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The potential for genetic interactions between hatchery and wild populations of salmonids in northwestern North
America has increased considerably in recent decades. Efforts to mitigate severe losses to many wild stocks caused

by overfishing, destruction of habitat,

and blockage of migratory routes have focussed on boosting artificial

production in public hatcheries. Opportunities for genetic interactions between hatchery and wild fish will increase
if efforts to supplement wild production with hatchery-reared fish continue. Concerns center on three issues:
(1) direct genetic effects (caused by hybridization and introgression); (2) indirect genetic effects (principally due
to altered selection regimes or reductions in population size caused by competition, predation, disease, or other
factors); and {3) genetic changes to hatchery stocks (through selection, drift, or stock transfers), which magnify
the consequences of hybridization with wild fish, Strategies for minimizing these genetic risks and monitoring
the consequences of various management options are discussed, and some important areas for future research

are identified. -

La possibilité d'interactions génétiques entre les populations de salmonidés d’élevage et sauvages a augmenté
considérablement, ces derniéres décennies, dans le nord-ouest de I’Amérique du Nord. Les tentatives pour remé-
dier aux pertes importantes de stocks sauvages en raison de la surpéche, de {a perte d’habitat ou du blocage des

voies migratoires, ont surtout porté sur 'augmentation de la production dans

les piscicultures publiques. La

probabilité d’interactions génétiques entre le poisson d'élevage et le poisson sauvage augmentera encore si cet
effort se poursuit. On s'inquidte de trois choses : (1) les effets génétiques directs (causés par I'hybridization et
Iintrogression), {2) les effets génétiques indirects (dis nrincipalement a des régimes de sélection modifiés ou 3
des réductions de fa taille des populatians en raison de la concurrence, de la prédation, de la maladie ou d’autres
facteurs), et {3) les changements génétiques du poisson d'élevage (en raison de la sélection, de Vévolution oy
des transferts de stocks), qui risquent de grossir les conséguences de |'hybridization avec e poisson sauvage. On
parle des stratégies visant & minimiser les risques génétiques et a surveiller les conséquences des différentes
options de gestion retenues, et de certains domaines importants de recherche future.,
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tshawytscha) were added (o the list of threatened and endan-

gered species in the United States, and the U.S. National
Marine Ifisheries Service proposed listings for populations of
chinook salmon and sockeye salmon (0. nerkay from the Snake
River. Furthermore, Nehlsen et al. (1991) recently identified a
large number of stocks of Pacific salmon they consider to be
at some risk of extinction. Dramatic as these events may be,
they are only the latest episodes in the century-long decline in
abundance of anadromous Pacific salmonids. For example,
commercial harvest of chinook salmon in the Columbia River
peaked in 1883, declined steadily after 1920, and currently is
severely restricted (Mullan 1987). Implications of the initial
declines were apparent to many, and by the turn of the century
numerous public hatcheries were being operated in an attempt
to boost production (Moring 1986; Lichatowich and Mclntyre
1987).

Most of the initial declines were due to overfishing, although
irrigation projects caused substantial reductions in spawning

i n the past year, winter run chinook salmon (Oncorhynchus

'This paper forms part of the Proceedings of the Ecological and
Genetic Implications of Fish Introductions Symposium (FIN) con-
vened at the Great Lakes Institute, University of Windsor, Ontario,
Canada, May 17-19, 1990.
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and rearing habitat in some areas. Dams have also been a major
factor in the decline of anadromous salmonids, and nowhere is
this more apparent than in the Columbia River Basin, where
19 major dams and scores of smaller projects constitute the
world’s largest hydroelectric power system (Lee 1989). Grand
Coulee Dam (completed in 1941) blocked access of anadro-
mous fish 1o over 1 800 km of the upper Columbia River Basin,
and the Hell’s Canyon complex of dams (1958-67) had a sim-
ilar effect in the Snake River. Fish ladders for returning adults
were constructed at many dams, but downstream passage of
juveniles through the series of reservoirs and over the dams
became a serious problem.

To mitigate losses to anadromous fish caused by the Co-
lumbia River dams, the Mitchell Act (1938 and subsequent
amendments) directed construction of a series of Federally-
funded fish hatcheries. Although some of these hatcheries were
successful and make substantial contributions to oceanic fish-
eries, the abundance of anadromous salmon in the Pacific
Northwest coatinued to decline. In 1980, the U.S. Congress
created the Northwest Power Planning Council (NWPPC), with
a mandate to develop a program for protection and enhance-
ment of fish and wildlife affected by federal hydroelectric power
projects on the Columbia River, The resulting Fish and Wildlife
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Plan (NWPPC 1982, revised in 1984 and 1987) established a
goal of doubling the run size of anadromous salmonids through-
out the Columbia River Basin. Strategies for achieving this goal
include restoration of habitat, reduced juvenile mortality at
dams, and substantially increased hatchery production. Signif-
icantly, much of the increased hatchery production is intended
to come from new facilities in the upper Columbia and Snake
River Basins and will involve supplementation of depressed,
naturally-spawning stocks with hatchery-reared fish. Similar
efforts are underway or are being considered in other areas of
the Pacific Northwest.

It is clear from this brief review that there is a long history
of looking to hatcheries to make up for the declining abundance
of native runs of Pacific salmon and steelhead, Q. mykiss (see
Mahaken et al. 1983). The impact of the hatchery system as a
whole has been substantial (Mathews 1980; Washington 1985;
Vreeland 1986; Suzumoto and Peltz 1989). The other side of
the coin, however, is that hatcheries can also have a substantial
impact on native fish. Opportunities for such impacts are cer-
tain to become more extensive in the future if supplementation
continues to be an important management strategy. Here, I con-
sider some of the possible genetic consequences of artificial
propagation of anadromous Pacific salmonids, particularly the
effects on native gene pools. Concerns center on three issues:
(1) direct genetic effects (caused hy hybridization and
introgression); (2) indirect genetic effects (altered selection
regimes or reductions in population size caused by competition,
predation, disease, or other factors); and (3) genetic changes to
hatchery stocks (through selection, drift, or stock transfers). In
each category, I consider the types of problems that can be
anticipated, discuss some of the relevant empirical data, and
recommend strategies to minimize the deleterious effects.

Direct Genetic Effects on Wild Fish

Drirect genetic effects from hatchery production may oceur
if cultured fish hybridize with wild fish. Hybridization of dif-
ferent gene pools has two important genetic consequences —
loss of interpopulational genetic diversity and outbreeding
depression.

Reduction in Between-Population Genetic Variance

Although hybridization typically increases the averge gene
diversity (heterozygosity) within the hybridizing populations,
it also results in a loss of gene diversity between populations.
With salmonids, the concern is that a variety of locally-adapted
stocks will be replaced with a smaller number of relatively
homogeneous ones (Allendorf and Leary 1988). This process
of consolidation tends to limit the evolutionary potential of the
species as a whole. Furthermore, different salmonid popula-
tions utilize spawning, rearing, migratory, and oceanic
resources in a variety of ways and can be expected to show a
similar diversity in response to changing environmental con-
ditions. This diversity, therefore, can be expected to buffer total
productivity for the resource against periodic or unpredictable
changes (Riggs 1990). Events of the past decade, in particular
the eruption of Mount St. Helens and the El Nifio event of
1982-83, remind us that, on an evolutionary timescale, sudden
and drastic change is the rule rather than the exception. Loss
of interpopulational diversity thus may lead to a reduction in
overall productivity and a greater vulnerability to environmen-
tal change.

Can. J. Fish. Aquat. Sci., Vol. 48 (Suppl. 1), 1991

The strong homing tendency of anadromous Oncorhynchus
spp. provides a mechanism for local populations to evolve as
essentially independent evolutionary units. Although straying
is a natural phenomenon and occurs to some degree in most
populations that have been studied (e.g., Quinn 1984), fish that
stray by substantial distances are relatively infrequent. A numn-
ber of allozyme studies support the view that genetic differ-
entiation of populations in all species of Pacific saimon and
steelhead trout occurs largely along geographic lines {Grant
et al. 1980; Parkinson 1984; Beacham et al. 1985, 1987; Wehr-
hahn and Powell 1987; Utter et al. 1989). Studies of morphol-
ogy and life-history traits also provide ample evidence for local
adaptation (Ricker 1972; Riddell et al. 1981; Taylor 198§;
Beacham et al. 1988; Fleming and Gross 1989, 1990).

The principal mechanisms leading to hybridization of hatch-
ery and wild fish are straying of hatchery fish and supplemen-
tation of wild populations with hatchery-reared fish. Some data
suggest that hatchery fish stray at a higher rate than wild fish,
increasing the possibilities for genetic impacts (Ricker 1972;
Lister et al. 1981; Withler 1982}, Furthermore, if hatchery fish
are very abundant, the consequences of straying can be sub-
stantial even if the proportion of fish that stray is not high. An
extreme example of this is the recent discovery, based on coded-
wire-tag data, that in 1989 an estimated 40% of the fall chinook
salmon brood stock at Lyons Ferry Hatchery on the Snake River
were strays from other hatcheries (C. Busack, Washington
Department of Fisheries, pers. comm., April 1991).

Although not considered *“strays’” in the traditional meaning
of the tenm, cultured fish that are accidentally released (e. g,
those that escape from net pens) also may hybridize with wild
populations. In Norway, escaped Atlantic salmon already pose
a major genetic threat to wild populations (Gausen and Moen
1991), and similar problems may occur in the Pacific Northwest
if there is a substantial expansion of net pen farming of Onco-
rhynchus spp. Hindar et al. (1991} discuss this topic in some
detail.

It is important to note that the presence of fish in a non-natal
stream does not necessarily mean that they breed successfully
and leave offspring that survive to reproduce in the next gen-
eration. Unfortunately, little information is available on the
genetic consequences of straying into natural populations.
Reisenbichler and Phelps (1989) suggested that there is circum-
stantial evidence for the homogenizing effects of hatchery
outplants in some steelhead populations. They found that elec-
trophoretic differences among steethead streams on the Olym-
pic Peninsula are much smaller than those reported by Parkin-
son (1984) for British Columbia streams. No artificial
propagation of stezlhead had occurred in British Columbia prior
to Parkinson’s study, whereas there is a long history of hatchery
refeases on the Olympic Peninsula.

Outbreeding Depression

Apart from reducing diversity between populations, hybrid-
ization can have a variety of effects on fitness of the resulting
mixture of gene pools. In some cases, F, hybrids display
increased fitness known as heterosis, which arises from the
masking of deleterious, recessive alleles. Heterosis is more
likely if the hybridizing gene pools are inbred and not too dif-
ferent gemetically. As genetic distance between the parental
stocks increases, however, genetic incompatibilities become
more likely and fitness of F, hybrids declines. This decline in
fitness is known as outbreeding depression. In their study of a
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plant species, Wasser and Price (1989) found that levels of out-
breeding depression increased with physical distance between
hybridizing parents. Unfortunately, little is known specifically
about outbreeding depression in salmonids,

Heterosis is presumably possible in the F| generation because
hybrids retain one entire copy of each parental genome, thus
preserving some of the coadapted gene complexes believed to
result from local selective pressures (Dobzhansky 1955). With
recombination in the F, and subsequent generations, however,
these genetic combinations are disrupted and shuffled with cor-
responding parts of the other parental genome. Although there
has apparently been no comprehensive, empiricat study for any
organism of F, fitness as a function of genetic divergence
between parental stocks, the data that are available almost
invariably show lower fitness in F, hybrids than in either pazen-
tal stock (Endler 1977; table 4.6), even if the F, generation
exhibited hybrid vigor.

Recently, Emlen (1991) developed a model to evaluate the
genetic consequences of the hybridization of salmon popula-
tions adapted to different environmental regimes. The model
allowed Emlen to quantitatively address several key questions
regarding hatchery—wild interactions (e.g., Whatare the genetic
consequences of hatchery fish straying into the wild? How does
the periodic infusion of wild brood stock into a hatchery affect
fitness? and, How much time is required for natural selection
to restore fitness in populations that have experienced outbreed-
ing depression?). Given sufficiently different selective regimes
for the hybridizing stocks, Emlen concluded that (1) in a sce-
nario involving periodic mixing, non-trivial reductions in fit-
ness may occur even if the mixture proportion is small (5-10%),
and (2) recovery of fitness following a single hybridization
event may require a large number of generations. This model
is potentially useful because it provides a means of dealing with
some of the more difficult questious in salmon production;
however, there are insufficient data at present to test the accu-
racy of the model’s predictions.

With the renewed interest in supplementation in the last dec-
ade has come an increasing awareness of the importance of
using hatchery stocks that are genetically compatible with the
wild stocks being supplemented. In a mumber of cases, this has
lead to selection of local, wild fish for use in initiating the
hatchery brood stock. The logic for this type of program is that
artificial propagation can bypass the high early mortality expe-
rienced by wild fish, thus providing a large supply of juvenile
fish to return as natural spawners. In some programs, hatchery
brood stock used in subsequent years includes returning hatch-
ery-spawned fish, whereas other programs use only wild brood
stock each year to ensure that no part of the stock is subjected
to selection for hatchery conditions for more than a single gen-
eration at a time,

Use of local brood stock in supplementation should minimize
problems of outbreeding depression, but this approach is not
without its dangers. Success of such a program depends on the
preruise that artificial spawning, propagation, and outplanting
can produce more returning adults (with greater reproductive
capacity) than could be produced naturally. There are some
indications that this is not necessarily the case (Reisenbichler
and Mclntyre 1986; Seeb et al, 1990). In Idaho, for example,
where recent chinook salmon redd counts are generally much
lower than pre-1970 counts, the decline has been greater in
streams supplemented with hatchery fish than in streams with
natural production (Williams 1990). A similar result (decreased
natural production in supplemented streams relative to unaf-
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fected streams) was found in a2 more controlled study of coho
salmon in Oregon (Nickelson et al. 1986).

The primary danger with this type of supplementation is that
if survival of hatchery fish is consistently too low, the hatchery
operation acts as a sink for wild brood stock, thus reducing by
attrition the very population it was designed to enhance. There
is concern that this may be occurring on the Imnaha River in
northeastern Oregon, where construction of a facility in 1982
to use local, wild chinook salmon brood stock has thus far pro-
duced fewer than one returning adult per adult spawned (Car-
michael et al. 1991). Similar problems are beiag experienced
at Sawtooth Hatchery in Idaho (S. Yundt, Idaho Department
of Fish and Game, pers. comm., April 1991). These resulis
emphasize the difficulties often encountered in the early stages
of a new hatchery operation. Identifying strategies to produce
acceptable smolt-adult survival under local conditions may take
a number of years, placing the native stock at risk from genetic
or demographic effects of reduced population size.

Indirect Genetic Effects on Wild Fish
Reduced Population Size

Any factor that causes a reduction in population size can have
an indirect effect on the genetic structure of wild fish
populations. Both the total and effective population sizes must
be considered in this context. The consequences of low effective
population size are discussed in the next section. In general,
although reduced effective size has important long-term effects,
bottlenecks must be very severe or must last for a2 number of
generations to cause substantial short term increases in
inbreeding. In the short term, significant reductions in total size
may be more important, as they can seriously disrupt various
demographic characteristics of a population and may place it
at risk of extinction from severe perturbations in environmental
conditions (Soule 1987; Lande 1988).

Some ways in which artificial propagation may lead to
reductions in the size of wild populations are widely recognized.
For example, Steward and Bjornn (1990) provide a thorough
review of studies of the effects of competition, predation, and
disease. Itis also generally recognized that successful hatcheries
can cause other, less direct pressures on wild stock. For
example, many mitigation hatcheries have succeeded in
increasing the abundance of catchable fish. Apart from the
intense social, political, and economic pressures to fully exploit
this expanded resource, there is concern that underharvest will
resuli in more hatchery fish escaping to spawn in the wild.
However, full utilization of these expanded resources requires
increased harvest rates, which in mixed-stock fisheries hay
place the less abundant (principally wild) stocks at risk (Ricker
1981; Mcintyre and Reisenbichler 1986; Lichatowich and
Meclntyre 1987).

A similar phenomenon may occur with predation on juvenile
fish if large numbers of hatchery fish lead to shifts in predator
abundance or behavior that increases the predation rate on wild
fish (Stewart and Bjornn 1990). This might occur, for example,
in reservoirs where predators such as squawtish (Prychocheilus
oregonensis) congregate. Predator-prey interactions are
generally complex, however, and many scenarios are possible
that might lead to unchanged or decreased predation on wild
fish as a result of the presence of hatchery fish. More studies
are needed in this area.

Other indirect effects on wild Ffish populations are
consequences of making management decisions based primarily
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Fic. 1. Passage times through Lower Granite Dam on the Snake River
in 1989 for hatchery and wild spring chinook salmon PIT tagged the
previous year (Matthews et al. 1990). For each group (hatchery, wild),
the percentage of total PIT-tag detections is plotted for 3-day periods.
The peak water flows in April and June 1989 resulted from early and
late snowmelt, respectively, whereas the peak for 5-13 May represents
water released for fish passage,

on information from hatchery fish. For example, obtaining
adequate flow through hydroelectric dams to promote juvenile
outmigration can be a critical problem in low water years. In
the Columbia River Basin, release of water reserved for fish
passage generally follows the major releases of fish from upriver
hatcheries. Juvenile releases at hatcheries tend to be
synchronous and produce large, predictable spikes of hatchery
fish at the darmns (Fig. 1). In contrast, the outmigration timing
of wild stocks, which are sensitive to climatic and
environmental conditions, can be much more vagiable. In 1989,
a substantial portion of the wild spring chinook salmon
apparently arrived at Lower Granite Dam after the use of the
water budget (Fig. 1). For this year, at least, a somewhat later
or more prolonged release of water would appear to have been
more advantageous for wild fish.

There has also been considerable speculation that oceanic
productivity is an important factor in the survival of anadromous
salmonids (Salo 1983; Pearcy 1983; Mysak 1986; Nickelson
1986). To the extent that density-dependent factors affect
survival (Peterman 1984; Oguraet al. 1989; Emien et al, 1990),
an increase in the abundance of hatchery fish can be expected
to reduce success of wild stocks. In this context, Fagen and
Smoker (1989) suggested that large-scale hatchery production
can be expected to lead to greater fluctuations in abundance in
the system as a whole.

Altered Selection Regimes

Any of the above factors that affect the abundance of wild
Populations can also alter selective pressures and thus canse
directional genetic change in wild stocks. Examples include (1)
fishing pressure that selectively affects certain size or age
groups (Ricker 1981; Nelson and Soule 1987); (2) predation on
certain sizes or phenotypes; and (3) flow allocations that favor
survival of wild juveniles whose timing of outmigration coin-
cides with that of hatchery fish. Unfortunately, such changes
are difficuit to demonstrate, and the experiments necessary 1o
do so have not been carried out. Nevertheless, the potential for
deieterious effects on wild stocks is real and needs to be con-
sidered in managing hatchery operations and planning supple-
mentation programs.
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Genetic Changes in Hatchery Stocks

Genetic changes in hatchery stocks are relevant to this dis-
cussion because they help to determine the nature and signifi-
cance of genetic interactions with wild fish. Some of these con-
cepts are covered in detail elsewhere (Gall and Busack 1986;
Tave 1986). Important types of genetic change to consider are
those due to random processes, selection, and stock mixture.

Random Processes

In populations of small effective size, the erosion of genetic
variability through the random extinction of alleles becomes an
important consideration. Reductions in overall levels of genetic
variability limit the evolutionary potential of a population and
may compromise its long-term ability to survive. Furthermore,
the erosion of genetic variation leads to an increase in the pro-
portion of individuals that are homozygous for deleterious,
recessive alleles, thus reducing fitness through inbreeding
depression.

A rich body of population genetics theory deals with these
topics, and recent discussions with reference to fishes can be
found in Meffe (1986) and Allendorf and Ryman (1987). How-
ever, almost all classical population genetics models were
developed for organisms with discrete generations, and
although many of the basic concepts have been modified for
use with age-structured populations, it has not been clear how
to apply them to organisms with the complex life history fea-
tures of Pacific salmon. In particular, a key parameter in most
population genetics models is effective poputation size per gen-
eration (V,), whereas the natural unit of study in Oncorhynchus
Spp. 18 a single year’s spawning population (the remainder of
the individuals comprising a generation generally being at sea
and logistically unavailable for sampling).

To provide a context for interpreting genetic changes
observed in Pacific salmon populations, Waples and Teel
(1990) and Waples (1990a) used computer simulations that
modeled the unique pattern of semelparity and overlapping year
classes in these species. Results indicate that for Pacific salmon,
effective population size per generation is equivalent to gN,,
where g is the generation length (average age at spawning) and
N, is the effective number of breeders per year. In a salmon
population with N, breeders per year, genetic variability will
be lost at the same rate as in a population with discrete gen-
erations and effective size gN, per generation. However, year-
to-year allele frequency fluctuations in salmon populations can
be expected to be relatively large because each spawning pop-
ulation represents only a portion of the fish comprising an entire
generation. This is important to consider, for example, in inter-
preting the results of statistical tests comparing genetic param-
eters in a salmon population at two points in time (Waples and
Teel 1990).

Substantial genetic changes and reduced fitness attributed to
inbreeding depression have been reported in a pumber of hatch-
ery stocks of fish (reviewed by Allendorf and Ryman 1987).
In the Pacific Northwest, Utter et al. (1989) and Waples et al.
(1990) found no trend toward reduced heterozygosities in chi-
nook salmon hatchery stocks in comparison with wild stocks
from the same region. However, Simon et al. (1986) presented
evidence for a low effective number of breeders in a coho
salmon hatchery regularly returning thousands of aduits each
year. Further, Waples and Teel (1990) and Waples and Smouse
(1990) found substantial allele frequency changes and substan-
tial levels of gametic disequilibrium, respectively, in hatchery
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Fii. 2. Percentage of significant chi square tests for gameltic disequi-
libriury and allele frequency change over 2—4 yr in hatchery and wild
populations of chinook salmon from the Cregon coast (based on data
from Waples and Teel 1990; Waples and Smouse 1990).

(but not wild) chinook salmon stocks from the Oregon coast
(Fig. 2). After evaluating a variety of possible causes, the
authors concluded that the most plausible explanation for both
the disequilibrium and allele frequency change was a low effec-
tive number of breeders (V, << 50). Analysis of hatchery brood
stock information (Waples and Teel 1990) indicated that a fig-
ure in this range is possible for many of the hatcheries included
in the study.

Selection

In stocks that are permanently cultured, gemetic changes
mediated by selection (natural or artificial) are inevitable and,
to a certain extent, may be desirable. For example, in a cubtured
freshwater species such as rainbow trout, genotypes that are
well adapted to conditions in the hatchery environment can be
expected to increase at the expense of those that fare poorly. If
we ignore possible problems associated with inbreeding, dis-
ease, etc., this process should lead to increased fitness and
higher productivity of the population in the hatchery
environment.

Selective regimes are different in anadromous species, for
which the hatchery environment represents only a portion of
the life cycle. The main advantage to artificial propagation of
anadromous species is that a large percentage of fertilized eggs
can be raised to fry or smolts, thus avoiding the heavy early
mortality experienced by wild popuiations. Barring a major dis-
ease outbreak, egg/smolt survival in salmon hatcheries is gen-
erally 50% or higher, as opposed to generally under 10% for
wild populations (e.g. Howell et al. 1985). This high in-hatch-
ery survival rate, however, means that much of the culling that
occurs before the fish return as adults takes place outside the
hatchery environment. Post-release mortality of hatchery
Oncorhynchus spp. often exceeds 99% for some species (e.g.
Howell et al. 1985), much higher than the figure for most wild
stocks that have been studied.

As aresult, the pattern of mortality in hatchery stocks is very
different from that experienced in the wild (Fig. 3). These dif-
ferences suggest that there are substantial opportunities for
selection to change the genetic characteristics of hatchery stocks
from those of the donor wild stocks. To see this, consider two
populations: a wild one and a hatchery stock derived from it.
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F1G. 3. Egg-smolt and smolt-adult survival of hatchery and wild spring
chinook salmon from the Deschutes River, Oregon. Wild data are for
brood years 1975-81; hatchery data are for brood years 1977-83 at
Warm Springs and Round Butte Hatcheries (Lindsay et al. 1989),
Mortality in nature is difficult to measure, so values for the wild pop-
ulation should be regarded as approximate, Although survival rates
can be expected to vary somewhat among populations and species, the
shift in pattern of mortality to a later-history stage is typical of cultured
populations of anadromous salmonids.

Most of the fish raised to smolts in the hatchery population
wouid not have survived in the wild; conversely, a higher per-
centage of hatchery smolts typically do not survive to retusn as
adults. Directional genetic change, causing the hatchery stock
to diverge from the wild stack, will occur uniess either (I all
mortality (hatchery and wiid) is completely random with respect
to genotype; or (2) the fish representing the excess hatchery
mortality in the smolt-acult phase are genetically equivalent to
those representing the excess hatchery survival in the egg-smolt
phase. I would argue that scenario (1) is not plausible and sce-
nario (2) is also highly unlikely. The higher egg-smolt survival
in the hatchery must, to a certain degree, represent a relaxation
of selection that occurs in the wild, and there is little reason to
believe that processes occurring after release from the hatchery
will exactly compensate for this effect. We are thus led to the
conclusion that, in general, selective pressures will cause
hatchery fish to diverge genetically from a donor wild stock.
Such opportunities may be somewhat more limited for chum
and pink salmon, which are released as fry and thus spend a
shorter time in the hatchery than do most coho or chinook
salmon or steelhead.

It is not clear, however, to what extent these genetic changes
can be expected to result in “‘rapid selection for an optimal
‘hatchery type’ fish™ (Helle 1981, p. 1668). This may be true
for species that can be cultured throughout the entire life cycle,
but the outcome is less clear for anadromous species. Certainty
there are opportunities for domestication selection prior to
release, and there is some evidence that hatchery fish may per-
form better than wild fish in the hatchery environment (e.g.
Reisenbichler and McIntyre 1977). However, the high post-
release mortality rate for hatchery fish means there is also con-
siderable opportunity for selection against traits that are adap-
tive in the hatchery environment but not in the wild. Again, a
variety of scenarios is possible, but unless genotypes positively
selected for in the hatchery are neutral or advantageous in the
wild, there will be a tendency for counteracting selection in the
smolt or fry to adult phase. Because of alternating (and likely
conflicting) selective regimes, selection for hatchery-adapted
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traits should not be as efficient in anadromous species as it is
in species that spend their entire life cycle in captivity. Although
directional genetic change (relative to a wild donor stock) can
be expected in an anadromous hatchery stock, the nature of
such changes must be to a certain degree unpredictable.

Thus far we have considered only “‘natural™ selection that
oceurs in the hatchery environment and in the wild, There are
also ample opportunities for artificial {directed or inadvertent)
selection in cultured populations. In particular, the selection of
which fish will breed in captivity differs in so many basic ways
from the process that occurs in the wild that genetic change
relative to the wild stock is almost inevitable. Efforts to choose
brood stock according to age, time of return, or phenotypic
characters such as size are well documented (e.g. Donaldson
and Menasveta 1961). One of the more COMMON Occurrences
in hatcheries of Oncorhynchus sPp. 18 advancement of time of
spawning, which results in part from failure to spawn late-
returning fish because the egg-take quota has been filled. There
is evidence that time at spawning is genetically controlled in
Pacific salmon. For example, Lane et al. (1990) found that a
genetic mark introduced into the late part of a pink salmon run
in Alaska was still detectable after four generations only in fish
returning near the end of the spawning period.

Time of spawning may have particular importance for steel-
head, which reproduce in the spring. In wild populations, early
spawiers may have reduced success because of unpredictable
environmental conditions or other factors (Cederholm 1984).
In the relatively constant hatchery environment, however,
selection against early spawning is relaxed. In fact, because
carly spawning tends to produce fish that are larger at release
or can be released earlier (and therefore may survive better),
this trait may be positively selected for in the hatchery, and
active efforts may be necessary to counteract the trend {Reisen-
bichler and MclIntyre 1986). To the extent that spawning time
is shifted in hatchery stocks, it can be expected to reduce fitness
of hatchery fish or hatchery-wild hybrids that spawn in the wild.

Even if efforts are made to aveid artificial selection of brood
stock (e.g., by mating all returning adults or a random sample
thereof), genetic changes can be expected in the hatchery
because of the impossibility of mimicking natural selection for
reproductive success. In wild populations, whick individuals
mate (and with what success) is determined by a variety of
factors we are just beginning to understand. Fleming and Gross
(1989) showed that phenotypic traits associated with female
mating success in coho salmon were reduced in hatchery stocks,
presumably due to relaxation of breeding competition. This
taises concerns about the ability of hatchery-reared fish to pro-
duce viable progeny in the wild and may help explain reports
(e.g. Leider et al. 1990) of reduced reproductive success in the
wild of transplanted hatchery fish.

Stock Mixtures

The genetic consequences of stock mixture have been
described above. Transfer of fish and eggs among salmon
hatcheries has been a common practice for over 100 years.
Often, these historical mixture events can be detected as homo-
geneity of geographically distant populations. For example,
Several widely separated spring chinook salmon hatcheries in
the Columbia River (Carson, Leavenworth, Little White
Salmor, Winthrop) are genetically homogeneous based on
electrophoretic characters (National Marine Fisheries Service
and Washington Department of Fisheries, unpubl. data). The
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Carson-Leavenworth stock has beep used in each of these
hatcheries, as well as in several others in the Columbia and
Snake River drainages. This practice tends to replace a variety
of stocks with a few generic types. Furthermore, as the geo-
graphic distribution of genetically homogeneous hatchery
stocks widens, the potential for harmful genetic interactions
with genetically distinct wild stocks increases.

Recommendations

From the preceding discussion, two things should be clear:
(1) hatchery fish can have substantial direct and indirect genetic
impacts on wild fish, and (2) the only sure way to avoid these
problems is to “‘Just say No"” — to stock transfers, supple-
mentation, and artificial propagation of any kind. Given that
(2) is not a realistic scenario, at least in the near future, it is
important to identify strategies to minimize the adverse genetic
consequences of artificial propagation, Unforunately, at pres-
ent we are in a better position to identify the potential dangers
than to provide explicit guidelines for dealing with the prob-
lems. Nevertheless, there is increasing pressure on resource
managers to make practical decisions that may have profound
consequences, and it is important that these decisions be
informed ones. In that spirit, therefore, the following sugges-
tions are advanced regarding some of the major concemns for
genetic interactions of hatchery and wild stocks.

Supplementation

Considering the importance of diverse, native gene pools to
the long-term survival of the Pacific salmon species, manage-
ment efforts should focus on ensuring that depressed wild stocks
reach adequate, sustainable escapement levels without (or in
spite of) the aid of hatcheries. That is, instead of trying to mit-
igate losses to wild stocks through expanding hatchery opera-
tions and refining hatchery technology, resources should be
directed toward fixing the problems that caused the declines in
the first place (Francis 1990).

Unfortunately, such measures will not always be feasible.
As an alternative, supplementation of depressed, naturally
spawning populations with hatchery-reared fish is an attractive
concept on paper. In practice, however, this technique has sel-
dom been successful in achieving the objective of increased
natural production (Steward and Bjornn 1990; but see also
Cuenco 1991). The genetic consequences of supplementation
programs have also been quite varied. In recent reviews, for
example, Skaala et al. (1990) and Hindar et al. (1991) cited
examples in which the native stock had been largely or entirely
displaced, examples of hybridization between native and hatch-
ery fish, and examples in whick repeated hatchery releases had
no detectable genetic effect on the native population,

This unpredictabitity, coupled with: the potentially severe
consequences of mixing diverse gene pools, mandates that the
ramifications of proposed supplementation programs be care-
fully considered before implementation. Riggs (1986, 1990)
has suggested a framework within which proposed programs
can be evaluated. This framework recogiizes that a variety of
different management opportunities exist and that each is
appropriate under certain circumstances {(Table 1; see also
Francis 1990 for an alternative set of guidelines). In general,
strategies with low genetic risk to the local stocks {e.g. no sup-
plementation or use of local brood stock) should be adopted if
the local stocks have previously had little or no hatchery influ-
ence, whereas high-risk strategies (e. g., introduction of a pew




TasLe 1. Framewark for evaluating different enhancement options in terms of oppommities for con-
serving genetic resources of wild/natural populations of anadromous salmonids (after Riggs 1986, 1990).
Either of two options may be chosen when wild and hatchery stocks coexist (Scenario C),

Scenario

Preferred option(s)

A No previous hatchery influence
B Liitle previous hatchery influence
C Wild and hatchery stocks coexist

D Little wild/natural production

E No native stock remains, or introduced
stock performing poorly

Retain native gene pools
Facilitate wild & natural productivity

Facilitate wild & natural productivity
{minimize hybridization)
or
Facilitate hatchery naturalization
{integrate hatchery/wild production}

Facilitate hatchery productivity
Test a new stock

stock) may be acceptable in cases where suitable habitat does
not support fish or existing introduced stocks are performing
poorly. In developing a management strategy, therefore, the
first step is to identify the option or options that result in an
acceptable degree of genetic risk, given the status of and likely
consequences to the local stocks. Strategies that are deemed
inappropriate within this framework should be considered only
after a full public discussion. In some cases, the mandate of
the U.S. Endangered Species Act to protect native populations
may dictate the appropriate management option (cf. Waples
1991).

In rare situations, more extreme measures may be appropri-
ate. For example, inbreeding depression in a stock that has gone
through a genetic bottleneck may be alleviated by infusion of
new genes from another population. The results of such a strat-
egy, however, are highty unpredictable, and this option should
be considered only after exhausting other possibilities. Similar
caveats apply to the suggestion of Krueger et al. {1981) that
release of numerous stocks in an unutilized habitat and allowing
selection to filter the resulting genetic combinations may pro-
duce some that are well adapted to the local environment.

The recent shift toward use of locally-adapted stocks to ini-
tiate hatchery stocks used in supplementation has been a wel-
come change from previous tendencies to widely disseminate
a select few stocks. Periodic infusion of wild brood stock into
the hatchery may also help to prevent genetic divergence of the
hatchery and wild stocks. However, evidence that this type of
supplementation actnally works is scant. At present, results of
such programs can at best be described as nnpredictable. The
prospect that the “‘supplementation”’ program will evolve ito
a program of mining wild brood stock to support the hatchery
is very real.

In considering such a supplementation program, a guiding
principle should be, “First, do no harm.”” That is, supplemen-
tation should be considered only if there is adequate assurance
that it will not make the problem worse. Given the aforemen-
tioned lack of predictability in enhancement programs, most
such efforts should probably begin as small-scale research stud-
ies to demonstrate the feasibility of proposed actions. An ade-
quate monitorig program should be an iegral part of any
supplementation effort. Biclogical and genetic characteristics
should be monitored over time to track the consequences of

supplementation. Intentional genetic marks (Gharrett and Seeb

1990; Utter and Seeb 1990) may be considered if the hatchery
stock cannot reliably be distinguished from the target popula-

130

tion with existing genetic markers — ag may be expected if
loczl brood stock are integrated into the hatchery program. Per-
manently marking an entire population may entail some risks
that should be carefully considered before this course is
adopted. The technique, however, is particularly well suited
for research studies in which only a portion of the population
will be affected. Seeb et al. (1990) describe a study in which
genetic marking was used to evaluate productivity of a supple-
mented population.

It is also crucial to be able to distinguish hatchery from wild
fish as adults return to spawn. In North America, most hatchery
steelhead are adipose fin-clipped (Light 1989), but this is ofter
not the case with other species. The Sawtooth Hatchery in Idaho
provides an example of the types of problems that can result
from the inability to separate hatchery and wild fish. The chi-
nook salmon stock at this hatchery was initiated from lecal
Salmon River fish destined for spawning grounds upriver from
the hatchery. Each year, about two-thirds of the adults reaching
the hatchery weir are taken into the hatchery to spawn, the
remainder being allowed to pass above the weir to spawn
naturally. Although all fin-clipped adults are taken into the
hatchery, only a small percentage of the fish released from the
hatchery are so marked, so many hatchery fish undoubtedly are
allowed to pass above the weir. More importantly, the propor-
tion of the wild run that is intercepted each year is not known.
There are some indications of poor adult returns to the hatchery,
suggesting that wild fish may be supporting the hatchery pro-
gram (J. Williams, National Marine Fisheries Service, pers.
comrl., May 1990}, Uncertainty surrounding the situation at
Sawtooth emphasizes the importance of an adequate monitoring
program,

Finally, more research is needed to understand the effects of
hybridization between different salmon stocks. At present, all
we can say is that outbreeding depression is an important con-
sideration, and the magnitude of the problem probably increases
with increasing differences between populations. A carefully
designed experimental program may identify measurable attri-
butes of natural populations that allow predictions regarding
outbreeding depression. Such a research program may also
identify circumstances under which interpopulational hybridi-
zation is unlikely to be z problem, and perhaps may even be
beneficial. '

Indirect Effects of Hatchery Fish

Many of the indirect genetic effects of hatcheries result from
the temporary presence of large numbers of juvenile hatchery
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fish in the riverine system. The abundance of such fish may in
some cases exceed historical estimates of the total number of
Juveniles produced in the wild. For example, Raymond (1938)
estimated that in 1964-68, 1.3 to 2 million chinook salmon
smolts in the Snake River systemn produced about 50 000 —
80 000 returning adults, whereas upwards of 10 million smolts
are currently released by Snake River hatcheries alone and total
adult production (hatchery and wild) is perhaps one-third as
large as in 1964-68. Several new Snake River dams built since
the 1960’s have undoubtedly contributed to the declining
returns, but the possibility that the river cannot support 10 mil-
lion smolts (particularly if most are released at about the same
time) must also be considered. An obvious alternative that mer-
its serious consideration is to release fewer, instead of more,
hatchery fish (Walters 1988).

A major impediment to such an approach is that hatchery
performance has traditionally been evaluated in terms of juve-
nile production. Hatchery managers thus have considerable
incentive (o increase rearing density as long as juvenile mor-
tality does not suffer and overt disease symptorns do not appear.
The resource as a whole, however, would be better served If
more emphasis were placed on smolt quality (rather than quan-
tity} and on adult production (fishery contribution + spawning
escapement), which is after all the end result we all seek. Shifi-
ing emphasis to adult production will require monitoring pro-
grams that presently exist for some but not all hatcheries,

In a broader view, the success of hatchery operations can
propetly be evaluated only with reference to success of the
hatchery-wild system as a whole. The complexities of the
marine environment and possible density dependent effects also
have to be considered in this context.

Genetic Changes in Hatchery Stocks

Directional genetic changes resulting “naturally”’ from the
hatchery environment are probably inevitable, perhaps even
desirable in permanently cultured populations. Random
changes, however, are unlikely to be beneficial, and artificial
selection can produce genetic change that reduces the ability of
the stock to survive and reproduce in the wild. Brood-stock
protocols designed to minimize these types of genetic change
have been discussed elsewhere (e. g. Simon et al. 1986; Allen-
dorf and Ryman 1987). In practice, however, some procedures
may seem difficult or costly to implement exactly as recom-
mended. What is needed, therefore, is not just an idealized set
of guidelines, which may be disregarded entirely if deemed too
onerous, but a practical handbook that recognizes contingency
situations likely to occur in hatcheries and provides alternative
measures that produce acceptable results under difficult
circumstances.

Even if such protocols are followed, however, there is no
guarantee that inbreeding effects and random genetic changes
will be as small as desired. The principal reason for this is that
these factors depend on effective population size, which is
strongly affected by the variance among individuals in repro-
ductive success — a parameter that is very difficult to measure
in natural populations, If this variance is large, the effective
number of breeders (N,) may be much smaller than the actual
number (N). In a captive brood-stock program, reproductive
output of different families can be equalized, thus preventing
a substantial decline in effective size relative to the number of
spawners used. This is not possible with anadromous species
released as juveniles, because mortality following release is
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typically very high and may differ substantially among fami-
lies. One solution is a systematic program to monitor genetic
changes over time, the magnitude of which provides an indi-
cation of effective size and the likely incidence of inbreeding
(Waples 1990b). In this way, it may be possible to identify
hatcheries in which efforts to maintain an adequate effective
size are not working, thus permitting corrective action before
serious problems associated with inbreeding arise.

Concurrent with efforts to maintain genetic variability in
hatchery popuiations, experiments should be designed to study
factors affecting reproductive success in the wild, At present,
given that we cannot mimic a natural mating process we don’t
fully understand, the best hatchery breeding strategy seems to
be to use a large enough, approximately random sample of
adults that artificial selection and stochastic changes are min-
imized. A full appreciation of the genetic consequences of arti-
ficial propagation canmnot be achieved until we better understand
the determinants of fitness in the wild.

Conclusion

The recommendations above can act as guiding principles in
determining the genetic effects of artificial propagation of anad-
romous Pacific salmonids. It is hoped they will provide a means
for achieving consensus regarding appropriate management
options. Too often, the debate has been cast in terms of pro-
duction vs. genetics. Perhaps the most important message to be
derived from the above is that in the long term, production and
sound genetic principles are inseparable. This is articulated in
the Draft Principles for Genetic Conservation and Production
Quality (Riggs 1990; p. 3):

Given that (a) Pacific salmon represent a unique resouzce
of great cultural, social, and economic value, and that (b)
this resource is the product of many thousands of years of
evolution, therefore responsible public policy should aot
be driven solely by short term considerations, Rather, as
stewards of the resource, all responsible parties should
seek ways to ensure that the resource is available for many
generations to come. Purposeful planning to assure the
quality and effectiveness of production activities must
acknowledge that sustained production and long-term
health of the resource can be achieved only by conserving
the genetic information in this evolationary legacy.

Acknowledgements

The comments of Craig Busack, Rich Carmichael, Mike Cuenco,
Tan Fleming, Tony Gharrett, Al Giorgi, Ray Hilborn, Brian Jonasson,
Conrad Mahnken, Gene Matthews, Reg Reisenbichler, Fred Utter,
Tohn Williams, Gary Winans, Steve Yundt, and two anonymous
reviewers on earlier drafts of the manuscript are much appreciated.

References

ALLENDORF, F. W., aNp R. F. LEARY, 1988. Consezvation and distribution: of
genetic variation ina polytypic species, the cutthroat trout. Conserv. Biol.
20 170-184.

ALLENDORF, F. W_, AND N. RYMAN, 1987, Genetic management of hatchery
stocks, p. 141-158. In N. Ryman and F. Utter [ed.] Population Genetics
and Fishery Management. Univ. Washington Press, Seattle, WA .

BsacHam, T. D., A. P. Gourp, R. E. WiTHLER, C. B. MURRaY, AND
L. W. BARNER. 1987. Biochemical genetic survey and stock identifica-
tion of chum salmon (Oncorbynchus ker) in British Columbia. Can.
I. Fish. Aquat. Sci. 44: 1702-1713. .

Beacuam, T. D., R. E. WITHLER, AND A. P. Gouip. 1985, Biochemical
genetic stock identification of pink salmon (Oncoriynchus gorbuscha) in

131




southern British Columbija and Puget Sound. Can. J. Fish. Aquat. Sei.
42: 1474-1483.

BeacHaM, T. D., R. E. Wrtnier, C. B. MURrAY, aND L. W. Barnegr. 1988,
Variation in body size, morphology, egg size, and biochemical genetics
of pink salmon in British Columbia. Trans. Am. Fish. Soc. 117: 109~
126,

CarmicHaBL, R. W, R, T. MESSMER, AND M. W. FLESHER. 199]. Oregon’s
Lower Snake River Compensation Plan Program — A status review. In
Snake River Haichery Review 1990 Workshop Summary. Lower Snake
Compensation Plan Office, U.8. Fish and Wildlife Service, Boise, ID.

Ceperdors, C. J. 1984, Clearwater River wild steelhead spawning timing,
p- 257-268. In }. Walton and D. B. Houston [ed.] Proceedings of the
Olympic wild fish conference. Peninsula College, Fisheries Technology
Program, Port Angeles, WA.

Cuenco, M. L. 1991. Examples where supplementation has successfully
resulted in increasing naturally-reproducing fish populations. Repert sub-
mitted to Endangersd Species Act Administrative Record for petitioned
salmon stocks, February 1991, 22 p. Available Environmental and Tech-
nical Services Division, NMFS, Portland, OR 97232.

Dogzuansky, T. 1955, A review of some fundamental concepts and problems
of pepulation gemetics. Cold Spring Harbor Symp. Quant. Biol, 20:
1-15.

DonaLbson, L. R,, aND D. MENASVETA. 1961, Selective breeding of chinook
salmon, Trans. Am. Fish. Soc. 90: 160-164,

EMLEN, J, 1991, Heterosis and outbreeding depression: A multi-locus model
and an application to salmon production, Fish. Res. 12: 187212,

EMLEN, J.,R. R. REISENBICHLER, A, M, McGIE, anpT. E. NICKELSON. 1990.
Density dependence at sea for coho salmen (Oncorhynchus kisutch). Can.
. Fish. Aquat. Sci, 47: 1765-1772.

Enpier, 1. A. 1977, Geographic variation, speciation, and ¢lines. Princeton
Univ. Press, Princeton, NI. 246 p.

Facen, R., aND W. W. Smoxer. 1989, How large-capacity hatcheries can
alter interannual variability of salmon production. Fish. Res. {Amst.) §:
i-11.

FLEMING, I. A., aNnDM. R. Gross. 1989. Evolution of adult female life history
and morphology in a Pacific salmon (coho: Oncorhynchus kisutch). Evo-
iution 43: 141-157.

1990, Latitudinal clines: A tradeoff between egg number and size in
Pacific salmon. Ecology 71: 1-11.

Francis, R. C. 1990. Fisheries science and modeling: A look to the future.
Nat. Res. Model. 4(1): 1-9,

Garl, G. A E., anp C. A. Busack [ED.] 1986. Genetics in Aguaculture
II. Elsevier Science Publishing Co., Inc., New York, NY. 386 p.

Gausen, D., aAND V. MoOEN. 1991, Large-scale escapes of farmed Atlantic
salmon (Salmo salary into Norwegian rivers threaten natural populations.
Can, J. Fish. Aquat. Sci. 48: 426-428.

GHARRETT, A. I, anp J. B, SEgp. 1990. Practica and theoretical guidelines
for genetically marking fish populations. Am. Fish. Scc. Symp. 7: 407-
417.

Grant, W. 5., G. B. MiLxeR, P. KrasNOwskl, aNp F. M. Urrer. 1980, Use
of biochemical genetic variants for identifications of sockeye salmon
Oncorhynchus nerka stocks in Cook Inlet, Alaska. Can. 1. Fish, Aquat.
Sci. 37: 1236-1247, .

HELLE, §. TI. 1981, Significance of the stock concept in artificial propagation
of salmonids in Alaska. Can. I. Fish. Aquat. Sci. 38 1665-1671.
Hivpar, K., N. Rymax, anp F. UtTer, 1991, Genetic effects of cultured fish
on natural fish populations. Can. J. Fish. Aquat. Sci. 48: 945-957.
HowelL, P., K, Jongs, D. ScarNECcHIA, L. Lavoy, W. KENDRA, AND
D. OrtMaNN. 1985, Stock assessment of Columbia River anadromons
salmonids. Vol. I; Chinook, coho, chum, and sockeye salmon stock sum-
maries. Final Report, Project No. 83-335, Bonneville Power Administra-

tion, Portland, OR. 558 p,

Lemer, S. A,, P. L. HULETT, . I. LocH, anp M. W. CHILCOTE. 1990. Elec-
trophoretic comparison of the reproductive success of naturally spawning
transplanted and wild steelhead trout through the returning aduit stage.
Adquaculture 83: 239-252.

Linpsay,R. B., B. C. Jonasson, R. K. ScERoOEDER, sNDB. C. CATES. 1989,
Spring chinook salmon in the Deschutes River, Oregon. Oregon Depart-
ment of Fish and Wildlife, Information Reports (Fish) 89-4, Portland, OR.

Kruecer, C. C., A. I. GHARRETT, T. R. DEHRING, aND F, W. ALLENDORF.
1981. Genetic aspects of fisheries rehabilitation programs. Can. J. Fish.
Agquat. Sci. 38: 1877-1881.

Laxpe, R. 1988. Genetics and demography in biological conservation. Science
241: 1455-1460.

LaNg, S., A.J. McGRrEGOR, S. G. FAYLOR, aND A. J. GHARRETT. 1990,
Genetic marking of an Alaskan pink salmon population, with an evalua-

132

tion of the mark and the marking process. Am. Fish. Soc. Symp. 7: 395~
406. .

Leg, K. N. 198%. The Columbia River Basin: Experimenting with sustain.
ability. Environment 31{6): 6-11, 30-33.

LichaTowiCH, J. A., AND J. D. MCINTYRE. 1987. Use of hatcheries in the
management of Pacific anadromous salmonids. Am. Fish. Soc. Symp. 1:
131-1386. .

Licrt, J. T. 1989. The magnitude of artificial production of steelhead trout
along the Pacific Coast of North America. (Document submitted to the
International North Pacific Fisheries Commission.). FRI-UW-8013, Fish-
eries Research Institute, University of Washington, Seattle, WA, 11 p-

Lister, D. B., D. G. HICKEY, aND I. WaALLACE. 1981, Review of the effects
of enhancement strategies on the homing, straying and survival of Pacific
salmonids. Vols. I & II. Report prepared for Canadian Department of
Fisheries and Oceans. 1. B. Lister & Associated, Ltd., Vancouver, B.C.

Mannken, C. V. W., D. M. DAMKAER, AND V. (G. WESPESTAD. 1983. Per-
spectives of North Pacific salmon sea ranching. Proc. Int. Fish Farming
Coaf., Brighton, U. K. 2: 186-216, N

MaTHEWS, S. B. 1980. Trends in Puget Sound and Columbiz River coho
salmon, p. 133-143. In W. J. McNeil and D. C. Himsworth {ed.} Sal-
monid ecosystems of the North Pacific. Oregon State Univ. Press, Cor-
vailis, OR,

MatTews, G. M., I. R, HARMON, S. ACHORD, O. W. Jounson, anp
L. A. KuBw. 1990, Evaluation of fransportation of juvenile salmonids
and related research on the Columbia and Snake Rivers, 1982, Annual
report of research 1 the U.8. Army Corps of Engineers. National Marine
Fisheries Service, Seattla, WA,

McIntyre, . D, anb R, R, RESENBICHLER, 1986. A model for selecting har-
vest fraction for aggregate populations of hatchery and wild anadromous
salmonids, p. 179-189. In R. H. Stroud {ed.] Fish culture in fisheries
management. American Fisheries Society, Bethesda, MD.

MEFFE, G. K. 1986. Conservation genetics and the management of endangered
fishes. Fisheries 11(1): 14-23,

MoriNg, J. R. 1986. Stocking anadromous species to restore or enhance fish-
eries, p. 75-80. In R. H. Strond [ed.] Fish culture in fisheries manage-
ment. American Fisheries Society, Bethesda, MD.

MuLran, J. 1987. Status and propagation of chinook salmon in the mid-Co-
lumbia River throngh 1983, U.S. Fish Wildl. Serv. Biol. Rep. 87(3):
1-111.

Mysak, L. A. 1986. El Nifio, interannual variability and fisheries in the North-
east Pacific Ocean, Can. J. Fish. Aquat, Sci. 43: 464-497.

NeHLsEN, W, I. E. WiLLiaMs, aNDJ. A. LicHATOWICH. 1991. Pacific salmon
at the crossroads: Stocks at risk from Californiz, Oregon, Idaho, and
Washington. Fisheries 16(2): 4-21.

NeLson, K., anp M. SouLE. 1987. Genetical conservation of exploited fishes,
p. 345-368. in N. Ryman and F. Utter [ed.] Population genetics and fish-
ery management. Univ. Washington Press, Seattle, WA.

NickeLsoN, T. E. 1986, Influences of upwelling, ocean temperature, and smolt
abundance on marine survival of coho salman (Oncorhynchus kisutch) in
the Oregon Production Area. Can, J. Fish. Aquat. Sci. 43: 527--535.

NickeLsoN, T. E., M. F, SoLazzi, anp S. L. JoHNsoN. 1986. Use of hatchery
coho salmon (Onrcorhynchus kisutch) presmolts to rebuild wild popula-
tions in Oregon coastal streams. Can. I. Fish. Aquat. Sci, 43; 2443-2449.

NWPPC (NortawzesT PoweR PLANNING CouNCIL). 1987. Columbia River basin
fish and wildlife program. Portland, OR. 246 p-

OGURA, M., Y. IsHIDA, aND S. I10. 1989. Ocean growth variation of coho as
related to pink salmon abundance, p. 132-133, In P. A. Knudsen [ed.]
Fourteenth North Pacific Pink and Chum Salmon Workshop, 22-24 Feb-
ruary 1989, Port Ludlow, Washington.

ParkinsON, E. A. 1984, Genetic varfation in populations of steelhead trout
{(Salmo gairdneri) in British Columbia. Can. J. Fish. Aquat, Sci. 41;1412—
14290.

Pearcy, W, G. [ED.] 1984. The influence of ocean conditions on the produc-
tion of salmonids in the North Pacific. Proczedings of a workshop, 8-1¢
November 1983, Newport, Oregon. Sea Grant Publication ORESU-W-
83-001, Oregon State University, Corvallis, OR.

PETERMAN, R. M. 1984. Density-dependent growth in early ocean life of sock-
eye salmon (Dncorhynchus nerkay. Can. J. Fish. Aquat. Sci. 411 1825
1829,

Quisn, T. P. 1984, Homing and straying in Pacific salmon, p. 357-362. In
I. D. McCleave, G. P, Arnold, I. ). Dodson, and W. H. Neill [ed.]
Mechanisms of migration in fishes. Plenum Press, New York, NY.

Raymonp, H. L. 1988, Effects of hydroelectric development and fisheries
enhancement or: spring and summer chirook salmon and steelhead in the
Columbia River basin. N. Am. J. Fish. Manage, 8: 1-24.

Con. J. Fish. Aguar, Sci., Vol. 48 (Suppl. 1j, 1991




REISENBICHLER, R. R., aND J. D. MCINTYRE. 1977. Genetic differences in
growth and survival of juvenile hatchery and wild steelhead trout, Salmo
gairdneri 1, Fish, Res. Board Can. 34: 123-128.

1686. Requirements for integrating natural and artificial production
of anadromous salmonids in. the Pacific Northwest, p. 365-374. In
R. H. Stroud [ed.] Fish culture in fisheries management, American Fish-
erics Society, Bethesda, MD.

REISENBICHLER, R. R., anp S, R, PHELPs. 1989. Genetic variation in steelhead
(Salmo gairdneri) from the north coast of Washington. Can. J. Fish.
Aquat, Sci. 46: 66-73.

Ricker, W. E. 1972, Hereditary and environmental factors affecting certain
salmonid populations, p. 27-160. fn The stock concept of Pacific salmorn.
H. R. MacMillan Lectures in Fisheries. Univ. British Columbia, Van-
couver, B.C.

1981. Changes in the average size and average age of Pacific salmon.
Can. I. Fish. Aquat. Sci. 28: 1636-1636.

RiDDELL, ‘B. E., W. C. LEGGETT, aND R. L. SAUNDERS. 1981. Evidence of
adaptive polygenic variation between two populations of Atlantic salmon
(Salmo salar) native to tributaries of the S. W. Miramichi River,
N.B. Can. 1. Fish. Aquat. Sci. 38; 321-333.

Rices, L. A. 1986. Genetic considerations in salmon and steelhead planning,
Final report for the Northwest Power Planning Council. GENREC/Genetic
Resource Consulting, Berkeley, CA.

1990. Principles for genetic conservation and production guality.
Report to Northwest Power Planning Council. GENREC/Genetic Resource
Consulting, Berkeley, CA.

SaLo, E. O, 1983, Chum salmon as indicators of ocean carrying capacity,
p. 81-85. In Proceedings of the wiid salmon and trout conference, Seattle
University, 11-12 March, 1983. Washington Environmental Foundation,
Seattle, WA.

Szes, L., I. E. SeeB, R, L. ALLEN, aND W. K. HERSHBERGER. 1990. Evalu-
ation of adul: returns of genetically marked chum salmon, with suggested
funire applications. Am. Fish. Scc. Symp. 7: 418425,

Smon, R. C., I. D. MCINTYRE, AN A. R. HEMINGSEN. 1986, Family size and
effective population size in a hatchery stock of coho salmon (Onco-
riynchus kistuch), Can. I, Fish. Aquat. Sci. 43: 24342442,

SxaLA, @, G, DariE, K. E. JorsTAD, aND G. NEVDAL. 1990, Interactions
between natural and farmed fish populations: Information from genetic
markers. I. Fish, Biol. 36: 449-460.

SouLe, M. E. [ED.} 1987. Viable Populations for Conservation. Cambridge
University Press, Cambridge, England. 189 p.

Stewarn, C. R., anp T. C. Brornx. 1990. Supplementation of salmon and
steelhead stocks with hatchery fish: A synthesis of published lterature.
U.S. Fish Wild. Serv. Tech. rep. 90-1: 202 p.

SuzumeTo, B. K., anp L. PELTZ. 1989, The value of hatcheries to the Prince
William Sound commercial fisheries, p. 140-143. InP. A. Knudsen [ed.]
Fourteenth North Pacific Pink and Chum Salmon Workshop, 22-24 Feb-
ruary 1989, Port Ludlow, Washington.

Tavg, D. 1986. Genetics for fish hatchery managers. AVI Publishing Com-
pany, Westport, CT. 295 p.

Can, J. Fish. Aquat. Sci., Vol. 48 {Suppl. 1}, 1991

TavLor, E. B. 1988. Adaptive variation in rheotactic and agonistic behavior
in newly emerged fry of chinook salmon, Orcorhynchus tshawytscha,
from ocean- and stream-type populations. Can. J. Fish. Aquat, Sci, 43:
237243,

UTrEr, F., G. MINeR, G. STAHL, aND D, Teer. 1986, Genetic population
structure of chinook salmon in the Pacific Northwest. Fish. Bull. U.S. 85
13-23.

Urrer, ¥ M., axp J. E. SEep. 1990. Genetic marking of fishes; Overview
focusing on protein variation. Ams. Fish. Soc, Symp. 7: 426-438.

VREELAND, R. R. 1986. Evaluation of the contribution of chinook salmon reared
at Columnbia River hatcheries to the Pacific salmon fisheries. Final Report
to Bonneville Power Administration, Portland, OR. 103 p.

WALTERS, C. . 1988. Mixed-stock fisheries and the sustainability of enhance-
ment production for chinook and coho salmon, p. 109-115. In
W. J. McNeil [ed.] Salmon production, management, and allocation.
Oregon State University Press, Corvallis, OR.

WapLES, R. §. 1990a, Conservation genetics of Pacific satmon. II. Effective
population size and the rate of loss of genetic variability. J. Hered. 81:
267-276.

1990b. Conservation genctics of Pacific salmon. 111, Estimating
effective population size. J. Hered. 81: 277-289,

1991, Pacific salmon and the definiticn of “‘species” under the
Endangered Species Act. Mar. Fish. Rev. 53. (In press)

WapLEs, R. 5., anp P. E. SMousz, 1990, Gametic disequilibriam analysis as
a means cf identifying mixtures of salmon populations. Am. Fish. Soc.
Symp. 7: 439-458.

WapLES,R. S., an0 D, J. TEEL. 1990, Conservation genatics of Pacific salmon.
I. Temporal changes in allele frequency, Conserv. Biol. 4: 144156,

WarLgs, R. 5., G. A. Wmans, F. M. Urter, aND €. MAHNKEN. 1990.
Genetic monitoring of Pacific salmon hatcheries, p. 33-37. In
R. S. Svrjcek [ed.] Genetics in Aquaculture: Proc. 16th U.5.~Japan
Meeting on Aguaculture; October 20-21, 1987, Charleston,
SC. U.S. Dep. Commer., NOAA Tech. Rep. NMFS 92.

WasHingToR, P, J. 1985, Survey of artificial production of anadromous sal-
monids in the Columbia River basin, Firal report to Bonneville Power
Administration. Portland, OR. 221 p.

Wasser, N. M., AND M. V. PRICE. 1989. Optimal outcrossing in Ipomopsis
aggregata: seed set and offspring fitness. Evolution 43: 1097-1109,
WEHRHAEN, C. F., AND R. PowELL. 1987. Electrophoretic variation, regional
differences, and gene flow in the coho saimon (Oncorhynchus kiswich) of

southern British Columbia. Can. I. Fish. Aquat. Sci. 44: 822--831.

WiLLiams, I. G. 1990. Effects of hatchery broodstock weirs on natural pro-
duction, p. 62-64. In D. L. Park [convenor] Status and future of spring
chinook salman in the Columbia River Basin—conservation and enhance-
ment, U.S, Dep. Commer. NOAA Tech. Memo. NMFS FFNWC-187.

WITHLER, F. C. 1982, Transplanting Pacific salmoen. Can. Tech. Rep, Fish.
Aquat. Sci. 1079: 27 p.

133




