trout are.
maintained on diets that are relatively low in protein. Further experimentation, incorporating
replication and muiltiple levels of dietary protein, wll greatly enhance the design of feeds for
opt i munr epr oduct i veperf or mance.
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Dietary Lipids-Dietary lipids are used by fish both for energy and as a source of fatty
acids. Fatty acids ate usedinthestructure of cell membranes and in the production of bioactive
nol ecul es such as prostagl andins. For growth and heal th, sal monids require specific types of
fatty acids. Some of these cannot be produced by the animal and must be squired from the diet.
These fatty acids are referred to as the essential fatty acids (EFAs).

Fatty acids (FAs) of the linolenic acid series, designated as omega-3 FAs, have been
known to be essential in the diets of salmn and trout for growth and health since the pioneering
wor k of Yu and Si nnhuber intheearly1970s (Castell et al ., 1972a, b, ¢; Yuarxl Sinnhuber 1975,
1976; Yu et al. 1979). Subsequent work has established the requirements of these fish species for

onega-3 FA for reproduction (Yu et al. 1979, Hardy et al. 1989, LeRay et al. 1985 Watanabe et
al. 1984),

There is no published data of the effects of differing fat levels on egg quality in sal nonids.
Jones and Bromage (unpublished data, cited in Bromage et al. 1992) report that fecundity and the
cost of egg production in rainbow trout are optimzed by using diets containing 7.12%gross fat,
al though egg survival was the same among fish fed diets containing 7,12,18, or 25%ipid.

Yu et al. (1979) investigated the ability of omega-3 FA to neet the requirenents of
maturing rainbowtrout for EFAs. These researchers fed sem-purified casein-gelatindiets
containing either 1%ethyl linolenate (omega-3 FA ethyl ester) either by itself or in conbination
with 1.5%ethyl linoleate (omega-3 FA ethyl ester). Inboth diets the total [ipid content was
increased to 6%by addition of ethyl laurate (saturated FA ethyl ester).

Fish in this experinent were initially less than 0.5 g and were raised to maturity (from 22
to 34 months). The investigators concluded, based on growh, reproductive success and early
‘growth of progeny, that omega-3 FAs are essential in the diets of rainbowtrout for adequate
reproduction and that omega-3 FAs are not required by trout. Fish that were fed experinental
diets, however, had considerably fecundity and hat&ability than did conparable fish fed on
Oregon moist diet (Table 6). of fish on experinental diets, those fed the diet containing onega-3
FA ethyl esters had higher fecundity and hat&ability than those fed the experinental diet
containing no onega-3 FA ethyl esters (Table 6). It isnot possibletoassessthestatistical
significanceof these treatment differences because of the lack of replication,

Hardy et al. (1989) assessed the effect of dietary lipid source on the reproductive
performance of maturing coho salmon. These researchers fed diets containing lipids fromthree
sources: herring oil, soybean oil or beef tallow either singly or in conbination for 5mnonths prior
to spawning. These lipid sources are highly variable in omega-3 FA content, with herring oil
being the highest and beef tallow containing none. Although significant differences were found in
fatty acid conposition of the [ipid fraction of coho sal mon nuscle and eggs, especially among the
neutral lipids, no differences were detected in fecundity, egg viability, or egg size anong the
various treatments. All the diets contained onega-3 FA, at or above 1%of the diet, which is the
reported requirement for optimmgrowh for salmonids (Yu et al. 1979). Hardy et al. (1989)
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concluded that reproductive performance of coho salmon was not impaired by dietary lipid
source, providing the diets contained at least 1% omega-3 FA.

Table 6. Composition of diets fed to rainbow trout and the resulting fecundity and egg

survival. Data from Yu et al. (1979).

Ingredient B omMpP*
Casein 51

Gelatin 9

Ethyl linolenate (n3FA) 16.8

Ethyl linoleate (n6FA) 1

Ethyl laurate (saturated FA) 1.5
Carboxymethylcellulose 35

Alpha-cellulose 1

Mineral and vitamin premix® 7.2 7.2

Fecundity (eggs/female) 2030 2235 4780
Hatch (%) 60.9 '80.6 75.1

* OMP = Oregon moist pellets.

* Percent in diet: mineral mix 4; vitamin mix 2.0; choline chloride (70%) 1; vitamin E 0.2 (660 IU/kg); total 7.2;
Mineral mix: Bernhardt - Tomarelli salt mix. Vitamin mix supplies (mg/kg of diet): . thiamin 64; riboflavin 144;
niacinamide 512; biotin 1.6; pantothenate 288; pyridoxine 48; folic acid 19.2; menadionc 16; cobalamine(. 16;
inositol 2500; ascorbic acid 1200; PABA 400; vitamin D, 4000 IU/kg; vitamin A 25,000 IU/kg.

LeRay et al. (1985) investigated the effect of EFA deficiency on reproductive success of
rainbow trout. These researchers fed fish diets containing omega-3 FAs cither at the level of 12%
or 0% of the diet. Fish were fed the experimental diets once daily for 1 year at the rate of 1% of
body weight per day. The authors found that omega-3 FA levels in both the neutral-lipid and
polar-lipid fraction of maturing fish and the eggs produced by these fish were drastically lower in
the fish fed the diet devoid of omega-3 FA. Fecundity and egg survival were impaired in fish fed
the omega-3 FA deficient diet. LeRay et al. (1985) concluded that omega-3 FA is required by
rainbow trout for optimal reproductive success and that reproductive processes are impaired in
fish fed omega-3 FA deficient diets for extended periods.

Watanabe et al. (1984) examined the effect on reproduction of feeding omega-3 FA
deficient diets to rainbow trout. Semipurified casein-based diets containing methy! laurate
(saturated) or a combination of methyl laurate and ethyl linoleate (omega-6 FA) as the sole
sources of lipid were fed to groups of fish. Fecundity and egg survival of fish fed these diets were
compared to those of fish fed fish meal-based diets containing adequate levels omega-3 FA '
(supplied from marine oil). Fecundity and egg survival of fish fed diets containing methyl laurate
as the sole source of fatty acids were considerably lower than for fish fed diets containing marine
oil. Watanabe et al. also found that partially replacing methyl laurate with omega-6 FA improved
the fecundity and egg survival of fish to levels comparable to that found for fish fed diets
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containingmrine oil. These authors concluded that dietary omega-6 PA may satisfy the EPA
requirement of rainbow trout for reproduction. From the data presented by these authors, it
seens that omega-6 FA may reduce the requirement of rainbow troutfor omega-3 FA, or at |east
my prolong the length of time that broodstock can be fad diets &void of omega-3 FA without
reduction of reproductive success.

To summarize, results of the above experinents provide evidence that trout have a dietary
requirement for omega-3 FA for reproduction. The level of this requirement is not known, but
appears to be no greater than the requirement for optimmgrowh and health. No work has been
done with Pacific salmon species to determne the effect of dietary lipid [evel on reproductive
performance. It has been shown in coho salmon that diets containing onega-3 FA at ninimal
levels required for growh and heal th al so contain sufficient |evels for reproduction

Dietary Mnerals-There is very little published work on the effect of dietary mineral
level's on reproduction of salnonids. Mst of the work that has been done with mature fish has
examned the effect of either deletion of trace el ements (Takeuchi et al. 1981) or fortification of a
standard formulation (Hardy et al. 1984) on sal monid reproductive success.

Early work by Hrao et al. (1954,1955) found that egg iron level correlated with survival
to eyed stage in rainbowtrout. Craik and Harvey (1984), however, were unable to find any
significant correlation between iron content and survival to hatch. ‘The techni ques used by Craik
and Harvey (1984) appeared to be suspect, as nearly half of the hatches of eggs collected were
blanks (i.e., 10096 mortality). Takeuchi et al. (1981) found that rainbow trout fed Gimeal - based
di etsnot suppl emented withtrace m neral s had poorer reproductive success thanthosefeda
simlar diet containingsuppl enental mnerals.

"Hardyet al. (1984) i nvestigatedtheeffectof fortifyinganexperimental sal monidfingerling
diet (Avernathy 19-1. diet, Table 7) with five essential mnerals on elenental composition of eggs
and maternal soma of coho salmon. Coho salnon were reared in saltwater net pens and fed with
demand feeders for 4 months (June-&@) prior to freshwater transfer and spawning, during
which time feed was withheld. Two groups of fish were fed either Abernathy 19-1 diet with or
wi t hout addi tional supplementation of cob&copper, iron, naganese, and zinc (Tabl e 7). The
authors found that fortification of these trace elenents to the Abernathy 19-1 diet resulted in no
detectable differences in el enental conposition of naternal soma or eggs. They suggested that

dietary requirements for these el ements for coho sal mon broodstock were met by levels foundin
the Abernathy 19-1 diet.
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Table 7. Fornmulation of q&mental diets fed to maturing coho salmn. ( Abe-  diets19-
1,82 and 19-2). Data fronHardy et al. (1984) and Hardy (1991).

Ingredient 19-1 19-2
Herring nmeal 50 50
dried Wey 10 5
Dried shrinp neal 5
condensedni | ksol i ds 3

or Poultry byproduct neal 1.5
Wikeat germned 5
Wieat mddl i ngs 13. 9 12.22
Dried blood flour 5 10
Dried brewer’s yeast 5
Li gni nsul fonat e( bi nder ) 2
vitann prenx 1.5° 1.5%
Trace mneral premx 0.1° 0.1
choline chloride (50% 0.5 0.58
Ascorbic acid 0.1
Fish oil -0 9

* Vitamin premix supplied the following per kg of diet: 105 mg D-calcium
31 mg pyridoxine-HCl; 53 mg riboflavin; 220 mg niacirmmide; lSmgfohcacld.43mgﬂmtmnmonommlc 0.59 mg
biotin; 59 pg B,,; 11 mg meadione sodium bisulfite; 501 mg alpha-tocopheryl acetae; 6600 IU vitamin A palmitate or
acetate; 264 mg myo-inositol; 891 mg ascorbic acid; 440 IU vitamin D,.

® Vitamin premix supplied the following per kg of diet: 6600 IU vitamin A (palmitate or '
acetate); 441 IU vitamin D,; 502 IU alpha-tocopheryl acetate; 28 mig menadiode sodium bisulfite; 47 mg thiamine

mononitrate; 53 mg riboflavin; 30.8 mg pyridoxine-HCl; llSmgenlcnnnplnm(hemte 220mgmacm.06mglnoun,
0.06 mg viamin B,,; 12.7 mg folic acid; 132 mg myo-inositol.

* Trace mineral premix supplied the following per kg of dict: 184.8 mg ZnSO,; 206.8 mg
MnSO,; 49.5 FeSO,®7H,0; 3.85 mg CuSO,; and 0.836 mg KIO,.

’ “ Trace mineral premix supplies the following per kg diet: Zn as ZnSO, 75 mg; Mn as
MnSO, 20 mg; Cu as CuSO, 1.54 mg; and I as KIO,®C,H,N,®2HI 10 mg.

Recent |y, chinook sal mon eggs of fishtaken fromthe same stock,but reared either inthe
wildorincaptivity, were analyzed for mneral content (D. Goves, Sea Spring Salnon Farns,
Chemai nus, BC, Canada, Pers. commun. D&enber, 1993). The eggs of wild fishwere foundto
contain lower |evels of selenium(Se) relative to the wild fish. Survival of eggs fromthe captive
broodstock was al so much | ower than eggs obtained fromthe wild fish (20%vs. >90%,

The comercial diet that had been fed to captive fish was found to contain 1.5 ppm Se.
This | evel was increased to 2.0%by suppl ementation of sodiumselenite and fedto the
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broodstock Survival of the eggs from cultured fish fed the Se-supplenmented diet was 85% This
study was conducted at a commercial hatchery and was not rigorously designed for statistical

analysis with controls and replication Such observations, however, suggest that mneral levels in
broodstock diets can influence egg quality.

In summary, very little work has been published on the differences in mineral requirenents
for salmonid growth and reproduction. A though the above&scribed studies are not conclusive,
‘it appears that diets containing at miniml levels required for growh and health also contain
sufficient mnerals for reproduction. Because the dietary requirements for most el ements are
reasonably well known, and since supplemental minerals add very little to cost for feed
manufacturers, there is very little incentive to conmt research resources to establish the actual
dietary requirement levels for specific mnerals for reproduction.

Dietary Vitamns-Except for ascorbic acid, very little work has been published
concerning the vitamn requirements for sal moni d reproduction. Requirements for growh and
heal th have been reasonably well established, and cormercial feedsthat containtheselevels of
vitamns appear to produce good results with broodfish. Ascorbic acid is inportant in the
formationof connectivetissueand has been found by Sandnes and Br aekkan (1981) toincrease
duringovari andeve goert i ncod( Gadus morrhua).

Comparison of the ascorbic acid content of wild and cultured Atlantic salnon eggs has
shown that wild salmon have narkedly higher levels of this nutrient than do cultivated salmon
(50 - 100 mg/kg fish weight vs 15 - 31 m&g; unpublished data presented by Sandnes et al.
(1984)). Sandnes et al. (1984) examined the effect of dietary ascorhic acid on the reproductive
success of rainbow trout. Three diets were fed for 4 months to groups of 2-year-old trout heldin
seawater. Two of the diets were experimental (50% fish meal, 25% fat extractedsoybeannmeal,

- 10%fish oil). One contained no ascorbicacid, whiletheother was suppl ementedwith 1, 000 ng
ascorhbi ¢ acid per kg of dry feed. In addition, a comrercial feedwas used as a control. Al diets
were f&d tothe fightwice daily to apparent satiation.

Ascorbic acid levels of the eggs fromeach fenal e were monitored and related to fecundity
and egg hatching percentage of individual fish. No significant reduction in fecundity was found in
fish fed diets containing no supplemental ascorbic acid, but egg survival was significantly higher in
fish fed the control diet and ascorbic acid-supplemented diet. Sandnes et al. (1984) found a
significant positive relationship of egg ascorbic acid content and hatchability, although there was a
gnat &l of variability. Ié&cd, 50%of the egg lots of fishfedthe unsupplenented diet had
hatéability rates of 60%or greater.

The authors determned that ascorbic acid is required in diets of fish for reproduction, and
that the effects of ascorhic acid deficiency can be noticed in fish fed diets containing no ascorbic
acid for 4 months prior to spawning. The requirement for optimmreproductive performnce
was not determned, nor was there an assessment of the difference between requirenents for
reproduction and growth. Sand&s et al. (1984) recommended, however, that sal monid
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broodst ock feeds shoul d be fortified with sufficient available ascorbic acid- to at least 100 ngy/ kg
dry diet at the time of feeding The researchers suggested that this dietary level should ensure
ascorbic acid levels of at least 20 ppm (vet veight) in the eggs. ‘Ihe technique of relating dietary
nutrient level to subsequent egg concentrations and survival appears to be a useful one in
estimating requirenents, butastheauthorsstated, experinentswith graded levels of ascorhic acid
al eneeded. \

The effect of dietary ascorbic |evel on reproductive performance of coho sal mon w&
investigated by Hardy and King (unpubl. data, NVFS), as quoted by Hardy (1991). These
researchers fad diets containing either 430 or 2200 ng/ kg of ascorbic acid (the diets contained
1,045 and 10,450 mg/kg, respectively, prior to pelleting and storage). The ascorbic acid content
in the eggs was 3 10 and 513 pg/g, respectively, but survival of eggs to hatch between the two
groups was identical at 92% Increasingthedietarylevel of al pha-tocopherol acetate (VitamnE)
by 10 times over nornal levels resulted in a decrease in percent survival to hatch of coho sal non
eggs, in a study cited by Hardy (1991) (Hardy and King unpubl. data, NVFS).

Hardy (1991) cited the results of a study by Hardy and Masunot o (unpubl. data, NVFS)
wherein doubling the level of vitamn premx in diets for coho salmon yielded promsing, but
nonsi gni fi cantincreases in fecundity and egg haté&ability. However, the -ties of conducting
scientificfeedingtrial satcomercialfacilitiescompromi'sedthe value of these data (Hardy 1991).

I'n summary, as with mnerals, there has been no work on sal nonids to denonstrate that
any vitamn requirement for reproduction, asidefromascorbicacid, isgreater thanfor growth and
heal th. There is sone evidence that the dietary ascorbic acid requirement of Atlantic broodstock

for reproductionis at least 100 mg/kg of diet. However, this estimte is not based on standard
nutritional nethodol ogy.

Dietary Carotenoids—Carotenoids are pigments that occur naturally in many animal
species, including salmonids. These compounds are related to vitamin A and are largely
responsible for the vivid red color of salmon flesh and eggs. The two principle carotenoids of
interest to salmon producers are canthaxanthin and astaxanthin. Currently only canthaxanthin is
permitted in commercial fish feeds in the US, although in other countries astaxanthin is also
permitted, and astaxanthin is present in considerable amounts in common feed ingredients.

Early work denonstrated that fishfeddiets suppl emented with synthetic canthaxanthin
exhi bi t edi nprovedreproducti veperformance (De&l 1965, Harris 1984). More recently,
however, Quantz (1980) was unable to find a significant increase of egg fertility in rainbow trout
fed diets supplemented with up to 20 ng astaxanthin per kilogramof diet for up to 15 weeks prior
to spawning. Simlarly, Mrrison and Smth (1981), working with brown trout, were unable to
find any difference in fecundity between fish fed diets supplemented with canthaxanthin and red
crab processing wast es and unsuppl ement ed controls. Harris (1984) fed rainbowtrout diets
suppl emented with canthaxanthin at levels of either 20 or 40 g per kilogramdiet for either 3 or
6 months prior to spawning. He found that the addition of synthetic canthaxanthin to the diets
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caused no increase infecundity. The proportion of infertile females was mich higher in the
control group, but the lack of replication in this experiment precluded assessnent of the statistical
significance of this finding.

Torrissen (1984) exam ned the rel ation between egg carotenoi d | evel and subsequent
survival of Atlantic salmon. He examined the eggs of fish fromthree broodyears. Al the parental
fish had been reared at the same facility and presumably had the same access to feed. He found
nocorrelationbetweenlevelsof either canthaxanthin or astaxanthininfertilizedeggs and egg or
alevinsurvival rates. Inarelated experiment, Torrissen (1984) found that suppl enentation of 30
nyg of either astaxanthin or canthaxanthininstarter dietsinprovedthegrowhrateof fry.

Mir ayama and Yanase (1961) reportedthe hatchi ngrate and carotenoi d | evel of rai nbow
trout eggs obtained fromnine farms in Japan. The two researchers concluded fromtheir data that
there was “no definite correlation between the hatching (percentage) and the amount of any
chemcal constituent examned.” However, Craik (1985) noted that this statement only applied to
results obtained fromeach particular farmand concluded fromthe same data that there is “strong
suggestion that eggs with | ower carotenoid content (under |-3 pg/g) tend to have | ow hatching
percentages, and that above this val ue hatching tended to approach 100%.” Yet Craik (1985)
cautions that this conclusion is tentative because of the differing conditions of broodstock
nutrition and egg incubation on the various farns.
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Met hods for Assessing Nutritional Status of Broodstock

|
Replication and Controls

Several elements of experinental design that are considered essential for scientific
research are mssing in alnost all published studies that exam ne effects of feeding rates or
nutrient levels on reproductive performance of salmonid broodstock. These include proper
replication of experinental units, use of proper controls, and use of graded levels of nutrients to
establish requirement levels. Incorporation of these elements into nutritional studies would
I ncrease considerably the confidencein results of such experinents. However, the high expense
i nvol vedi nincorporatingthesed enartsof experinental designhas|imtedtheir use.

Almost al | published nutritional studies of salmonid broodstock assign each treatnent to
only one group of aninals. As aresult, it is not possible to separate the effects of random non-
treatnent effects fromthe treatment effects on the results. Factors contributing to non-t
ef fectsincl udedfferawesi nenvi ronment al condi tionsbet weenexperimental units, suchaswat er
tenperature and flowrate, and lighting. other non-treatmenteffectsincl udedifferencesi ninitial
body size and health of the animls in each experimental unit.

Replication of experimental units and the random assignment of animals and treatments
allows application of standard nethods of statistical analysis to remve non-treatmersf f ects
fromthe results of treatnents. The greater the number of replications, themore confidence can
be had i nassigning differencei inexperimental restéstotreatment effects, but the nke expensive
the experiment will be. Sal moni d hatcheriesrarelyhave sufficient resources available to permt
the level of replication that is genrally conséred adequate for nutritional restarch. Repeating
experiments over nultiple broodyears, although not as stat&ally powerful as replication of
experimental units, may nevertheless increase the confidence in a result if it is consistently
obser ved.

The second el enent of eq= remiahdesi gnthat i s frequentlyleft out of broodstock
nutritionresearch is the utilization of suitable controls, which provide a means by which resulta of
experiments may be conpared to each o&. Innutritional studies, acontrol treatmentconsists
of the feeding of a reference diet under environmental conditions and feeding regimen that are -
known to produce optimal results. When a series of connected experiments over time is
conducted, the consistent application of a standard co&n permts unification of the findings and
strengthens the overall conclusions of the study. There is no standard reference diet that has been
uni formy appliedas acontrol by researchers. Rther, one of avariety of comercially available
feeds, or a diet based on standard formulations, is comonly used for this purpose. Sincethese
feeds generally promote reasonable reproductive performance, there is no need to standardize
between facilities.
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Almost al | published work on dietary nutrient requirements of salnonid broodstock has
been concerned with the qualitative aspects of requirement, or whether the nutrient is required or
not. Very few studies have investigated levels of nutrients required for optiml reproductive
performance. Asaresult, littleisknown about differencesinnutrient requirenentsfor
reproduction and growth.

The standard technique for investigating nutritional requirenents, the dose-m
method, involves féding graded levels of the nutrient to the fish and measuring the response.
Thi snethod permts estimationof the mininumlevel of a particular nutrient that will induce the
maxi mum response and can be adapted to investigate the effects of other nutritional aspects as
wel|. For exanple, to examne the relationship of feeding rate on reproductive performance, it is
mich more informative to feed at several rates of intake, ranging fromsatiationto near starvation,
than to feed at only two levels of intake, as has been most commonly done.

Nutrient Requirenent Level s and Opti mumpFeedi ng Regi ne

As described above, the nutrients that are known to be required by salmonids for growth
and health are also required for reproduction. It is not known if the dietary nutrient requirements
. for these process are the sane, although some work has heen done with protein in rainbow trout.

Prioritizing investigations of quantitative requirenents for various nutrients for optimal
reproductive performance will permt the greatest utilization of limted resources. In establishing
list of priorities, the potential for feed cost reduction and the potential for inproving reproductive
performance nust be considered.

The protein component is the single greatest contributor to the cost of salmonid feeds.
Studies conducted with rainbow trout have demonstrated that broodfish fed diets containing |ess
pro&n than production diets have equal &curd&y and higher relative fecundity than those fed
dietscontainingproteinat |evelsthat maxi mze growth. However, there is no published work
I dentifyingthe mnimmdietary protein level that will optimze reproductive output in rainbow
trout. Furthernore, there are no published studies on the relationship between dietary protein and
reproducti ve out puti nPaci fi csal mon.

After protein: the [ipid conponent contributes nost to the cost of salnonid feeds. The
effect of dietary lipid level on reproductive performance of Pacific salmn has not been
investigated, except with regard to the level of specific fatty acids. Unpublished work (Jones and
Bromage, citedin Bromage et al, 1992) with rainbowtrout has indicated that |owering the |ipid
level to 7%of the diet may reduce the cost of egg production in rainbow trout with' no adverse
effect on quality. This work did not examne potential cost savings fromreducing levels of
dietary lipid below 7% Further work shoul d be undertaken with ot her species of Oncorhynchus
to determne the optimum level of dietary lipid for reproductive output.



There is little justificationto exam& the effect of vitamins, other than ascorbic acid on
reproductivperfornanceat thistime. Wththe exception of ascorbic acid, suppl enental vitamns
add very little tothe cost of feeds, and time is noevidence indicatingthat their inclusion above
the level requiredfor optinumgrowt h and heal th has any effect onreproductive output.

Mnerals, likevitanmns, donot contribute appreciablytothe cost of producing sal nonids,
and have al so not heen found to be required in rainbowtrout diets for reproduction at |evels
above those required for maxi num growt h. Low priority shoul d therefore be given to
establishing the mineral requirements of salmonids for reproduction.
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CQurrent Diet Fornulation for Captive Sal monid Broodstock Cul ture

Comrer ci al Feeds

‘Ilre devel opment and manufacture of feeds for broodstock seemto be generally of |ow
priority to feed conpanies. There is not enough demand for the product to warrant the diversion
of large amounts of resources. Broodstocks conprise a small percentage of the total fish biomass
on nost farns, reducing the demand for feed. The fornulation of feeds that are currently
promoted by private industry for use with captive salmonid species are naturally confidential. The
i ngredient content and proximate conposition of these feedsis available, however, as required hy
U.S.law(Table §).

Many feed conpanies produce broodstock feeds that are lower in energy and that are
mre fortified with vitamns (especially ascorbic acid and vitamn E) and ninerals (especially
calcium and phosphorous) relative to feeds formulated for growng salnonids. Each of the larger
feed manufacturers has its own research programto fornulate and test feeds. It is not publicly

known how extensive these programs are, and the specifics of results of tests are generally
confidential

Tabl e 8. The proximte conposition of broodstock and growout diets manufactured by Moore-
Gark. Oncor Brood and Oncor Marine are fornulated for use with chinook and coho
sal non, whereas Royal Brood and Royal Superfeed are fornulated for use with Atlantic
salnon. Data supplied by More-Cark Co. Inc.

Fee,di
Royal Brood Oncor Brood Royal Superior (nhcor Marine

Protein (% 46 48 46 45
Lipid (% 22 18 30 18
Carbohydrate (%) 13 15 11 17
Ash (%) 10 10 _ 10 10
Mbi st ure- (% 9 -9 6 10
cal ci um(%) 23 _ 23 2 2.1
Phosphorous (% 1.6 1.6 1.5 1.5
Vitamn A @ kg) 5,000 5,000 10,000 2,500
Vitamn D (Wkg) 3,000 3,000 - 3,000 2,400
Vi tam n EAU/Kkg) 200 ~ 200 200 100

1 Diets contain the following ingredients (not necessarily in order of proportion): Fish meal, fish oil, whole wheat, cane
molasses, vitamin and mineral premixes, ethoxyquin, betaine, pigment (canthaxanthin). The broodstock diets are
differentiated from the growout diets by the addition of krill meal and brewers yeast, and by higher levels of betaine
pigment, and some vitamins and minerals.
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Experimental Diets

Experinental diets are formilated to meet criteria specific to the objective of a particular
study. These diets canbe either purified, sem-purifiedor comercial type (Tables 8,9,10,11,
11,12, and 13). purified diets are those in which each nutrient is added individually. Halver's
diet, called H440, is an exanple of such a diet (Table 12). A seni-purified diet is one in which
nutrients are added i n conbination with each ot her but fromhighly purifiedingredients. The
diet is an exanple of this type (Table ‘12). Commercial type diets contain ingredients that are 4
typically found in conmercial feeds. An exanple of this type of dietsis OVP (Table 13).

Table 9. The composition of broodstock and growout diets manufactured for use with chinook
and coho salnmon by Wite CGrest MIIs and EWOS Canada.

Wite Cest EWOS Vextra Vextra

Sal mon Br ood’ Sal mon G ower Brood chi nook
Protein (% 47 45 50 45
Lipid (% 14 16 12 18
Fi ber (96) 3 3 1 1
Ash (% S-10 S-10 8 8
Moi sture (% 10 10
calcium (% 2.2 2.2 2.1
Phosphorous (% 1.5 1.5 1.1
Vitamin A (IU/kg) 10,000 3,000 3,000
Vitam n D(IU/kg) 2,400 3,000 3,000
vi t am n E[@U/kg) 500 150 150
Vi t am n C(mg/kg) 12,00

- Feeds contain the following ingredients (not necessarily in order of proportion): EWOS diets contain: Fish meal, fish
oil. blood meal, wheat, vitamin and mineral premixes, ethoxyquin, pigment; WhiteCrest feeds contain: Fish meal,
seybean meal, canola meal, wheat middlings, wheat germ, poultry byproduct meal, herring oil, whey powder, vitamin
and mineral premixes, pigment. The White Crest broodstock diet contains krill meal and is supplemented with extra

levels of vitamins E and C.
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Table 10. The composition of broodstock and growout diets manufactured by Rangen Inc. for
use with chinook and coho salmon and trout.

Salmon Brood’ Salmon Extruded Trout Brood Trout Production

Protein (%) 44 45 40 40
Lipid (%) 14 20 10 12
Fiber (%) 5 ' 5 5 5
Ash (%) 12 15 : 12 15

* Salmon feeds contain the following ingredients (not necessarily in order of proportion): fish meal, wheat meal, blood
meal, fish oil, soy lecithin, vitamins and minerals. The trout diet contains the same ingredients, but in addition
contains soybean meal and brewers yeast.

Table 11. U.S. Fish and Wildlife brood diet for trout (open formula).

Ingredient %

Fish meal: Herring, anchovy, menhaden (or combination) stabilized,
maximum moisture 10%, stored at manufacturers plant no longer than

6 months. Pepsin digestibility .. 92.5% _ -30°
Wheat middlings: protein - 15%; fiber = 1.5% 17.5*
Wheat flour: protein > 14%; fiber < 1.5% 5

Soybean meal: solvent extracted and dehulled; protein = 45.5%.
Cottonseed meal: solvent extracted; protein > 48%, free gossypol = 0.04%

may replace soybean meal for not more than 15% of the total diet. 25
Blood meal: ring-dried; protein > 80% 10
Trace minerals premix 0.1
Vitamin premix 04
Choline chloride (50%) ) 0.175
Ascorbic acid ’ 0.075
Fish oil: stabilized with 0.04% BHA:BHT (1:1) or 0.01% ethoxyquin

and less than 3% free fatty acids. 10~
Lignan sulphonate pellet binder 2

* Fish meal may be increased (not decreased) depending upon protein content, but must provide not less than 20% fish
protein. Quantity of added oil may be adjusted upwardly only so that finised feed shall contain not less than 10%
crude lipid. Wheat middlings to be adjusted to compensate for the above variations.

* Up to 4% soybean oil, once refined (NSPA standard) with 0.04% BHA:BHT (1:1) or 0.01% ethoxyquin may be
substituted for an equal amount of fish oil in the feed mix. Not less than 3% of the total fat shall be sprayed on the
pellets as a top dressing, the rest to be included in the feed mix. Only fish oil may be used to top-dress feeds.
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Tabl e 12. Percent conpositionof test diets used for Pacific salmon(-%. DatafromHardy

(1991).

Ingredient Viést Van 33 Diet H440 modified
Herring neal 50. 42

Poultry by- product neal 7.35

Dried whey 7.69

Bl ood fl our 5.02

Shrimp meal 3.15

Euphusiids 2.06

Wheat middlings 6.97

Casein, vitamin free 40. 8
Celatin 8.0
Dextrin 16.0
Alpha-cellulose 4.7
Vitamin premix 430" 20°
Mineral premix 2.04" 8.0’
Hexring or salmon oil 8.45 15.0
Lignin sulfonate 1.89

AscorbicaCi d 0.19 0.1
chol i nechloride 0.47" 1.0
Amino acid mixture 44

* The vitamin supplement supplied the following per kg diet: vitamin A acetate, 9455 IU;
cholecalciferol, 2269 IU; DL-alpha-tocopheryl acetate, 567 IU; menadione, 24.8 mg; D-calcium pantothenate, 182.9
mg; pyridoxine®HCl, 42.2 mg; riboflavin, 56.7 mg; niacin, 284 mg; folic acid, 18.9 mg; thiamine mononitrate, 38.4
mg; biotin, 2.84 mg; cyanocobalamin, 0.057 mg; and inositol, 378 mg.

* The vitamin supplement supplied the following per kg diet: D-calcium pantothenate,
564 mg; pyridoxine®HCl, 41 mg; riboflavin, 222 mg; niacin, 586 mg; folic acid, 34 mg; thiamine mononitrate, 104
mg; biotin, 1.58 mg; cyanocobalamin, 0.057 mg; ascorbic acid, 893 mg; and inositol, 132 mg.

© The mineral suppiement supplied the following levels of minerals per kg of diet: Mn as
MnSO,®H,0, 69.2 mg; Zn as ZnSO,®7H,0, 28.4 mg; Co as CoCl,®6H,0, 0.94; Cu as CuSO,05H,0, 3.29; Fe as
"FeSO,07H,0,47.3 mg; I as K1, 5.1 mg; and Na as NaCl, 1951 mg.

¢ The mincral supplement supplies the following levels of minerals per kg of diet: CaHPO,,
29.3 g; MgO, 1.6 g; NaHPO,, 16 g; MnSO,®H,0, 25 mg; ZnSO,®7H,0, 163 mg; CoCl,®6H,0, 4 mg.
* 60%.

70%.
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Table 13. Formulation of Oregon noist pellet (fornulation OP.2 and as nodified by Hardy
et al. (1984)).

OP-2 OMP
I ngr edi ent (g/100g) (g/1008)
Herring meal 28.0 30
cottonseed meal 10.0° 7
Poul torrybyproducmeal 8.0 8
Wieat gem Remainder 7.85
wheat flour 5
Vitamin prenmx 1.5 1.9
Trace mneral premx 0.1° 0.1°
Chol i nechl ori de( 70%act i ve) 0.5 0.5
Roxant hinred(api gment)
0.05
0i | : 6.0-6.75 10
Vet fi shhydrosal ate 30.0 30.0

* Values represent maximums, together cannot exceed 15% of diet.

* The vitamin supplement supplied the following per kg diet: vitamin A acetate, 16421U
cholecalciferol, 2269 IU; DL-alpha-tocopheryl acetate, 503 IU; menadione, 18 mg; D-calcium pantothenate, 115 mg;
pyridoxine ®HCL, 30.8 mg; riboflavin, 53 mg; niacin, 222 mg; folic acid, 16.5 mg; thiamine mononitrate, 46 mg;
biotin, 0.6 mg; cyanocobalamin, 0.057 mg; ascorbic acid, 893 mg; and inositol, 132 mg.

~

* The mineral supplement supplies the following levels of minerals per kg of diet: Mn as
MnSO,®H,0, 20 mg; Zn as ZnSO,®7H,0, 75mg; Cu as CuSO,®5H,0, 1.54; I as KIO,®#C,H,N,®2HI, 10 mg.
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Concl usi ons and Recommendat i ons

Summary

Ther eproduct i veper f or mance of sal noni ds (Oncorhynchusand Salmo)i si nf| uenced by
the nutrient intake of maturing fish. This influence is exerted both through the nutrient
conposition of the diet and through the feeding regine. For each salmonid species, females that
produce the greatest number of viable offspring are those permtted to attain their greatest growh
potential; larger fish produce larger nunbers of healthy eggs. The nunber of eggs produced per
unit of fish’ weight, however, is often the converse. If fishare held under arestricted feeding
regine, or fed a lowprotein diet, the relative fecundity can be increased without conpronmising
the quality of the fry. Brood&h hel d under restricted feeding regimes, however, may have |ower
rates of maturity. For this reason, it is nost inportant that the relationship between feed regime
and egg production be examned nore closely.

Reproductive performance is clearly dimnished in fish that are fed diets containing one or
more essential nutrient, other than protein, at levels belowthe |evels requiredfor optimm
growth. The dietary protein requirement of trout nay be lower for reproductive performnce
than it is for growth, but this is far from established. There are no reports in the literature that
indicate that the requirement of any nutrient f or optimum sal noni d reproductive performnceis
different than for grow h and heal th.

The standard approach for establishing a nutrient requirement is to feed diets containing
graded levels of the nutrient of interest to replicate lots of fishand to measure the response under
these treatments. Provided that suitable precautions are-taken concerning assignment of fish to

experimental unitsandass gmart of experinental unitstotreatmentsthe statistical significance
of differences of mean treatment response can be assessed.

Experi nentscarriedout primarilyw thrainbowtrout have denonst rat edt hepossibility
that feed can be reduced for maturing fish up to 4 months prespawning with no adverse effect on

reproduct i vperformance. Should this be possible with other salmonids, the savings in feed costs
woul dbei mmedi at e.

Conclusion

Them has been sufficient work done with salmonids to denonstrate that diet and feeding
regimes can have marked influence on reproductive performance. The work done to date has not
been designed toilluninate the dietary requirenent of specificnutrients, norisit knownif the
required | evel of any nutrient for reproductionis different fromthat required for growh and
health. There is good evidence that withholding feed frombroodstock for short periods of time
i medi ately preceding ovulation has no effect on reproductive success, at least in rainbow trout.
Mbst of the research conducted on salmonid broodstock nutrition has not enployed traditionally
accepted standards of experimental design for requirements.
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A firm understanding of how the dietary nutrient requirements of salmonids for optimum
reproductive success differ fromthe requirement for growh can be helpful, both inincreasing the
reproductive performance of captive broodstock and ininprovingthe cost effectiveness of
maintaining broodstock. This can be accomplished either by altering the mix of ingredients in
broodst ock diets toreflect the actual dekaryrequirenents of the fish or by altering the feeding
regine of maturing fish.

Recommendat i ons

The above s&section titled Replication and Control s details some aspects of experinental
design that are commonly missing from studies on broodstock nutrition (see page 4-21).
I'mpl enentation of these elements will probably add considerably to the costs and resource
allocation of broodstock nutrition studies. However, given the greater reliability and applicability
of the findings, the & ed expense may well be just Sable.

Establish optinumand must cost-efficient feed reginme for reproduction-1nproving
the state of understanding of the effect of feed regime on reproductive output of salmonids shows
great promse of inproving the efficiency of hatcheries and shoul d receive highest priority.

Exanpl es of such work are studies to &erm& the optinumfeed rate and timng of starvation or
reduced intake, relative tof&water transfer, that will rmaxi m zefecundityorrelativefecundity.
Inaddition, theeffectsof feedingrateor protein/energyintakeonageat maturityinPacific

sal mon species need to be stud&L Some of the relevant published reports on this topic are

described in the section Dietny Factors neting Captive Broodbock Performance (see page
4-8).

Establish nutrient Requirement levels for captive broodstock-The subsection
Nutrient Requirement Levels and Optinum Feeding Regime prioritizes the nutrients to
investigate (see page 422). Establishingthereproductiverequirementforprotein, ofallthe
nutrients studél, is the most likely to inprove the ability of fish hatcherie49 to produce Pacific
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Introduction

The following information was assembled from communications with fish health personnel
and a review of the scientific literature. We gathered information on infectious diseases and
parasites potentially affecting at-risk native salmonid broodstocks during culture and determined
the best husbandry and medical techniques available for treatment and control.

Fish health management practices in salmonid hatcheries have historically been directed at
production of a healthy smolt prepared to enter ocean pastures and survive and grow to maturity.
A wealth of literature in textbooks and scientific journals considers the causes, diagnoses, and
possible controls for the many infectious, parasitic, and non-infectious diseases affecting
salmonids in the freshwater hatchery and in the marine environment (Wood 1974, Kent 1992,
Rohovec 1991).

Most attempts to hold salmonid broodstocks to maturity in the Pacific Northwest have not
been entirely successful, particularly for chinook salmon (Oncorhynchus tshawytscha) and
sockeye salmon (O. nerka). Harrell et al. (1986) described excessive mortality due to infectious
diseases and precocious maturity in chinook salmon broodstocks during the final
2 years of residence in marine net-pens. Sockeye salmon reared to maturity in freshwater tanks
and in seawater net-pens have also experienced higher than expected mortalities due to infectious
disease (Flagg and McAuley 1994).
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Viral Di seases: I nfectious Hemat opoi eti ¢ Necrosis

When diseases of fishare ranked for inportance, many biol ogists enphasize the viral
di seases, since no therapeutants are available. Rucker et al. (1953) reported a disease of possible
viral originin sockeye salnon at a federal hatchery in Washington State after he was able to pass
the conditiontonaive fishwthfilteredtissue homogenate frominfectedfish. Amend et d. (1969)
and McCai n et al. (1974) later demonstrated that the disease was identical to SacramentoRiver
chinaok sal non di sease and Oregon sockeye sal non di sease and i dentified the virus as the
pat hogenresponsi bl ef or i nfect i oushemat opoi eticnecrosis(IHN).

Fish affected by R-INare primarily the alevins and swimup fry of sockeye sal mon,
chi nook sal mon, steel head trout (0. nykiss), rainbowtrout (0. ngki ss), and brook trout
(Salvelinus fontinalis). There i s no known medical treatment for fishwthIHN. Mucahyand
Pascho (1985) demonstrated horizontal (fish-to-fish) transm ssionof I HNand suggested that
vertical transmssion of the virus (viaeggs or coel omc fluid) was al so possible. However,
Groberg(1988), after extensivel aboratory experinentation, failedtoshowthat progenyfrom
parents infected with | Hn devel oped clinical I1-IN disease or carried the virus in a formnormlly
detected by all culture assays.

LaPatra et al. (1987) presented evidence that adult salmon are infected with I HNvirus in
the hatchery, and that hatchery designs are often conducive to horizontal transm ssion between
adult salmon. Although I HN has been inplicated as causing minor |osses in some feral salmonid
popul ations, it is primarily a hatchery disease (Busch 1988), particularly when salnonid fry are
exposed to the pathogen concomtant with the stress of artificial culture.

Because sockeye salmon are particularly susceptible to I HN, they were not considered for
artificial propagation in the Northwestern United States from 1960 through about 1980
(MDaniel et al. 1994). The Alaska Departnent of Fish and Game began intensive culture of
sockeye sal mon inthe early 1980s, and by 1992 they were taking over 80 m|lion healthy eggs a
year for enhancement purposes. Rigorous disinfectionwth steamand iodophors and the use of
virus-&e water supplies were responsible for keeping losses due to the disease and prophylactic
destruction of eggs at less than 5% for about 10 years.

However, in 1993 a combination of higher than normal environmental temperatures,
failure to use virus-free water sources, and several nanagement changes (e.g., fryu transfers
between different facilities) resulted inlosses to I HNof over 13.6%(Follet 1993). Currently I HN
Is classified as a Class B disease (quarantine and controlled transfer or release) by the Pacific
Nort hwest Fish Health Protection Committee (PNFHPC). Neverthel ess, a review of pathol ogists’
reports and fish disease status reports from six northwest states and British Colunbia, submtted
to the Conmttee over the past 14 years, suggests thatlosses of fish directly due todN disease
are not as severe as losses due to destruction of fish and eggs because of virus detection.
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Salmonid culture programs for broodstock -oration should in&& routine testing of
mat urefemal esfor | HNvirusandinfectious pancreati cnecr osi s vi rus (@PNV),anot her viral
di sease that may affect rainbow or steelhead trout. Results of these tests could aid efforts to
segregat e infected ganetes and al ert biol ogistsof thepatertid for disease. The use of virus-fé&
ground wat er and i nodophor di sinfection of eggsis essential for heal thy fertilization, water
hardening, and all stages of egg incubation.

Usual Iy I HN di sease i s a&odted with thepresence of cayerativdyl arge nunbers of
wel | -matured spawners, particularly when spawning operations are spread over several weeks
timeandinfectedcoel imcfluid, blood, andtissuesarenot adequat el y cont ai nedanddi si nf ect ed.
However; | HN can usual |y be avoided in juveniles even when the parent stock is positive. For
instance, from 1987 through 1990, NMFS obtained gametes from approximately 400 wild adult
sockeye sal mon - mthe Vnat chee R ver each year (Flagg et al. 1991). Wthcareful isolation of
egg takes, containnment and quarantine of ganetes in & buckets, and thorough hatchery
di sinfection and water hardening with iodophors, viral d&eases were conpletely avoi ded during
this project.
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Bacterial Diseases

Bacterial Kidney Disease

The nost pernicious disease limting culture of sockeye salmon and chinook salmon in the
Pacific Northwest is bacterial kidney disease (BKD) (K Johnson, IDFG 1800 Trout Rd., Eagle,
| D83616. Pers. commun., July 1994). Reni bact eri umsl anoni nar um t he causati ve bact eri umof
BKD (Sanders and Fryer 1980), is an obligate pathogen of salmonids and is fastidious and slow
growing on |aboratory media. These characteristics, conb& with generation tinmes of over 24
hours, have inpeded experinental work with the disease (Rohovec 1991).

Bacterial Kidney disease is a chronic, insidious infection and is manifested as a
glomerulonephritis with grey-white necrotic abscesses of the kidney and occasionally the spleen,
liver, or heart. Mrtality from BKD occurs throughout the [ife span of salmonids. The disease
can be transmtted horizontally (Mehumand Sherman 198 1, Bell et al. 1984, Austin and
Raynent 1985) and vertically via the egg (Bul lock et al. 1978; Rohovec 1991; Evelyn et al.
19844, 1986) .

Sone control of vertical transmssion of BKD has been acconplished with injections of
erythronycin (at 20 mg/ kg fish) in female salnon 28 days before maturation (Lee and Evelyn
1994) and gamete culling or segregation after determnation of severity of BKD in maturing
femal e salmon (Pas&o et al. 1991). However, current therapeutic measuresfor prevention or
control of horizontal transfer of BKD-have been generally inadequate (Austin 1985, Elliot et al.
1989). Although some success at control of norbidity and nortality due to BKD has heen
achieved using erythronycin as a feed additive at a dose of 100 ng/kg fish for 21 days (M&ii
and Bjornn 1989), it has been difficult or inpossible to elimnate the causative organi sm(Austin
1985, Evelyn 1988).

Mazur et al. (1993), demonstrated that the preval ence of BKD in chinook sal non was
directly related to rearing densities (i.e., higher densities with higher infection rates). Cther
biol ogi sts relate unpublished &l evidence that |ow rearing densities result in less norality
due to BKD t han hi gher daraities(J. Mrrison, USFWS, O ynpia Fish Heal th Center, 3704
Giffin LamSE, Qynpia, WA 98501, Pers.commun., June 1995). However, sockeye sal mon
rearedat very |l owdensitiesandtreatedrepeated ywtherytoronycinsufferedintol erable
nortality dueto BKD(Flagg and McAul ey 1994).

Attenpts to devel op specific vaccines or to enhance non-specific immunity as prophylaxis
agai nst BKD have al so heen largely unsuccessful (Evelyn et al. 1984b, Kaattari et al. 1989,
Baudin Laurencin et al. 1977). The poor control of BKD achieved by vaccination and
chemot herapy has been attributedtotheintracellular nature of R sal mni narum(Evel yn 1988)
and the fact that the organi smcan survive and nultiply within host phagoyctes (Young and
Chapman 1978), thereby apparent|y avoiding stasis or destruction by antibacterial drugs.
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Renibacterium salmoninarum survives in seawater and is horizontally transmitted between
salmon in marine cages (Evelyn 1988, Banner et al. 1986). During the carly 1980s, NMFS was
involved in a captive broodstock program for Snake River fall chinook salmon and White River
(Puget Sound) spring chinook salmon. Several brood years of each stock were reared in adjacent
marine net-pens, and the presumed continual shedding of R. salmoninarum from infected fish and
horizontal transmission in scawater resulted in mortality rates of 30 to 40% in each stock after 1
or 2 years of marine residence (Harrell et al. 1987). Attempts to control the ongoing epizootic in
marine net-pens with orally administered erythromycin (100 mg/kg fish for 10 days) were not
successful.

The use of erythromycin at various dosages, as a feed additive and as an injectable, as a
means of controlling BKD in salmonids in the Pacific Northwest is being investigated under a
BPA-supported grant to the University of Idaho for a U. S. Food and Drug Administration
Investigational New Animal Drug (INAD) application. R. salmoninarum can develop resistance
to erythromycin (Bell et al. 1984), and the continued widespread use of this drug will undoubtedly
result in drug-resistant strains of the bacterium. Therefore, the potential effectiveness of other
drugs should be investigated. Preliminary investigations of the quinoline antibiotic enrofloxacin at
doses of 5 to 10 mg/kg fish as a means of control for BKD in rainbow trout were encouraging
(Hsu et al. 1994). In addition, the potentiated sulfonamide tribrissen has shown some promise as
a means of control of BKD in chinook salmon and sockeye salmon broodstocks (D. Groves, Sea
Springs Salmon Farmms, P.O. Box 870, Chemainus, B. C. VOR 1KO. Pers. commun., July 1994).

Research on nutritional intervention as a means of controlling BKD should be pursued
(Evelyn 1988, Bell et al. 1984). Resistance of fish to bacterial infections can be compromised by
the amino acid balance of the dietary protein source (Wedemeyer and Ross 1973), improper .
balance between dictary protein and pyridoxine levels (Hardy et al. 1979), and inadequate dietary -
ascorbic acid (Durve and Lovell 1982). Selective breeding for BKD resistance is another tool that
has promise for control of the disease in salmonid populations (Withler and Evelyn 1990, Evelyn
1988).

Other Bacterial Diseases

There are several infectious bacterial diseases that may compromise salmonid culture
during the freshwater phase and be carried to the seawater phase. Furunculosis, caused by
Aeromonas salmonicida, is a salmonid disease that is exacerbated by high rearing densities and
excessive handling (Nomura et al. 1992). The disease is of particular concemn to Atlantic salmon
(Salmo salar) smolt producers and sea farms. Licensed injectable vaccines for furunculosis are
marketed by Biomed Inc. (1730 130th Ave. N. E. Bellevue, WA. 98005-2203). These bacterins
require anesthesia and injection of individual fish and appear to provide effective protection to
cutthroat trout (O. clarki), steelhead, and Atlantic salmon. '



However, efficacy of these vaccines has been reported as equivocal in adult spring
chinook salmon (R. A. Holt, ODFW, 220 Nash Hall, Corvallis, OR 97331-3804. Pers. commun.,
July 1994). Altemnatively, the antibiotic oxytetracycline is approved by the U.S. Food and Drug
Administration as a feed additive at 100 mg/kg fish per day for 10 days for treatment of
furunculosis in salmonids. The potentiated sulfonamide Romet-30 was also recently approved by
FDA as a feed additive for control of this disease. Furunculosis could be problematic to
broodstock restoration programs for salmonids if strains of antibiotic-resistant A. salmonicida
develop (Aoki et al. 1971).

Vibriosis is an acute bacterial disease of salmon in seawater due to Vibrio anguillarum or
V. ordalii (Harrell et al. 1976, Schiewe et al. 1981). The obvious means of avoiding this disease
is total culture in freshwater. If this is not possible or if some seawater residence is necessary for
optimum production, an effective vaccine is available from Biomed Inc. Vaccines are preferable to
antibacterial feed additives because of the possibility of the development of antibiotic resistant
strains of the vibrio bacterium (Austin and Austin 1987). In NMFS's experience with vibriosis in
marine net-pens, intraperitoneal injections with commercial vaccines afforded excellent protection
against mortality, but only for approximately 90 days (Harrell 1979, Mahnken and Waknitz 1979).
Oxytetracycline added in feed at a dose of 100 mg/kg fish for 10 days is also effective therapy if
fish are still infected with vibriosis after 90 days (Hodgins et al. 1977).

Bacterial coldwater disease may cause high mortality in alevins or fry in the early spring
when water temperatures are between 4 and 10°C. The disease is caused by Flexibacter
psychrophilus and is particularly prevalent in coho salmon stocks but has been reported in
sockeye salmon culture in the Pacific Northwest (Wood 1974). Most salmon culturists attempt to
control coldwater disease with a water-soluble oxytetracycline bath for 1 hour (1-2 ppm), since
affected alevins often have not yet begun to feed (Rohovec 1991).
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Qther Infectious and Physiological Conditions

There are other bacterial diseases (Austin and Austin 1987) and fungal, helmnth, and
protozoan parasites that could have an effect on captive broodstock culture in both freshwater
and marine facilities. However, relatively lowintensity culture (e.g., |owdensities and infrequent
handling), as conpared to cultureby standard hatchery pmdes, should preclude in&é&s wth
nost of t heseagents. Thedi agnosi s, pathogenesi s, andr ecormended treatnents, as well as
references to scientific literature, are adequately covered in texts by Hoffman (1967),Wood
(1974), Margolis (1982), Roberts (1989), and Rent (1992).

The presence of a pathogenic agent does not necessarily constitute a disease in fish or
popul ations of fish. However, when animals are crowded and sub- to artificial environments
and foods, clinical signs of disease andmortality may occur. Restoration programs designed for
sal moni d stocks shoul d be designed to mni méecomon stressors that usual |y acoonpany
intensive artificial culture.

Husbandry techniques for total (gamete-to-mature adult) culture of anadronmous sé&noré&h
have been under devel opment for only the past 20 years or so.Know edge of physiol ogical
processes, andaproper under st andi ngof t he epi zooti ol ogy and bi ol ogy of i nfectiaus, nutritional,
and netabolic d&eases that develop during previously inaccessible |ife stages (e.g., marine phase)
I's becom ng avai | abl e as research on these hushandry techni ques progresses.

For example, during research of total culture of anadromous salmon in marine net-pens at
the NMFS Manchester Marine Experimental Station in central Puget Sound, biologists discovered
a severe systemic disease of chinook salmon that only affected fish after 18 toZOmonthsof
seawater residence (Harrell et al. 1986, Elston et al. 1986). This "Rosette Disease” was
subsequently diagnosed in endangered Sacramento River winter-run chinook salmon held in
marine net-pens in Bodega Bay Califomia (J. S. Foote, USFWS, 24411 Coleman Fish Hatchery
Rd., Anderson, CA. 96007. Pers. Commun., November 1994). Another previously undescribed
anemia caused by an intranuclear protozoan was first detected in chinook salmon broodstocks in
seawater at Manchester (Elston et al. 1987) and later reported in chinook salmon pre-smolts and
kokanee in freshwater by Morrison et al. (1990). Further epizootiological studles of these two
diseases are in progress and may indicate a freshwater origin.

Other infectious and physiological conditions will undoubtedly be detected in future
captive broodstock endeavors, particularly when anadromous fish are held full-term in either
freshwater or saltwater environments. For instance, NMFS is currently holding sockeye salmon
to maturity in marine net-pens, circular tanks supplied with disinfected and filtered seawater, and
circular tanks supplied with constant 10.5°C pathogen-free groundwater (Flagg and McAuley -
1995). Results of these experimental trials should provide data on physiological development,
growth, and survival that will be applicable to sockeye salmon as well as other captive broodstock
programs.
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Concl usi onandReconmendat i ons

I'n February 1994, the PNFHPC surveyed 187 conm ttee menber sandnon-
menber s involved with fish health in the Pacific Northwest. The survey was designed to 1) rank
fish di seases by inpact on production and programloss and 2) rank research approaches t hat
mght leadtocontrol of the specifYed diseases. Mst resondent s were production hatchery
biologists and managers and rankings reflected problems usually associated with mass cultivation
of salmonids from egg-to-smolt.

For example, the number one ranked disease in terms of inmpact on prograns and
production was col dwater d&ease, a sal monid disease that primarily affects coho salmon fry held
inrelatively dense conditions in water containing heavy |evels of organic debris at tenperanes
between 4°C and 10°C (Roberts 1989). Another high ranking disease was bacterial gill disease,
anot her probl em associ ated with overfeeding, excessive fines, and organic particulate (Roberts
1989). Neither of these diseases should inmpact a well-run captive-broodstock rearing program
since less intense net hods of culture and pathogen-free water supplies during early rearing shoul d
m ni m& t he probability of these infections.

Clearly, BKDwill be the primary obstacle to successful captive broodstock prograns,
particularly when culturing chinook salmon and sockeye salmon. As statedearlier, some control
of vertical transm ssion of BKDcan be achi eved by injection of erythronycinin maturing adés
and ganete segregation after quantification of the disease in the spawing fé&males. Hwever,
researchis needed to devel op a method of control of f&to-fish (horizontal) transfer of R
sal moni narum  Devel opnent of ananti bacterial drugthat woul delinnateR sal moni nar umfrom
infected fish would be the preferred method of control of horizontal transfer of BKD.

Qther solutions to the problemof horizontal transmssion may be real & with mearch on
treatment of hol ding waters with chemcal s such as ozone or ot her oxidizi ng agents (e.g.,
peroxi des). For instance, Batts (1990) was able to inactivate 99.9%of | HNvirus in a hatchery
wat er supply using 0.1 ppmactive iodine wthout adverse effect on hatchery fish. Themis aneed

toinvestigatetheefficacyof other chemcal sor el ement saswat er-additivetherapeutintsfor
BKD.

Al aspects of fish culture, including captive broodstock prograns, are subject to state,
local, and federal statutes and policies that regulate culture and transfers of fish and gametes both
intra-andinterstate. For exanple, Mashington State legislation (WC 220-77) requires cultured
fish stocks with certain diseases that pose a threat to wild native stocks of fish be quarantined,
confiscated, or destroyed A thorough know edge of state, county, and federal regulations
regarding fish health and necessary disease certifications, as well as hatchery discharge permts
and policies, is essential for the success of any captive broodstock program Continued research
inthe areas of fish health, physiology, and nutrition, as well as a sound programof integrated fish
heal th managenent is required for captive broodstock prograns to aid restoration of inperiled
sal noni d stocks.
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Introduction

The White River spring chinook (Oncorhynchus tshawytscha) is the last remaining stock
of spring chinook in the South Puget Sound Region (A race of spring chinook that formerly
inhabited the Nisqually watershed is now thought to be extinct). The White River (a tributary to
the Puyallup) stock is genetically distinct from all remaining Puget Sound stocks as shown by
protein electrophoresis (A. Marshall, WDFW, 600 Capitol Way N., Olympia, WA 98501-1091
Personnel Communication, May 1994) and is, therefore, believed to be uniquely adapted to South
Puget Sound river systems.

In the mid-1960's, escapement to the White River was reduced to fewer than 600 fish
(from an earlier average of 2,000-3,000). By 1977, escapement had declined precipitously to
around 50 individuals and the number of wild spawners has remained low ever since (Salo and
Jagielo, 1983). At present (1994), the adult population is approximately 1,000 fish and exists, for
all practical purposes, entirely under some degree of artificial production, having reached an
extremely depressed population size in the White River. These, along with other Puget Sound
Basin spring chinook, are among the most depressed stocks in the Pacific Northwest, outside the
Columbia River Basin.

The primary goal for White River spring chinook (WRSC) is to restore the native
population within the White River watershed. Potential also exists for establishing populations in
other South Puget Sound streams such as: Puyallup, Nisqually, Carbon, and Green (not
prioritized).

The efforts to culture White River spring chinook are only one part of a larger effort by
state, tribal, and federal agencies to rebuild this stock. The White River Technical Committee
continues to work toward habitat restoration, solving passage problems at Mud Mountain dam
and other water diversions and maintaining adequate minimum stream flows, in order to rebuild
the population (Production Recommendations for White River Spring Chinook; B. Gracber, *
WDFW memo to Muckleshoot Tribe, December 1987, WDFW 600 Capitol Way N., Olympm,
WA 98501).

This paper is intended to document the history of artificial production efforts by describing
past and present cultural strategies. The Washington Department of Fish and Wildlife (WDFW)
and the Squaxin Island Tribe have made significant progress in the White River Spring Chinook
captive broodstock program. As with all segments of the restoration effort, this program was -
undertaken for the purpose of restoring the spring chinook run indigenous to the White River.
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History of Artificial Production

White River spring chinook have been under some degree of artificial production since
1971. The production strategies have ranged from capturing adults returning to the White River
to off-site captive broodstock maintenance programs conducted in seawater net-pens. During this
period, there has been significant change in the role of artificial culture with respect to White
River spring chinook. That role will be examined below, first through a historical review, and
then by a description of the current production program.

From a historical perspective, hatchery production of White River spring chinook has
evolved through three general stages beginning with the 1971 brood year. The first stage
involved capture of wild male spring chinook to be used in an enhancement program. The second
stage was an attempt to restore declining runs of spring chinook by direct out-plants of smolts
into the White River following off-site rearing. The third, and current stage, is designed to build
an egg bank of White River spring chinook in an effort to stem the decline in the stock until
certain habitat and passage improvements in the White River can be accomplished. Appendix 6-A
provides a summary of the results of each year’s efforts. »

Stage 1: 1971-72

The first stage involved the 1971 and 1972 broods of White River spring chinook. Male
spring chinook were captured at the Puget Sound Power and Light Company's diversion dam at
Buckley, Washington. The males were hybridized with females from several other chinook stocks
* for use in a Washington Department of Fisheries' plan for restoring the south Puget Sound sport
fishery, commonly called the "Thirteen Point Plan" (WDF, 1973). While this stage has been
included for historical accuracy, WDFW has long since viewed this hybridization approach as
undesirable and does not condone or continue this practice.

Stage II: 1974-76

The second stage was directed at restoration of the White River spring chinook in their
native habitat, in recognition of the severely depressed status of the run. Adults of both sexes
were captured at the Buckley trap (near Buckley, WA) and were spawned at one of two
Department of Fisheries (currently WDFW) hatcheries (either Garrison Spr. or Puyallup). The
progeny were retumed to the White River as fingerlings or smolts. This stage affected the 1974,
1975 and 1976 broods. There was no artificial production of the 1973 brood (reason unknown).
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StagelI'l: 1977-present

The third and current stage was designed to build an egg bank of White River spring
chinook for eventual return to the Wite River System This stage was initially pronoted by
. harvest managenent and habitat biologists within WOFW who cited the inadequacy of the then-
existing Wite River enhancement effort. By md-1979 habitat and passage problens were also
gaining notice and provided further inpetus to forma&e an off-site egg bank program The
new y-constructedHupp Springsfacility(near Purdy, WA) was identifiedastheonlyavailablesite
providing the cool, highquality water necessary to hold spring chinook adults, and rear high
quality smolts. The stage began when the 1977 brood spring chinook, which were being raised at
Skagit Hatchery, were released into Mnter Creek rat&than the Wite River.

Thi s progranmnng change si gnal | ed t he begi nni ng of theeffort tomaintainWiteRiver
spring chinook through off-site restoration and all subsequent releases (until 1991) were. limted to
Mnter Creek. The third stage went through its own evolutionary process as the current egg bank
program emerged. Initially, WWDFWand the National Marine Pi Service (NVFS) worked
to maintaintwo conplinentary programs; (1) an anadromous broodstock programat Hupp
Springs Hatchery, and (2) i captive brood programat the NVFS net-pen conpl ex near
Manchester, WA (U S. Departnent of Commerce, NOAA, NVFS, 7305 Beach Drive East, Port
Ochard, WA 98366).

This stage can be further sub-divided by changes in the captive brood rearing operation.
Thi's involved a change from NVFS operations at Minchester, WA (19774986 broods) to a
VADFWAr ogrammanaged cooperatively with the Sgnaxin I'sland tribe at the South Sound Net -
pen complex (SSNP), near Olympia, WA (1987-present broods). In addition, the anadromous
program expanded when the Muckleshoot Indian Tribe constructed a hatchery on the White
River, at the Buckley trapping site. This facility was patterned after the Hupp Springs site and has
very similar rearing/incubation capacities.

Currently, all White River spring chinook juveniles produced above the needs of the
captive brood program (3,500 smolts) and the Hupp Springs program (about 320,000 smolts) are
released into the White River at the Muckleshoot hatchery site. Some fish are reared in
acclimation ponds in the upper White River drainage, but are currently retumed to the hatchery
site for release, until downstream passage problems can be corrected. Upon return as adults, the
unmarked portion of these "acclimation” fish will be allowed to return and hopefully, spawn in the
White River near the pond sites. Adetaﬂedhsungofdiereleaswandremmsoftlmpmgrams '
are presented in Appendices 6-A’and 6-B.
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The Captive Broodstock Program

Captive broodstock rearing can differ from fish culture used in agency enhancement
programs or aquaculture enterprises. Enhancenent progranms produce nostly snolted juvenile
fish with mninumtarget sixes and growth uniformty beinginportant objectives. Sal non grown
for food are selected for factors such as: fast growth, disease resistance, high fecundity and
potential to domesticate. Wth the captive brood programs these factors are of |ess inprotance.
The nunber one priority in this programis to produce viable eggs that meet genetic fitness criteria
inorder to maintain the health of the stock.

Chinook popul ations mature at various ages. Each brood has individuals that are in
various stages of sexual maturity This is evident in the net-pen popul ations where sexual
di mor phi smcan he observed in sone of the ol der (3,4, 5-year-old) fish as early as March, as they
progress toward spawning in September. This variation requires our rearing programto change
depending on year class. Qur programdoes not focus just on the nunber of spawners generated
or the resulting fecundity, but also nust keep in mnd the natural fitness of individual fish
throughout the life cycle, in order to produce competitive quality offspring,

Many of the current fish handling practices; such as transfer of juveniles, some rearing
strategies, and adult transfer methods have their origins in work conducted at the NVFS,
Manchester Net-pen site. At the height of their participation, they produced 66% of the eggs
available for the rebuilding program(1985). The current phase, conducted at the SSNp site in a
cooperative effort with the Squaxin Indian Tribe, is described below (Squaxin is Tribe S.E 70th
Squaxin Lane, Shelton WA 98584). The current freshwater adult hol ding and spawning
operations at Hupp Springs are simlar to those used historically and are representative of mny
operations rearing spring chinook in Puget Sound.

The Captive Brood Program at the South Sound Net-pen Conpl ex

The fol | owi ng section describes the séwater captive broodstock programas it is ‘
cooperativel y mnaged by t he Squaxin Island Tribe and WDFW Qurrent practices suchas | ow
rearing densities and a lack of monthly sanpling or inventorying (whichminimizes stress) are in
response to the primary goal of maximizing the broodst ocks' wel | being and survival. Included is
a description of the net-pen site, how the smolts are transferred to saltwater, cusrent fish culture
practices and' managenent views on feeding, rearing densities, pathology, and environnental
probl ens at the site. Handling of mature fish and the transfer to freshwater are described in detail.

Site Description--The net-pen conplex i s conposed of 73 pens set inthree groups (2
groups of 20 pens and 1 group of 33 pens, a portion of which is used for captive broodstock).
These are anchored about 100 m apart, perpendicular to normal current flow in Peale Passage
(just east of Squaxinls. near Oynpia\W). Athough individual pen sizevaries, they are
approximately 7.7 mx 9.8 mx 3.7 m(see section on pen densities for details).
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Since the early 1970's, the site has operated as one of the most successful enhancement
facilitiesinWshingtonState. I't continuesto produce substantial numbers of coho sal mon
(Oncor hynchuski sutch) f or sport and conmercial fisheries. Initial programs involved short term
maring and rel ease (fromlate winter toearly June). Before the Squaxin IslandTribe devel oped a
successful steel head (Onchorynchus ny&s) broodst ock rearing program(198%4990), it was not
known if the site was suitable for year round rearing prograns.

Peal e Passage is a tidal channel that connects with Dana Passage on the south and
Pickering Passage on the north. Anearly study of hydrographi c conditionsinthe area&&ding
measur enent s of physical and chem cal paramet erewas conduct edby Ccl ay ( 1959) . Moring,
1973 was the first to docunent detailed water quality and basic information concerning the pen
site. Currently, personnel fromthe Squaxin Island Tribe and WDFW Deschutes Hatchery crew,
collect pertinent water quality information (such as dissolved oxygen, water tenperature, salinity,
and presences of certainphytopl ankt on speck). Rensel (1989) characterizedthe seawater as
being wel |l mxed during the late fall to spring months.

The pen site depth is shal | ow when conpared to other sites in Wstern Vshi ngton, with
an average depth of about 5.0 mat mean | ower | owwater (Rensel 1989). Onthel owest summer
tide cycles, (néan lowest low) the bottomof the pen at the west end of the broodstock conplex
rests on the sea floor. Mean water current velocity readings are 6 to 7 cm/sec. at the northem end
of the pen conpl ex (\Véston and Cowan 1989). The current dimnishes inthevicinity of the third
pen conpl ex (unpubl i shed survey dataof B. Wod, SquaxinlslandTribeS E 70th Squaxin Lane,
Shel ton WA 98584). It has been noted that water passing through the net-pen site does not
conpletely exit Peale Passage on moderate tides and the situation can lead to an increased
abundancghgfophl ankt on(Rensel 1989).

During low tide, zero current events, feeding can reduce dissolved oxygen within net-pens
compared with water outside the pens. Based on hydrographic conditions, such as mean current
velocities and minimum depth guidelines (Science Applications International Corporation 1986),
the pen site would not normally be considered a good broodstock rearing location. Mean water
temperatures can regularly exceed 15.5° C (60° F) through the summer, and other environmental
stresses can accumulate to the point they threaten survival of the broodstock.

Transfer of smolts to SSNP--Each spring, the broodstock program receives 3,500
yearling fish (Table 1). These are selected randomly from the pond containing yearling smolts for
release. Fish from the first two brood years (1987,1988) were from anadromous retumns to
Minter Creek (Hupp Springs). Starting with brood year 1989, smolts were progeny of
anadromous females, but may have either anadromous or captive broodstock male parents.
Approximately 450 days of freshwater rearing are required to grow smolts to the transfer stage
45 g). -

In an effort to control Bacterial Kidney Disease (BKD), all yearling smolts receive three
Erythromycin (9%) treatments during rearing. Three weeks prior to salt water transfer, fish
receive a Vibrio (type A) vaccination bath.
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Table 1. Snolt transfers to SSNP.

Nunber Aver age
Year Br ood Dat e of Fish Fish W. % Transfer Loss
1989 1987 4/20 3485 73.2 ¢ 014
1990 1988 414 3500 56.7 g 714
1991 1989 3/25 3500 75.6 ¢ . 857
1992 1990 49 3500 56.7 g 2.875
1993 1991 4114 3500 53.4 ¢ 1.428

Smolts are transferred by tanker truck to a saltwater boat launch site and loaded into a

circular tank on a transport harge. The 7500 L tank is equipped with an oxygen supply (12-15
m/L) and a seawater-circulation system Fishandfreshwater are |l oadedfromthe tanker truck
through irrigation pipe into the tank. The freshwater fromthe tanker truck mixes with an equal
anount of seawater in the barge tank. Thisproducesaninitial. salinityof about 12-15ppt inthe

transport harge and buffers tenperature between the fresh and sal twater.

The loaded tank and transfer barge are then moved to the pen site by tug. Wile in route,

the barge circulates seawater into the tank. Over flow water is discharged to keep the container
vol ume constant. Conplete displacement of the initial fresh and seawater mx occurs during the
one hour voyage to the site and ambient salinity (28 to 30 ppt) is achieved in the tank during this
time. Survival during the transfer has been high, with little imediate or delayed osmoregul atory

probl ens docunented after the transfer.
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Broodstock Culture Program

Growing Fish-

Feeding Strategies--Dict type and feeding regimes, along with other husbandry practices
and environmental cues can dramatically influence fish life cycles (Johnson 1993). The immediate
culture goal is to provide adequate nutrition to grow fish to an appmpnate size (as it relates to
fecundity).

Early attempts at seawater captive broodstock rearing experienced low egg viability that
was thought to be caused by poor feed quality or a lack of some nutritional component (Groves
1988). Although the formula composition and quality of feeds have greatly improved, additional
research on diet and feeding strategies used on salmonid broodstock is needed, particularly as it
relates to egg and fry quality. '

In some instances, programs have incorporated natural crustacean and forage fish
organisms (R.Coleman, Califoria Fish and Game, 1416 9th St., Sacramento, CA 95814. pers.
commun.). Providing a natural food source in conjunction with formulated diets is intriguing, but
limited by the difficulties of identification and procurement of food sources. Growing fish from
smolt size to mature adults has been successfully accomplished with pelletized feeds. The WRSC
program has relied, in-part, on feed manufactures and prevailing professional opuuons for
nutrition and feeding strategies.

Suggestions from feed manufacturers (Bio Products) and other ongoing broodstock
programs have been fairly consistent in recommending feed with a high level of protein for the
"growing" periods with a reduction in protein levels and feeding rates during the latter stages of
maturation and egg development. A more detailed description of the feeding regimes usedbyyear
class is presented below and in Figure 1.

Feeding Program by Year Classes--Yearling (1.5) to 2-year-old fish. Although fish
will feed aggressively within hours of salt water transfer, food is introduced slowly over the first
few days. By the following week, increasing amounts of feed are introduced to determine
satiation rates. Food is hand fed twice each day. Through the summer, fish can consume up to
3.5% of body weight per day (%body wt/day). By fall, with fish size increasing and cooling water
temperatures, feeding rates are reduced to 2.0 %body wt/day. In early winter, when water
temperatures are less than 10° C, feeding rates can drop to 1.25 %body wt./day. During this time
frame (late spring to early winter); weight gain is approximately 400 g per fish. _

Both moist and semi-moist diets with high protein levels have been used. Feed sizes range
from 4.0 mm to 6.0 mm. The choice of moist diets over dry formulations has been due to comfort
and familiarity of the culturist and no attempt has been made to weigh the merits or economics
between diet types.

6-7



two- t 03-year-ol d-fish. Duringthis periodof rearing, feedingrates fluctuate with
seasonal water tenperatures. \Wen water tenperatures drop in winter (< 7°C), feeding rates are
reduced to 1.0 %ody wt./day. Maxinum feeding rates of 1.50-2.5096 body wt./day are
sustai nabl e when tenperatures are 10-15" C. Wen water tenperatures exceed 15.5" C feedis
tenporarilyreducedto0. 75. 1. 0%body wt/ day.

Larger fish (> 0.50 kg), amfed a higher protein (> 45%, noist diet that incorporates krill
and synthetic carophyl| red pignents in pellet sizes of 6.0t0o 8.0 nm Thereis anintuitive
preference by fish culturists for fish with normally pigmented flesh and eggs, but reasons for this
preference are not wel |l researched (G oves 1989). Individual fish weight increases al mst
fourfold over the 12-month period from450 g to 1,589 g each.

Fish 4 yeas and o&r. After 650 days of saltwater rearing, the fish begin their fourth
year of rearing. Feed management is viewed differently as the 4-year age group represents the
dom nant spawning age class. The feed program changes to reflect the fishes investment in
gonadal devel opment rather than growth.

A“grower” diet is used for the first three nonths of the year with “winter” fé&ding rates of
0.6-Mbbody wt./day. On 1 March, the diet is changed to a formulated broodstock diet based
on feed manufacturers’ recommendations. The broodstock diet is fad to satiation (0 8-1.25%
body wt./day), in pellet sizes of lo-14 nm until 1 June. Short-termenvironmental stress
(temperature, phytoplankton blooms) may require a reduction of feeding rates to 0.50%body
we./day. At this time, a majority of the population is showing a bronze coloration. On 1 July,
feeding is reduced to once a week (equivalent to 0.17% body wt./&y). Feeding ceases on 15
August. Atypical 4-year-old fish at this time averages 65-75 cmin length and range in wei ght
from3.0 to 7.0 kg.

After the transfer of mature fish to freshwater, during the first week of September, non-
miture fish (age 4+) retained at the pens are placed back on the grower diet and fad at normal
rates until thefollowing Mrch

Rearing in Net-Pens

Rearing densities--Providing plenty of space in the pens for growing broodstock is a
management priority. Keeping fish rearing densities low is believed to reduce the inpacts of
environmental stressors (1 owtides, water tenmperatures, phytoplankton bl ooms). The maxi mum
allowable density for each age class is reduced as fish age (Table 2 and Figure 2). To alleviate
handling stress, pen inventory and density adjustments occur only once each year (in conjunction
with separating mature fish).

Net-pen dimensions are rectangular, 7.7 x 9.8 x 3.7 m with an effective rearing volune of
228n8/pen  Currently, four brood years are nmintained simultaneously in a total of 14 net-pens.
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Figure 1. Feeding Rates for SSNP.

Table 2. Net-Pen Rearing Density

Fish Individual Start End Max'
Age Pens  Fish® Fish/Pen Fish/wt.* kg/m® kg/m® kg/m’®
1.5-2.0 1 3400 3400 400 g 089 596 65
2.0-3.0 4 2800 700 1362 g 148 453 S0
3.04.0 8 800 100 4540 g 1.59° 200 3.0
4.0-5.0 1 120 - 120 6356 g 262° 1.60 2.5

Represents maximum target density managed.

® Typical September inventory.

© Typical September fish Wi,

d Figured at initial # fish stocked, significant loss of inventory (3.0-4.0 age fish) occurs by the following Sept.
© Figured at initial # fish stocked, significant loss of inventory (4.0 + age fish) occurs by the following Sept.
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Figure 2. Pen rearing densities at SSNP.

Pen environment--Netting used to construct pens can be of nylon or polyester fabrics in a
variety of strands and weaves. Pens can be dipped in water soluble treatments to toughen the
material or to administer antifouling properties (waxing, flexdip). Polyester fabric is currently the
only material used at SSNP. Besides defining the limits of confinement, pen systems can
sometimes effect fish in negative ways. Consequently, the, physical characteristics of the pens are
changed as fish grow, in order to minimize stress on broodstock.

Mesh Size. As the fish increase in size and age, the nets are replaced with those having
larger mesh openings. Fish from 1.5 to 2 years of age are reared in pens having 2.0 cm mesh
(stretch). Fish 3 years old are reared in 5.85 cm (stretch) mesh. Pens for fish of 4 and 5 years of
age have mesh sizes up to 7 cm. During the summer, rapid exchange of water in and around the
pens is critical. The larger mesh insures complete water exchanged during tidal movements. Fish
are normally reared in pens with as large a mesh size as possible. This allows better dispersal of
metabolic wastes and reduces surface area available for fouling organisms.

Shading. Unlike Adantic salmon (Salmo salar) and Steethead (Onchorynchus mykiss)
which are frequently observed hovering in the upper water column (Squaxin Seafarm
Observations), spring chinook adults (3+ and older) appear to favor the bottom of the water
column. Fish come to the surface when feeding, but quickly retreat to the deepest water possible.
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Toprovndesomemhefﬁm\sunllgmmthecomparmvelyslmuowpem shade screens (1
mm mesh) have been used to cover apomon (40%-60%) of the existing bird net covering.
Conpl etely shading the pens woul d require the removal of covers during each feeding period.
Field observations suggest fish prefer the shaded portions of the pens.

B&wi ng. Mbderate billow ng of the net-pen side walls during tidal exchange indicates
the strength of the current and the anount of water passing through individual puns. Concrete
filled containers (1 gallon) are suspended along the inside walls of the pens in order to maintain a
rectangular configuration during tidal exchanges.

Excessive billowng, when a side or bottompanel is forced to the surface, has been
observed during extrene tidal surging or as the result of organisms fouling the n&r. W believe
this stresses fish and requires action (either cleaning or replacing nets, or adding more weight
hottles) to reduce it. This is especially true if fish are forced to the surface or conérally have to
negotiate folds in the net-pen. During these events, adults have been observed "por poi sing" out
of the water (significance unknown).

Retrieving Mrtalities--Hoatingmortalitiesarerenoved as they occur, mortalities that
sink to the pen bottomare removed by dip nets when visible. At times, one side of a “et-pen nust
be lifted to access the bottom. During this procedure, care is taken not to overcrowd fish and the
activity is timed to avoid other environment stress (bright sun, high temperature, slack tide).

Constant net-pen replacenent during the spring and summer is required due to growth of
marine organisns. Dealing with this fouling problemprovides a regular opportunity to retrieve
mortalities on the pen bottom Divers are used to retrieve nortalities when disease is suspected,
although reg nenteddaily divingtoretrieve nortal &&is avoi ded.

Wien mnimel daily mortality is occurring (< 0.05%. nuch of it deconposes rapidly or is
consuned by red rock crabs (Cancer productus), that arc purposely stocked within the net-pens
for this purpose. A distribution of the documented mortality by cause is presented in Figure 3.

Pat hol ogy- - Fi shthat become | et hargi ¢ or cease f eedi ng showsynpt ons of physi ol ogi cal
developmental problems (such as crinkle back, lack of tolerance for seawater), or are hosting
debilitating pathogens. When moribund fish are observed, they are collected for examination by a
pat hol ogi st.

O the five brood years reared at the pens, one clinical outbreak of Bacterial Kidney
Discase (Renibacterium salmoninarum) occurred. This outbreak occurred in the 1990 brood,
when the fish were two years old. Mortality in excess of five percent was docunented. It is
bel ieved that horizontal transmssion froman adjacent fall chinook pen was the cause. In
addition, nedicated feed (Remet) has been fed in response to a outhreak of Vibriosis (type A)
(Vibrioanguillarum occurringinthe 1987 broodfish.
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Although clinical mortalities due to some infectious diseases have been documented, it is
impossible to determine the cause of death in most cases due to the decomposition of mortalities.

WHITE RIVER SPRING CHINOOK

MORTALITY, 1987-1989 BROODS
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ffffH CAPRELLID VIBRO (] TRANSFER

Figure 3. Source of Mortality for Spring Chinook Broodstock.

Environmental Problems

: Caprellids—-During the carly spring and summer months, serious infestations of caprellid
amphipods (Caprella sp.) have been observed. This organism attaches to the sides of net-pens.
Densities as high as 60,000/m” have been estimated. High densities of caprellids block water flow
through the pens and many end up floating or swimming through the water within the pens. In
1989, caprellids were observed attached to fish, causing open wounds that resulted in significant.
mortality (4.6%) to the 1987 brood. To remove attached caprellids around the dorsal and caudal
areas, all fish were bathed in a 1:2000 solution of formalin (F) for 20 minutes.

To reduce the impact of caprellids, clean nets are installed every two weeks during the
spring and summer months. The overall extent of caprellid infestations are believed to be
species/site specific, as they don't appear to pose the same problems for adjacent pens of yearling
coho. ) ' '
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Predation—When rearing salmon in net-pens for extended periods of time, culturists
realize a certain portion of the population will be lost to predators. Some commercial growers
have estimated loss to predation to range from 10% to 30% (Lindsay 1980, Coche 1983 in -
Moring 1989). Mortality caused by predation at Puget Sound net-pen sites ranged from 8.4% to
38% after 214-260 days of rearing (Moring 1989).

With broodstock programs extending to 1,200 days of rearing, plenty of opportunity
exists for predation. Even with significant time and labor investments to secure pens, predators
can still be successful.

A small mesh cover netting (5 cm stretch) is stretched over the pen to prevent birds such
as kingfishers (Megaceryle alcyon) from forcing their way in to the pens. Mounting this cover up
to 1 m above the water level (by extending the height of the pen side) will prevent birds such as
herons (Ardezdaesp)fromsmmgonthecoverandstabbmgﬁsh. Avwnpredatlomsnummaland
generally targets fish smaller than 450 g).

Predation by aquatic mammals is consistently a problem. River otters (Lutra canadensis),
from adjacent Squaxin Is., can be very damaging. They can consume all sizes of fish, from 50 g
up to the largest individuals (> 6 kg). Mink (Mustela vison) have also been observed on the pen
walkways. These animals gain access into the pens by chewing or lifting the cover netting. Fish
mortality is suspected when openings are observed in the cover nets.

Mortality is confirmed by observing fish scales or blood stains on the walkways. Even
when the cover is physically tied down to the pen rails (electrical ties, rope, nails and staples
have all been used), animals will chew through the cover netting to gain access to the fish. This
behavior can also create holes in the net-pen sides. If a hole is created just under the water
surface, immediate detection is difficult and can cause additional loss due to fish escaping.

- Harbor seal (Phoca vitulina) activity at the net-pen site has been infrequent but is always
possible. Predator nets (15 cm stretch mesh) that encompass the pens below the water line are
used when possible. However, with the need to regularly replace pens to avoid excess fouling,
the use of predator nets has been limited. Predator nets frequently entangle pens being changed
and are also subject to fouling. Even when predator nets are used, spiny dogfish (Squalus
acanthias) still gain access the pens by chewing holes through the bottom panels. Asmany as
46 dogfish have been removed from an individual pen in a single day.

Alternative mesh materials that can withstand most predatory animals are being
investigated (Dilonet, Super Mesh). The ultimate protection, a metal sea cage system, has not
been considered for this program. However, it may be warranted in other programs if success is
based on reducing the impact of predators.

Unaccounted-for loss--Even when preventive measures appear to have successfully
eliminated predators, and mortality is collected in a regular manner, approximately 20% (5% per
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year) of a cohort (brood year) is unaccounted for after the life cycle is completed (Fig. 4). We
believe this unaccounted-for loss is due to variations in original inventory, underestimated
.mortality and underestimated predation, although it is unknown which factor plays the most
significant role.

Phytoplankton--In Puget Sound, mortality of pen reared salmon has been caused by
several dinoflagellates (Certatium fusus, Gymnodinium sipendens), (Rensel and Prentice, 1980).
In addition, some diatoms (Chaeticeros convolutus, C. concavicornis) and a microflagellate
(Heterosigma akashiwo) have been implicated in mortalities from British Columbia to
Manchester Bay, Washington (Gains and Taylor 1986, In Moring 1989, Manken and Harrell, .
NMFS, Port Orchard, WA. personnel communication, April 1990).

WHITE RIVER SPRING CHINOOK
DISTRIBUTION
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Figure 4. Distribution of Spring Chinook cohort.

Other species of noxious algae occur in Puget Sound with unknown impacfs to aquacul
operations. ’

The SSNP site has had only one verified occurrence (1973) of mortalities attributed to
noxious phytoplankton, Ceratium fusus, (Rensel, 1989). The SSNP site does not have extensive
documentation of either occurrence or abundance of various phytoplankton populations which
occur in Peale Pass. It is possible that phytoplankton blooms may add to the stress on the
captive brood and contribute to the chronic, low level of mortality that occurs each summer.
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Rout & sanpling is conducted at the SSNP site in orderto document bloons and
informationissharedwththe Universityof Washington, School of Cceanography
phyt opl ankt on hotline (206) 685-3756. ‘Ibis programis seeking to add to the known
phyt opl ankt ondat abase f or lshi ngt onwat ers.

State and Tribal staff regularly take se& disc readings, measure dissol ved oxygen and
tenperatures fromMay to Cctober. Qualitative phytoplankton sanplingis acconplished by
weekly 2 meter and 6 meter net tows (20 mcronnesh). Wen species of interest are noted,
quantitative densities (cells/L) are determned by taking 100 m fixed volume samples froma
depth sampler (Van Domstyle). Species are identified and counted froma Pal mer/ Ml oney 0.1
m chanber slide. Variousstraifiedlayersaresanpledtodeterinethedepthof bl oors.

When species of concern are present, fish cultural activities are tenporarily reduced to | ower
stress (full rationfeeding, penchanges, etc.).

Contingency plans for dealing with bl oons of known toxic phytoplankters have heen
explored for the WWRSCbroodst ock program Early transfers of adults to freshwater, transfer of
adults toother saltwater facilities, circulating water fronmbel owstratified phytopl ankton |ayers
and tow ng the pen conplex to areas without toxic |evels of phytoplankton have all been
consi dered. Currently, energency transfers of adults to other facilities with saltwater and
physical |y towng the net-pens to other areas of Puget Sound are the two acceptable strategies
for dealing with this situation. Transferring adults to other facilities has the best chance of
success but could only save a limted nunber of fish (only 4 year old females). Since these pen
structures have never been moved fromtheir current location, it is unknown if thscan be
acconpl i shed without causing additional fish loss (through stress or unintentional release of a
l'arge nunber of fish).

[dentification of Mature Fish and Transfer Practices

Seawat er or Freshwat er Spawni ng- - WDFWper formedaninfornal fiel dexperinentto
test the feasibility of seawater maturation and spawninginthe fall of 1991. Afterexpl eting the
min f&&water transfer segment, 13 mature females (4 year old) were retained at the pen site to
conpl et e oogenesi s Of the 13females, only 6 survived to a stage of conplete maturity. Qut of
the 6 spawned, only 2 fish provided eggs. (Approximatley 2500 eggs each that were 80%
viable). The other four had visibly poor egg quality and nuch reduced fecundity. This
experience, plus simlar results from another saltwater chinook broodstock program Big
QA ianB. C, confirnedour decisiontocontinuefinal eggmaturationinfreshwater (Redfern,
1988). AIl WRSC are now transferred to freshwater facilities for final maturation and
subsequent spawni ng.

Timng of Transfers--Although sexual di norphismisfully evident inmturingfish by
early summer, it was not clear when to transfer maturing adults to freshwater. Results fromthe
NVFS Manchest er Research Pens WWRSC broodst ock programin the md 1980's, reconmended
delaying transfer of the fish until late summer or early fall (Report on the 1985 brood Wite
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River Spring Chinook. Eltrich 1986, nemo to files, VWDFVWW600 Capitol Way N., Qynpia, WA
98501).

WVDGWEeonducted an informal field trial using 23 fish (4 year ol ds) exhibiting slight
coloration (bronzing). These fish were transferred fromthe SSNP conpl ex to freshwat er
hol di ng ponds on June 20,1991. This trial was in response to a contingency plan devel oped by
staff in case noxious phytoplankton bl oons during the summer required the immediate transfer
of all mature broodstock to freshwater. OF the 23 fidhtransferred, fewsurvived to maturation
(Report on the 1991 brood Wite River Spring Chinook. Btrich 1992, neno to files, WWDFW

600 Gpitd Wy N, COynpia, WA 98501). The results convinced salnon culture staff to reject
this option for dealing with algae bl oons.

Qurrently, all maturing fish (age classes 3,4,5) are transferred during the first week of
Septenber. Catastrophic mortality caused by phytopl ankton bloons are still a concern and
level's of specific algae popul ations are monitored in conjunction with the University of
Washington. This time frame takes into consideration water tenperatures (seawater
tenperatures are decreasing to less than 16" C and occurs before conplete ovulation renders the
females too fragile to handle.

Logi stical Qperation-Successful handling and freshwater transfer of 900- 1200
maturing broodstock is a critical step. The operation requires a significant investment in
equipment and labor. Fish are placed in fish transport trucks (tanker) that have been driven on
boar d Wiashi ngt on Nati onal Quard LCM s (Landing Craft: Medium). LCMs are noored paral | el
to the pen conplex where crews can load the adult fish into the tankers. The LCMs are used to
ferry the trucks back and forth fromthe pen site to a mainland access ranp. Four, 3,750 L tank
trucks and two LCM s are required for the most efficient operation..

Tanker trucks carry 3,750 L of freshwater-(from Hupp Springs @10" C) with a 5%salt
solution. Oxygen is added at 1 .0 L for each 135 kilograns of adult fish. Approximtely 50-70
adults are hand placed into each tanker truck. The LCMs transport the trucks to the boat ranp
where they drive to their destination (Hupp Springs, Wite River Hatchery). Adults are
unl oaded fromthe tanker truck by tilting the truck bed and sliding the fish down a ranp into the
pond. Travel time is 1.5-2.5 hours depending on destination. This systemrequires that
broodstock be handled only once during the entire transfer process.

Handl i ng Procedures--The operation is coordinated to nove all fish out of a given pen
as quickly as possible. Fish that are crowded in the net-pen are continually stressed while
waiting to be moved. The last 20% of the adults handled in each pen show obvious signs of
stress (lethargic, change in skin color, etc.). Once fish are placed into the tanker trucks, they
acclimte to the cooler freshwater (10-12" C) and calmsignificantly. Sporadic nortality occurs
with the last fewfishremaininginthe pen (% 6% pen). Non-mature dder fish (known as 4+
brights) are exceedingly fragile when handled in conjunction with mature fish.
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"Sanctuary dipnets” are used to nove fish. These dipnets are constructed with a vinyl
pouch that contains the fish in a portion of water and prevents net mesh chaffing during dip
netting. Two separate di pnet and injection teans co- ona single pen at a time to speed
up the process. After dipping out 1 or 2 adults at a time, the sanctuary net is placed diréctly in a
watered tote. Wile in the sanctuary net, maturefish are injected in the dorsal sinus with
Erythronycin (ethro-200 @0.5 m /10 Ib). After injection, fish are placed into a watered inner
tube carrier and taken to the truck on-board the LCM

Non-nature fish ate carried to designated pens in the inner tube carriers. This process _
attempts to keep fish in a watered environment nost of the time to ensure maxinum survival
(Flagg and Harrel | 1990). Wth approxi mately 100 adul ts (4 yr) per pen, a coordinated, intense
effort of about 20 mnutes is required to remove all fish fromeach pen. The total transfer takes
1.5-3 working days.

The use of anesthetics (M5 222- T&& Met hane Sulfonate) has been tried, but
“discontinued. The timespent waiting for the drug to take effect was better used by reducing the
time fish spent under stress in the pen, waiting their turn.

Mature Fish and Eggs

Captive broodstock are transferred to Hupp Springs facility and Wite River Hatchery.

Bot h systens current |y conbi ne net - pen broodst ock adul ts wi th avai | abl e anadr omous WRSC
returns to make up the total- brood year escapenent.

The majority of captive broodstock are ready for spawning approximtely 15-30 days
after transfer. The majority of the anadromous VWWRSC spawni ng occurs from10 to 30 Sept. The
captive broodstock spawning overlaps_at a slightly later date (20 Sept.-10 Cct.). The percentage
of sexually maturing fish by age class is presented in Figure 5.

Egg Gonpar i sons-- Al t hought he capt i ve broodst ock programhas great | y i ncreasedt he
nunber of vi abl e WWRSC eggs *800, 000 pl us yearly), fecundityand egg viability have been Iess
than those from anadromous Sources (Table 3). Individual broodstock egg quality varies greatly
from fish to fish within the spawning population. -
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Table 3. Comparisons of Fecundity and Egg Viability.

ANADROMOUS
Fecundity® Eggs/lb. %Viable®

CAPTIVE BROOD

Fecundity Eggsib. %Viable

1991
1992
1993

3668/fish 1840  94.0 2700/fish 1820 634
3268/fish 1750  96.0 2536/fish 1775 705
3220/fish 1695  95.0 2200/ish 1650  65.7

* Breakdown of age class fecundity not available.
® Viability does not take into account eggs that are discarded.
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Figure 5. Percent of Sexually Maturing Fish by Age Class.
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Anadronous Broodstock Program

White River spring chinook returning to Minter Creek are captured at the hatchery -
trapping facility. The md-point of escapement (50% has ranged from the week ending July
21st to the week ending August 10th (19834993 escapementrecords). ‘1he earliest hatchery
recoveries occur& on June 7th in 1984. Returns have been as late as July 12 (1983). It shoul d
be noted that 1983 escapement was quite low relative to the ensuing years and may not
adequatel y reflect overall run timng.

The fina arrival time probably extends into Cctober as evidenced by the final spring
chinook atrival time of Cctober 3Qth, (1986 brood). The opportunity to define final arrival tine
I's constrained by operational necessities of handling coho adults. VWien adult coho beginto
arrive, the opportunity to separate spring fromfall chinook is lost. Before the arrival of coho,
however, spring chinook can be handl ed individually and ponded separately fromfall chinook
even though their return timng overlaps.

Hat chery escapenent records denonstrate that spring chinook have been identified and
separated upon arrival as |ate as Septenber 23rd (1986). That sane year, spring chi nook were
subsequent|y recovered fromanong fall chinook adults as late as Qctober 30th Evidence
demonstrates with certainty that spring chinook can arrive at least through the third week in
Septenber and probably well into Cctober.

The adults are inoculated for BKD and Furuncul osis (usi ngerythromycinand
liquinyciin) andtransportedimmediatelybytanker toHupp Springshatchery. Thereafter they
areheldtomturation under the sane conditions as adults from South Sound Net-pens.

Per f or mance of Anadr onous Producti on

In an effort to understand the rol e cultural practices have on the survival of WiteR ver
spring chinook yeadings released fromHupp Springs Hatchery the database of co&d-wire tag
i nformationwas al anyzed. The fol | owi ng areas were investigated: 1) effect of fishsizeat release
(expressedhi fishper pound) and dat e of rel ease (expressedin days reared) ontotal survival
(total catchplustotal escapement), 2) effect of fish size and date of release (both asdefined
above) on escapenent of adultsto M nter Creek hatchery (adul ts being3yearsoldor ol der).

Survival data were regressed using the actual percentages as the dependent variable and
~also the arssine transforned equivalent. Since the relationships did not change, thisdiscussion

wi |l concentrateonlyonthoseregressionsusingtheactual percent survival. Some conparisons
were made graphically. Only yearling releases of spring chinook were included. T& returns of
some zero age releases have not been conpletely analyzed at this time. Brood years up to and -

including 1985 were used.

619 -



Size at Release-Size at release, expressed in fish per pound, was analyzed graphically
and the results are presented in Figure 6. Survivals for a single size of fish at release were
averaged before graphing. Results-fromthis analysis suggest survival increases as fish grow
toward 7 or 8 fish per pound, then decrease as fish grow above this level. This is some&hat
counter intuitive. Al things being equal, experience at other hatcheries would suggest survival
should do no worse than remain constant as fish grow arger before release. Thus, there must be
a factor masking the survivals of those larger fish.

As noted on this graph, those groups showing the highest survivals were fromfish
released in late April or early My. A regression analysis of percent survival on size (in fish per
pound) at release found no relationship between variables. Wen escapenent (as defined bel ow)
was regressed on size at release no relationship was detected either.

WHITE RIVER SPRING CHINOOK
SURVIVAL v. SIZE AT RELEASE
45 ‘ <) LATE APRL OR EARLY WAY RELEASES
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Figure 6. Survival of Wite River Spring Chinook v. size at release.

Date of Release-Survival v. date of release was graphically analyzed (Figure 7).
Survival s for eachrel ease dat e wer e averaged bef or e gr aphi ng.

A trend toward higher survival for later release dates was found and is very simlar to
that found at other Puget Sound spring chinook hatcheries (Performance of Spring and Summer
Chinook Hatchery Progranms in Puget Sound, A Appleby, unpub. data. 600 Capitol Way N
Oynpia, WA 98501). A regression analysis of data produced the follow ng equation:

Survival =-355 + 0.0789 x time
where tine is expressed as days reared; df =12, = 0.48 and (p = 0.005).
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Escapenent v. date of release was al so anal yzed using sinple liner regression.
Escapenent is defined as percent return to the hatchery rack as 3 year old or ol der fish.*Ihe
regression produced the fol | owing equati ons EScepenart=-7.46 + 0.0166 x date; df =12, P=.43;
(p=.025). Based on this analysis,.attempts at i ncreasi ng survival by changing date of release
should also increase escapenent. Extreme cautionis advi sed when anal yzing this variable.
Changes in harvest regulations could have a large influence on the results.

A miltiple regression of date of release and size at release on survival reduced the
amount of variation in the survival that can be explained by these two variables. This was
expected given the co-g  values calculated for each regression.

WH TE R VER SPRI NG CHI NOCK
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Figure 7. Survival of White River Spring Chinook v. date of release

Conclusions--The current program at Hupp Springs calls for production of a fixed
number of yearling and zero-age White River spring chinook. The production of the zero-age
component requires that we release the yearling group earlier than the current analyses would
recommend. The past few brood years (1986 to current) releases have contained tagged groups
of both yearling and zero-age fish. The retums of these marked fish will allow additional
analyses. Preliminary estimates of the survival of these groups are presented in Figures 8 and 9.
The two aspects which will continue to be examined are: 1) total percent survival and 2) percent
survival as escapement. These analyses will allow adult and egg production to be maximized.
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Figure 8. Survival of zero-age at release White River Spring Chinook.
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Figure 9. Survival of yearling age at release spring chinook.
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Summary of Current Spawning/Rearing Operations for Captive Brood
and Anadromous Programs

At the time of spawning, anadromous females and captive brood females are held in
separate ponds. The males of each group are together in one pond at Hupp Springs, with
additional net-pen males held at Minter Creek. All anadromous fish are marked with a hole
punched through the operculum at the time of transfer.

The eggs from each group are kept separate throughout spawning and incubation. All
. adult males and jacks are randomly selected for use in fertilizing eggs from both groups,
producing the following possible matings:

1) anadromous male x anadromous female
2) captive brood male x captive brood female
3) anadromous male x captive brood female
4) captive brood male x anadromous female

A maximum of thirty females are taken at a time. The fish are assigned a number, the :
length is recorded, and fish are spawned. Each bucket containing a female's eggs is marked with
her comresponding number. Both the fish and eggs are checked for any obvious abnormalities
(gross kidney lesions, water hardened eggs, etc.). Snouts of anadromous fish are removed and
transferred to the coded wire tag recovery lab in Olympia for tag recovery and analysis (all
juveniles in the anadromous program are 100% coded wire tagged prior to release). Eggs from
adults with either coded wire tag uncertainties (lost or no-tags) or with tags identifying them as
being from other stocks (most often fall chmook), are removed from the populanon prior to the
eyed stage of development.

Historically, all tags were read at the time of spawning (prior to combining of gametes).
This prevented the creation of fish of uncertain parentage. As the program has grown to its
current level, the need for reasonable speed in handling large numbers of fish has outweighed the
need for real time analysis.

After the females have been spawned, 30 males are selected and killed. Lengths and
origin (anadromous or captive) are recorded with the corresponding female's number they are
spawned with. A one to one male to femaleranomthegoaloneachspawnmgday,however on
some days a shortage of ripe males may alter this (the spawning protocol is currently under
review). After fertilization, eggs are combined into 2 fish pools and are transferred to Minter
Creck hatchery for water hardening (in iodine at a 1:100 ratio) for one hour prior to bemg place
into incubation units.

The eggs are treated daily with a formalin flush (10ml/ 1/2 gal/min of inflow) to control
fungus and soft-shell (soft-shell is more common in the captwe brood eggs). Well water is used
throughout the incubation period. After the eggs reached the "eyed” stage, they are "shocked,”
dead eggs are removed (picked) and the live eggs are placed in vértical incubators contammg a
rugose substrate. Tray loadings are approximately 7,000 eggs/tray.
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Rearing Procedures

Hupp Springs-After hatching, fry are transferred directly fromincubators to raceways
at Hupp Springs, normal |y in Decenber or January. Rearing procedures are routine and
consistent with current technology and practices. The typical programat Hupp is to rear as
many fish as possible to yearling snolts (currently about 80,000). An additional 250,000 zero-
age smolts are reared and released as well,

During the early rearing phase fingerlings are held in raceways (10 x 100). Each release
group receives a unique coded-wire tag (every fishis tagged) inoré& to nonitor the
per formance of eachrearing strategy (Figures 8,9). Eachyear 3,500yearlingsare transferredto
the South Sound Net-pen conplex in order to maintain the captive brood program The
remaining yearling smolts are released in April or My and the zero age fish are released in late
May or early June.
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Appendix 6-A

ADULT PRODUCTION BY SOURCE AND EGG TAKE FOR WHITE RIVER SPRING CHINOOK:
(WDFW hatchery records unpubl. data. 600 Capitol Way N. Olympia, Wa 98501-1091).

Brood Source Adults Spawned Eggs
Year Males Females Taken
1972 White 40 -6 19,400 (plus hybrids)
1973 no program
1974 White 8 - 5 20,000
1975% White / 22 13. 49,300
s Puyallup
;976 White 6 27 116,000
19774 White 10 7 40,000 (1,271 smolts to Manchester)
1978 White 4 4 11,500
1979 White 12 18 81,500 -
1980 White 21 17 71,795 (744 smolts to Manchester)
1981° wWhite/ 4 18 81,118 (1,155 smolts to Manchester)
Manchester
1982° White 9 4 28,233 (1,090 smolts to Manchester)
Manchester 7 7 (combined)
1983’ White 16 6 17,800 (500 smolts to Manchester)
Minter 12 8 19,900 (combined) :
1984 White 1 1 5,429 (530 smolts to Manchester
Minter 17 16 42,800 combined) .
Manchester 28 16 27,200
1985 Minter 17 11 29,600 (1,857 smolts to Manchester)
Manchester 25 217 58,659 (1,648 smolts to Manchester)
1986 ~ White 2 : 7,000
Minter 47 43 122,850
Manchester 0 60 - 103,700
1987 Minter 52 56 . 177,270 (3,485 smolts to SSNP)
Manchester 0 5 11,350
1988 Minter 88 68 206,603 (3,500 smolts to SSNP)
Manchester 0 9 (combined)
1989 Minter 117 219 689,000 (3,500 smolts to SSNP)
Manchester 0 50 98, 000
1990 Minter 74 105 341,800 (3,500 smolts to SSNP)
SSNP 0 68 161,700
1991 Minter 94 95 348,500 (3,500 smolts to SSNP)
SSNp® 405 493 1,388,565
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Appendix 6-A, Continued.

1992 Minter 173 139 451,000 (3,500 smolts to SSNP)
SSNP® 494 4717 1,212,500 .
Muckleshoot® 20 24,000 '
1993 Minter 172 181 579,700 (expect 3,500 smolts to SSNP)
SSNP® 268 503 1,068,759 .
Muckleshoot 154 ) - 234,544

Adult numbers include only those used for spawning, for total adults/year, see text.
FOOTNOTES :

' Beverah groups of hybrid ehinook using white River spri-ng chirnook were
rel eased in other rivers.
L Adults returneg to Payallu tchery (most |ikely froman unrecorded on-
st atd| on release of 1971 ybrooJJVWte RiX/e(r spring re¥ease and were used for
spawni ng.
! No coded-wire tags were applied because of bacterial kidney disease.
4 .
Includes five adults that returned to Pyyallup hatchery and were used for e
b\glr(%. notsmgp}olsi égl easedS into Mnter Oree(f< vw houtpi nprci ntiyng. Coded-wire tags .

' OA small group of smolts (670) resulted fromeggs provided by NVFS from
Manchester. ™ These were tagged "separately.

* Four adults, presumably malea,, were transferred back to Manchester.
* Jacks fromManchester consisted of 53 three-year-ol d3 and 21 two-year-ol ds.

® Includes fish and resulting eggs transferred to the Muckleshoot hatchery on

the Wite Rver.

® Returng from the 1989 brood released from Muckleshoot hatchery.
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Appendi x 6-B: Chronol ogy of Atificial Production

1971, -Fifty-two adul t sweretakent ot heDepart ment of Fi sheri esPuyal | up Hat cheryto
produce spermfor the hybridization program Approximately 19,000 eggs were taken fromseven
femal es captured incidental tothe male collection program The exact history of those pure stock
springs is clouded, butthey were probably planted on-station at Puyal | up Hatchery judgi ng from
an unexpected return to the hatchery in 1975. Wite River males were crossed with females from
G een River, Issaquah, and Cowl & and hybrids were planted in Soos Creek, the Hoko River,

Wi dbey Isl and net-pens, andthe SultanRiver; Al the hybrid groups were coded-wire tagged.

1972--Fifty-three adul t s were captured toprovi de sper mfor t he hybridprogram Six
femal es were taken incidently and produced 19,400 eggs. The pure stock progeny were rel eased
inMnter Creek and into the Wite River. Each group had a unique coded-wire tag. Several
hybrid crosses were made with Wite River spring chinook males including: Cowlitz River spring
chinook released in Finch Creek (Hood Canal), Hood Canal fall chinook released in Finch Creek,
Hood Canal fall chinook released in the Hoko River, Hood Canal fall chinook released in Capitol
Lake (Ol ynpia), Green River fall chinook releasedin |ssaquah Creek, and Issaquah fall chinook
rel eased i n Issaquah Creek. All groups were uniquely identified with co&d-wire tags.

19730- No program

1974-During the spring of 1974,29 adults and 9 jacks were transferred fromthe Wite
River to Puyal | up Hatchery. Eight males and eight females died prior to spawning. Five fanal es
vwere eventual |y spawned and approximately 20,008 eggs were taken. ‘The fish were raised at the
Depart nent of Fisheries’ Mnter Creek Hatchery and 8, 340 were planted as yearlings intothe
Wite River. The group was represented by a unique coded-wire tag (Table 1): .

1975- - Twent y-oneadul tsweretransferredfromthe Buckl ey traptoPuyal | up Hat chery.
Twenty-two spring chinook returned to Puyal | up Hatchery, nost |ikely the return froman
unrecorded on-stationpl ant of the 1971- brood Wi te Ri ver springs. Six fenmal es and two mal es
di edduringthehol dingperi odandthirteen&nal es provided 49,300 eggs. The fingerlingswere
raised at Mnter Creek Hatchery and 40,580 yeadings were planted in the Wite River
represented by a unique codedwi re tag.

1976- Forty-four adul t Wite River spring chi nook were capt ued at the Buckl ey trap and
transportedt oFuyal | upHat chery. Eight females and three males died during the holding period.
Twenty-seven females were spawned, producing 116,500 eggs. After losing 36,000 eggs,
probably froma disturb- by a visitor during the critical stage of devel pment, 81,000 fry were
transferred to Mnter Creek Hatchery for .&ing. A total of 47,525 yearlings were released in the
Wite Rver. -Tagging was predté&d because fish were infected with bacterial kidney disease
(BKD). Due to the disease problema |ow survival rate was anticipated.

1977-- The 1977- brood was made up of 14 adults fromthe White River and 5returnsto
Puyal | up Hatchery. Adults were trapped at the Buckley site by sport fish staff fromthe
Departnent of Fisheries ‘and spawned at Puyal | up Hatchery. The resulting fry were transferredto
Skagit Hatchery with the expectations of reducing di sease problenms that had plagued the program
inearlier years. Smolts were to be released into the Wite Rver.

Cting disml performance fromenhancenent efforts withinthe Wite Rver, a decision
was made within the Departnent of Fisheries to discontinue smolt plants into the Wite River in
favor of releases into Mnt& Creek. The change occurred late in the rearing period for the 1977
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brood juveniles and resulted in the reprogramming of this brood for release into Mnter Creek As
aresult of this decision, 20,461 yearlings were planted fromSkagit Hatchery directly into Mnter
Creek in March 1979. During the same period of time WD W agreed to transfer 1,000 smolts to
the National Mrine Fisheries Service (NVFS) for captive saltwater rearing at their Minchester
Bay site. The NVFS had, for several years, been involved in captive brood rearing programs for
Atlanti csal mon.

1978-0At the tine the 1978-brood adults were trapped (al | 13,6 females, 7 males, from
the Wite River), the production plan was still aimed at putting the progeny back into the Wite
River. The determnationto rel ease smoltsinMnter Creek was made in
1979, after the trapping period for the 1978 brood stock was conplete. Note that the
1977-brood fingerlings were still on hand at Skagit Hatchery and were affected by this decision as
described above.

The adul ts were haul ed to Puyal | up Hatchery by \VWDF Sal mon Cul ture Division personnel
and, after spawning, eyed eggs were transferred to Skagit Hatchery as in 1977. Following the
decision to plant smolts at Mnter Creek, the 1978-brood fingerlings were transferred to the
Department of Fisheries’ Garrison Springs Hatchery and then to Mnter Creek Hatchery where
4,220 snolts were planted after five months of rearing.

1979--Thi's brood of adults was the first to be taken with the planned objective of releasing
smolts into Mner Creek fromVDFWS new Hupp Springs Hatchery. -The hatchery has a spring-
fed water supply with excellent water tenperatures for holding and rearing spring chinook (10 Q.
During the period of adult collection at the Buckley trap (33 total, 21 fenales, 12 males) ), Hupp
Springs was under construction. Garrison Springs Hatchery, a spring-fad facility I ocated near the
Hupp Springs site, was chosen as the interimadult holding and spawning site. The quality spring
water was thought to be the best available in the project area.

After spawning the unfertilized eggs were transferred to Mnter Creek Hat chery where
they were fertilized, incubated and hat&d. ‘Ihe fingerlings were transferred to Hupp Springs
Hatchery for final rearing and 48,575 snolts were released into Mnter Creek in Mrch, 1981

1980- - Adul t's were trapped at the Buckley site (42 total, 21 females, 21 males) and
delivered by Corps of Engineers personnel to Garrison Springs Hatchery. Eggs were sent to
Mnter Creek Hatchery for incubation and hatching. Fry were started at Mnter Creek and .
fingerlings were sent to Hupp Springs in March, 1981.. These fish vere reared to yearlings and
19,600 smolts were released in March, 1982. The NNFS received 744 smolts for rearing as
captive broodstock.

1981- Adul ts fromthe Buckl ey trap (22 total, 19 females, 3 males) were held at Garrison
Springs Hatchery. The eggs were incubated and hatched at Garrison Springs rather than Mnter
Creek Hatchery. The NVFS program provided the first group of eyed eggs produced from the
sal twater captive brood stock program derived fromthe 1977-brood All fry were transferred
from Garrison Springs to Hupp Springs. NVFS received 1,155 yearling smolts and 37,300
yearlings were released into Mnter Creek.

1982- - Begi nni ng wi t h t he 1982 brood year, adul t hol di ng was shiftedto Hupp Springs

Hatchery, representing the last facility change leading to the present production strategy. Also of
note, in 1982, the first transfer of mture adults fromthe “saltwater captive broodstock program at
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Manchester (21 total, 13 females, 8 males) to the freshwater holding site at Hupp Springs was
complete. Adult spring chinook from the White River were again captured at the Buckley (13
total, 3 females, 10 males) trapping facility and transported to Hupp Springs.

Eggs were incubated and hatched at Minter Creek Hatchery. Fry were returned to Hupp
Springs for yearling smolt release. NMFS received 1,090 smolts and 21,000 were released into
Minter Creek.

1983--Broodstock came from three complimentary components of the program including
the first significant 4 year old returns from the Miter creek release program (28 total, 9 females,
18 males) and 3 year old brood stock from the 1980 brood at Manchester (74 total, all jacks).
Thiswas also the last major contribution from the Buckley trapping facility (24 total, 6 females,
18 males). All adults were spawned at Hupp Springs and the eggs were incubated and hatched at
Minter Creek Hatchery. Fry were returned to Hupp Springs and released as yearling smoltsin
May, 1985. WDFW released 34,500 smolts and 500 smolts were provided to NMFS for seawater
rearing.

1984-- Adult brood production was provided from previous Hupp Springs on-site releases
(45 total, 21 females, 24 males) and from the Manchester brood program (65 total, 20 females, 45
males). There was also a smdll return to the White River (7 total, 5 females, 2 males). Asin
recent years, adults were held and spawned at Hupp Springs and eggs were moved to Minter
Creek Hatchery. The fry were returned to Hupp Springs and reared for yearling release. There
were 47,300 smolts released into Minter Creek in June 1986.

1985--Two brood sources provided the 1985 egg take, Minter Creek returns (35 total, 12
females, 23 mates) and Manchester saltwater brood (66 total, 32 females, 34 males). Transfer of
adults captured at the Buckley facility was discontinued after a disagreement between WDFW and
the Puyallup and Muckleshoot tribes concerning the removal of spring chinook from the White
River and the protocol for reinstatement of the fish. Manchester received 3,505 smolts and
45,986 yearlings smolts were released into Minter Creek on May 1, 1987.

1986--Adult broodstock returned as a result of on-station releases at Minter Creek (186
total, 70 females, 114 mates) and from the saltwater captive brood program at Manchester (100
total, 73 females, 27 males). Additional adults were provided from trapping operations initiated
by the Muckleshoot tribe at Buckley (3 total, 3 females, 0 males). The egg take from all sources
was 236,350.

An agreement between the Muckleshoot tribe and the Department of Fisheries provided
for return of a number of progeny from this brood to the White River system and 5,296
fingerlings were planted in the White River on May 15. 1987. The yearling rearing capacity at
Hupp Springs (80,000) was exceeded for the first time. triggering a release of 91,825 zero-age
smolts on May 19, 1987. An additional plant of 1,100 occurred on July 10, 1987. There were
86.755 fish planted as yearling smolts on April 22. 1988.

1987--Broodstock came from Manchester (19 total, 7 females, 12 males), which produced
about 11,500 eggs) and from returns to Minter Creek (144 total, 68 females, 77 males), which
produced about 177,270 eggs. The total number of eggs was 188,620. Of the resulting smolts.
X3.074 were released as yearlings in 1989, and 84,250 were released as zero-age smoltsin 1988.
This brood year marked the first year smolts (3,500) were transferred to the South Sound Net-pen
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Complex at Squaxin Is. (near Olympia) rather than Manchester for captive brood rearing.

1988--Broodstock came from returns to Minter Creek (504 total, 77 females, 426 males)
and Manchester (9 total, 9 females, 0 males). The number of eggs taken totaled 206,850. Of the
resulting smolts 89,737 were released as yearlings, 3,500 were transferred to the South Sound
Net-pens (spring of 1990), and 95,524 were released as zero-age smolts in June, 1989.

1989--Broodstock came from returns to Minter Creek (355 total, 232 females, 123 males)
and Manchester (86 total, 52 females, 34 males) from Manchester (all 4 year olds). The number
of eggs taken totaled 98,000 Manchester plus 689,000 Minter = 787,000. Of the resulting smolts,
91,172 were released as yearlings, 3,500 were transferred to the South Sound Net-pens. Also,
384,500 fingerlings were transferred to the new Muckleshoot Hatchery on the White River, and
249,773 zero-age smolts were released into Minter Creek in May, 1990. All the Manchester eggs
were transferred to the White River Hatchery.

1990--Broodstock came from returns to Minter Creek (242 total, 116 females, 119 males)
and from the South Sound Net-pens (580 total, 68 females, 5 12 males, al 3 year olds). The
number of eggs taken totaled 161,700 SSNP plus 341,800 Mimer = 503,500. Of the resulting
smolts, 81,023 were released as yearlings, and 3,500 were transferred to the South Sound Net-
pens (both in the spring of 1992). Also, 16,300 Mimer origin plus 125,000 SSNP origin (total
141,300 eggs/fingerlings) were transferred to the Muckleshoot Hatchery on the White River and
189,800 zero-age smolts were released into Minter Ck. in June, 1991.

1991--Broodstock came from two sources,; returns to Minter Creek (236 total, 113
females, 119 males,) and the South Sound Net-pens (974 total, 532 females, 442 males,; 3 and 4
year olds). The number of eggs taken totaled 1,581,400 (1,232,900 SSNP plus 348,500 Minter).
Of the resulting smolts, 84,493 were released as yearlings and 3,500 were transferred to South
Sound Net-pens. Also, 13,400 Minter origin plus 193,000 SSNP (total 206,400) were transferred
to the Muckleshoot Hatchery on the White River as eggs or fry and 266,030 were released as
zero-age smoltsinto Minter Ck. in June 15, 1992.

1992--Broodstock came from three sources; returns to Minter Creek ((463 total, 179
females, 286 males) and SSNP (985 total, 477 females, 494 males, 3,4 and 5 year olds). The
number of eggs taken totaled 1,504,000 (1,052,500 SSNP plus 45 1,500 Minter). An additional
24,000 eggs were taken from a small number of 3 year old chinook which returned to the
Muckleshoot hatchery. Of the resulting smolts, about 90,000 are being held for yearling release in
1994 and 3,500 will be transferred to SSNP. Also 112,000 Minter origin plus 447,500 SSNP
origin (total 559,500 eggs/fish) were transferrecl to the muckleshoot Hatchery on the White River
and 85,330 Minter origin and 168,664 SSNP origin (total 253,994) zero-age smolts were released
into Minter Ck. in 1993.

1993--Broodstock came from three sources: returns to Minter Creek (332 total, 177
female, 155 males,) and SSNP (742 total, 485 females. 257 males, 3, 4, and 5-year-olds).
Number of eggs taken was1,648,459 (1,068,759 SSNP plus 579.700 Minter). An additional
234,544 eggs were taken from 3 and 4-year-old fish that returned to the Muckleshoot hatchet-y.
Of the resulting smolts, about 90,000 will be held for yearling release and 3,500 will he
transferred to South Sound Net-pens (spring 1995). Also, 179,600 Minter origin plus 295,700
SSNP origin (total 475.300 eggs/fish) have been transferred to the Muckleshoot Hatchery. A
release of about 250.000 (combination of Minter and SSNP) zero-age smolts was conducted in
June 1994 into Minter Creek.
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