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ABSTRACT

Habitat destruction, overexploitation and species introductions are caus-
ing declines in salmon populations and resulting in a growing need for
enhancement. Enhancement may occur through supplementation of wild
populations with hatchery-reared fish, as well as by improvements in
spawning and rearing habitats. Management regulations also may be used
to protect habitats and populations against destruction and over-exploita-
tion. Although the fitness of hatchery salmon in nature is lower than that
of wild salmon, supplementation has been used to enhance populations
successfully, at least in the short term. However, supplementation is not
without problems and conflicts. It can result in the spread of contagious
diseases, in ecological interference with wild populations, and in the dis-
ruption of the genetic structure of wild populations through introgression,
genetic drift, and unintentional changes in selection regimes. Thus, the
use of supplementation to enhance populations should be carefully con-
sidered, even when only a single generation boost to a population seems
warranted. Protection and restoration of habitat, combined with adequate
management regulation, are likely to provide the only truly long-term

means to enhancing populations.
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INTRODUCTION

Humans, being terrestrial organisms, often assume that aquatic environ-
ments, particularly oceans, are in some ways limitless in resources. But
our overexploitation of populations, destruction of natural habitats and
introductions of non-native organisms clearly has demonstrated that this
is not the case. It has been estimated that as much as 60% of the world’s
major fish populations are now overexploited (Hilborn and Walters 1992).
The Peruvian anchoveta, Engraulis ringens, which supported the world’s
largest fishery in the mid 1960s, is a classic example of such overexploi-
tation. A combination of overexploitation and poor oceanic conditions
- produced one of the most spectacular collapses ever observed in a har-
vested population, resulting in the virtual disappearance of the fishery in
the mid 1970s (Pauly and Tsukayama 1987). Similar combinations of
overfishing and poor oceanic conditions may even generate ecosystem
crises, as occurred with the Atlanto-Scandinavian herring and capelin
fishery of the northeast Atlantic. The collapse of populations of these two
species, which transform the rich plankton production of the north Atlan-
tic and Barents Seas into a form available for piscivorous species, led to
catastrophic collapses of many large fish, sea bird and sea mammal popu-
lations (Jonsson et al. 1993).

Habitat destruction and alteration, and introductions of foreign organ-
isms have also played important roles in the decimation of many native
fish populations. These human impacts have been recognized as principal
causes of dramatic losses of native fish populations in a diversity of eco-
systems, including the Great Lakes of North America (Christie 1974) and
Africa (Ogutu-Ohwayo and Hecky 1991), and in California (Moyle and
Williams 1990). The combined effects of overexploitation, habitat
destruction, and species introductions have resulted in a worldwide trend
of decline in native fish populations.

The decrease in salmon populations is another example of this nega-
tive trend. In Norway, acidification has eradicated Atlantic salmon, Salmo
salar, in 25 rivers (Hesthagen and Hansen 1991) and the parasite Gyro-
dactylus salaris, introduced from the Baltic, has eradicated another 38
populations (Johnsen and Jensen 1991, B.O. Johnsen, personal communi-
cation). This loss represents a reduction of about 50% in the production
of wild Atlantic salmon in Norway within a few decades. Similar declines
have been observed in populations of Oncorhynchus spp., the Pacific sal-
mon (Walters and Riddell 1986, Lichatowich and Mclntyre 1987).
Recently, 214 native populations of Pacific salmon in the United States
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were recognized as threatened (Nehlson et al. 1991). Because of declines
in wild production of salmon and a desire to increased fisheries catches,
enhancement and supplementation have become integral parts of attempts
to manage salmon populations.

HATCHERIES

The most common practice to compensate for declines in salmon popula-
tions has become artificial propagation involving either releases of hatch-
ery fish (sea ranching) or supportive breeding of populations. Brood stock
(mature adults) are gathered and gametes artificially stripped and ferti-
lized. The resulting progeny are reared in hatcheries for varying periods
and released at various life stages, i.e., eggs, alevins, fry, juveniles or
adults. Releases of eggs or alevins are often used where environmental
conditions during spawning limit recruitment. If nursery areas also limit
population size, as in many rivers regulated for hydropower purposes,
releases of fry or older juveniles may be more suitable. Costs of these
release practices vary directly with the length of hatchery rearing
required. However, since juvenile survival in freshwater increases with
the length of hatchery rearing (Table 1), this may at least partly compen-
sate for the additional rearing costs.

Hatcheries are also important tools in the supplementation and
enhancement of yields for fisheries. Ranching operations, involving the
release of hatchery juveniles which return to their point of release as
adults, are used commonly to support culture-based fisheries (i.e., fisher-
ies based on releases of artificially cultured organisms). Less frequently,
adults are released from hatcheries for put-and-take fisheries and in bio-
manipulation to regulate abundance of undesirable species. Massive
development of hatchery programs for the above purposes has resulted in
salmon becoming one of the most intensively, artificially supplemented
organisms in the world (Table 2).

History of hatcheries

One of the first hatcheries to artificially propagate salmon opened in Nor-
way in 1855. It produced unfed, sac fry for release into streams to supple-
ment natural production and increase fishery catches. By 1874, thirty-four
such hatcheries for Atlantic salmon had been established in Norway,
alone. The technology spread rapidly throughout the world. Artificial
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Table 1. Percent survival (including fishing monality) of wild and enhanced salmon populations
through the freshwater (egg to smolt) and marine (smolt to adult) life history stages. Habitat
modification can be used to enhance survival of naturally spawned eggs in streams by con-
trolling water flow conditions to eliminate flooding or by improving spawning habitat. Popu-
lations also can be enhanced through releases of hatchery reared eggs, fry, parr or smolts into

streams. Data are means with ranges given in parentheses.

Habitat modification Haichery releases
Species Controlled Spawning | Eyed Fry Parr Smolts
Environment Wild stream channel eggs  (0-4mo.) (5-9mo) (10-24 mo.)
Atlantic salmon® g
Freshwater 1.7% 7% 43% 71.5% 39%
(0.14-6.5) (0.9-6.6) (0.3-18.4) {31-69)
Marine 6.9% 18% 0.7% 12%
(2.0-20.8) (1.8-4.2) (D.1-10.3)
Coho salmon®
Freshwater 3.2% 4.7% 30.0% 318.7%
(0.13-12.0) (1L.1-9.5) (19.2-34.6) (4.3-39.3)
Marine 6.9% 1.7% 11% L.6%
(3.3-11.8) (1.1-8.3) (2.3-4.1) (0.06-5.3)
Chincok salmon®
Freshwater 9.6% 15.9% 74.5%
(0.2-20.00 1(12.0-19.8)
Marine 3.0% 0.45%
Sockeye salmon?
Freshwater 2.9% 13.2% 23% 11%
(0.006-14.4) (9.2-16.7) [(1.0-3.6) (1.7-3.9)
Marine 12.2%
(2.1-44.3)
Chum salmon®
Freshwater 9.3% 16.2% 58.1% B80.0%
(0.1-35.4) [(3.4-25.2) (13.5-85.T)
Marine 1.9%, 2.2%" 0.5-2.6% 0.9%"
(0.3-3.2) (0.01-2.7
Pink salmon®
Freshwater 12.4% 48.8% 91.0%
(0.1-40.0) (8.5-85.5)
Marine 29%
(0.2-23.1)

a) Larrson 1980, Chadwick 1985, Pepper et al. 1985, Hansen 19872, Kennedy 1988, Anonymous 1993.
b) Salo and Bayliff 1958, Drucker 1972, Mathews and Buckley 1976.
c) Healey 1991, Waples 1991.
d) Foerster 1963, MacDonald and Hume 1984, West and Mason 1987.
&) Fraser and Fedorenko 1983, Salo 1991.

f} Excluding mortality due to fishing activities.

£) Ancnymous 1987,
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Table 2. Estimated global production of hatchery smolts for intentional release,
median length of natural freshwater rearing (range in parentheses), and percent
contribution of hatchery salmon to adult catches in vanous regions.

Millions of Hatchery
smolts released  Years of fish in

Species per year rearing catch Location
Salme :

Atlantic salmon 9 2.5(1.5-6.5) 90%  Baltic?
Oncorhynchus

Pink salmon 12000 0.5 (0.4-0.6) 80%  Alaska®

Chum salmon 30000 0.5(0.4-0.8) >80% Japan®

Coho salmon 110° 1.5 (0.5-4.5) 80%  Oregon®

15%  British Columbia®
Chinook salmon 450P 1.5(0.5-2.5) 19% British Columbia®
Sockeye salmon 270° 1.5(0.5-3.5) ND' ND

a) Ackefors et al. 1991

b} McMeil 1991

¢} Isaksson 1988

d) Pearcy 1992

¢) Cross at al. 1991

) ND = no data avajlable

propagation of salmon in North America began in 1868 with the estab-
lishment of a hatchery for Atlantic salmon on the Miramichi River, New
Brunswick, Canada. In 1872, the first hatchery for Pacific salmon opened
on the McCloud River in northern California, and by 1877 hatcheries
began to open in Japan.

It was not until about 1895 that technology for the rearing of young
salmon began to develop, and with it came increased success at producing
juvenile fish and smolts (i.e., the seaward migratory phase of juveniles).
However, production of smolts for release did not become economically
viable on a large scale until the 1950s. These early smolt releases were
primarily intended to compensate for losses of spawning and juvenile-
rearing areas due to hydropower development and dam building. Since
this time there has been a rapid expansion in the production of salmon
smolts for release throughout the world, primarily to supplement fisher-
ies. Releases of hatchery Atlantic salmon in Norway have been no excep-
tion to this trend (Fig. 1). The vast majority of intentional hatchery releas-
es in the world, however, involve Pacific salmon, particularly pink (Cnco-
rhynchus gorbuscha) and chum (0. kera) salmon, which have short fresh-
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Fig. 1. Annual producrion of Atlantic salmon smolts for release from Norwegian hatcheries,

water life histories (Table 2) and are thus less expensive to produce than
other salmon species. As a result of the massive production of smolts,
hatchery salmon now make up a large proportion of harvested popula-
tions in many regions around the world (Table 2).

Expanding role of hatcheries: farming

The role of hatcheries has recently expanded with the coming of a “blue
revolution™ involving the farming of salmon in the ocean using net pens.
This revolution began in the early 1970s and has grown quickly into a
huge industry that has focused primarily on Atlantic salmon. As of 1992,
221,000 tons of farmed Atlantic salmon were being produced, 63%
(140,000 tons) of which were derived from Norway alone (Anonymous
1993). This production dwarfs the world-wide nominal catch of Atlantic
salmon free ranging in the ocean (4,000 tons), and in Norway farmed sal-
mon comprise more than 99% of the harvested production of salmon.
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Simultaneously, farming has resulted in large numbers of salmon uninten-
tionally escaping from aguaculture facilities (Gausen and Moen 1991,
Lund et al. 1991); these salmon are currently threatening wild popula-
tions, particularly in Norway.

Since our paper focuses on the use of hatcheries to supplement wild
salmon populations, salmon farming will not be discussed further, other
than to indirectly mention the threats it poses to wild populations.

Have hatcheries been successful?

The “jury is out” on this question; results have been mixed and depend on
how one views success. Hatchery programs almost always result in
increased freshwater survival of juveniles, with levels of survival increas-
ing directly with the proportion of the freshwater life history spent in
hatcheries, particularly for species with long freshwater life stages (Table
1). By contrast, marine survival of released hatchery-reared juveniles
appears to be related somewhat inversely to the proportion of the juvenile
life history spent in hatcheries. Overall, however, hatcheries can increase
lifetime survival considerably, making them a very viable option for sal-
mon conservation and management. '

Hatchery programs for chum salmon in Japan and chum and pink sal-
mon in Alaska have been successful, at least in terms of increasing yields
to the fisheries. In Japan, the hatchery program appears spectacular, as
almost 50 million chum salmon have been harvested annually in recent
years, a value about three to five times the historical Japanese harvest
(Isaksson 1988). In Alaska, steady increases in releases of chum and pink
salmon juveniles from hatcheries during the 1980s has resulted in expo-
nential increases in adult production (Pearcy 1992).

The Oregon coho and British Columbia chinook salmon hatcheries are
in stark contrast to these apparent success stories. In both cases, the
hatchery programs appeared to be successful initially but, as time wore
on, success declined. Since 1976, there has been in general an inverse
relationship between the number of coho smolts released in Oregon and
the size of the adult production (Pearcy 1992). In British Columbia, a rap-
id expansion of chinook salmon hatcheries increased smolt releases ten-
fold during the 1980s, but resulted in lower catches of hatchery salmon
(Hilborn 1992). This pattern of declining survival of hatchery-reared sal-
mon is common to most hatchery programs in North America (Hilborn
1992), though there is no well-accepted explanation for it (Walters 1988).
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Even where hatchery programs have seemed successful at producing
large numbers of fish for the fishery, their impacts on local, wild popula-
tions have remained unclear. Are these programs generating monocul-
tures of fish in some regions by increasing the relative proportion of some
genotypes and decreasing that of others?

Ranching of Atlantic salmon, in contrast to that of Pacific salmon, has
been on a considerably smaller scale (Table 2), primarily as a result of
poor economics. Ranching depends largely upon economic feasibility
and, with Atlantic salmon, the benefits in terms of adults harvested has
been low relative to the cost of producing juveniles.

Hatchery fish in nature: conflicts

Enhancement of fish populations, particularly by using hatcheries, has not
been without problems and conflicts. Many of these problems relate to
the dynamics and genetic structure of fish populations. Fish show much
more intraspecific phenotypic variation than mest other taxa (Allendorf
1988); yet the genetics of their populations, in contrast to populations of
other vertebrates, have been largely ignored until recently (Ryman 1991).
Salmon, for instance, exhibit considerable local adaptation to their natal
freshwater environments (reviewed by Taylor 1991). This genetic and
ecological diversity among populations is the ultimate source of biologi-
cal diversity for the species. Inappropriate use of hatchery fish can threat-
en the integrity of this diversity and even entire species.

Accidental straying and intentional transfers of fish from hatcheries to
wild populations may result in introgression and thus, disruption of local
population structure (reviewed by Hindar et al. 1991, Waples 1991).
Hybridization between local and foreign fish may reduce the fitness of the
local population through outbreeding depression. For instance, fitness
parameters, such as survival, are often lower for hybrid than native off-
spring (e.g., Phillip and Whitt 1991, Phillip 1991, R.R. Reisenbichler as
cited by Emlen 1991). Artificial propagation of fish over several genera-
tions in hatcheries may itself create unintentional genetic changes, result-
ing from random genetic processes and unintentional selection (reviewed
by Fleming 1993), that can reduce further the success of offspring from
hybridization (e.g., Reisenbichler and Mclntyrf: 1977, Lachance and
Magnan 1990). Hybridization may also result in breakdown and loss of
diversity among populations (e.g., Ryman 1981, Campton and Johnston
1985, Reisenbichler and Phelps 1989, Utter et al. 1989), reducing overall
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productivity and increasing the vulnerability of the species to environ-
mental change.

Even supportive breeding, where a fraction of the wild population is
brought into the hatchery for artificial reproduction and offspring released
back into their parents’ natal river, can be problematic. By increasing
reproductive success and survival of one segment of a population above
other segments, the effective population size can be reduced far below
what it would have been without supportive breeding (Ryman and Laikre
1991). Hence, supportive breeding may influence genetic structure, by
reducing genetic variability of populations it was meant to assist (Ryman
1991). There is, thus, a trade off between increased production and
decreased effective population size and loss of genetic variability. When
supportive releases seem most warranted, as in the case of small popula-
tions with high probabilities of extinction, depletion of genetic variability
as a result of such releases is greatest. Even where a single generation
boost appears justified to reduce the probability of extinction, supportive
breeding should be carefully considered.

Hatchery fish may also generate ecological interference, altering the
productivity of wild populations. This may occur through competition for
resources, including food, mates and nest sites, and through predation.
With the massive number of hatchery releases, there is mounting evi-
dence that survival (Peterman 1978, 1982, Emlen et al. 1990) and, in par-
ticular, growth of salmon in the ocean (Peterman 1987, Ishida et al. 1993)
are density-dependent. Competition with hatchery fish on spawning
grounds may reduce reproductive success of wild fish, especially where
hatchery females breed later, and dig up and destroy nests of wild
females. Predatory impacts on wild populations resulting from hatchery
releases may be direct through cannibalization of wild offspring (Evans
and Willox 1991), or indirect through build up of predatory species in
response to large releases of hatchery juveniles (e.g., Wood 1986, Beam-
ish et al. 1992). Additionally, such reductions in productivity will likely
alter genetic structure of wild populations in two ways. First, it may
reduce the effective size of wild populations, leading to loss of genetic’
variability important for long-term adaptability. Second, such reductions
in productivity are likely to be associated with altered selective pressures,
which may cause directional genetic change.

Intensive culture of fish can also pose considerable threat to wild pop-
ulations through introduction and spread of parasites and diseases. High
density rearing environments, common in hatcheries, can be ideal for rap-
id multiplication of infectious diseases that lead to epidemics. Further-
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more, transport of fish among water sheds to and from hatcheries has
unwittingly encouraged introductions of pathogens. For example, in the
mid-1970s Atlantic (Baltic) salmon, which likely carried the monogenean
ecto-parasite, Gyrodactylus salaris, were transplanted from hatcheries in
Sweden to Norway (Johnsen and Jensen 1986). Baltic salmon have
evolved a resistance to the parasite, but Norwegian salmon have not
(Bakke et al. 1990). As a result of the spread of G. salaris to 38 Norwe-
gian salmon rivers, approximately 25% of wild salmon production in
Norway has been lost (Johnsen and Jensen 1991). Similarly, the bacteri-
um, Aeromonas salmonicida, which causes furunculosis, was introduced
in 1985 to Norway by transport of salmon from foreign hatcheries in
Scotland (Heggberget et al. 1993). By the end of 1992, furunculosis had
been registered in 74 Norwegian rivers (Johnsen et al. 1993). Clearly,
hatcheries are not only vectors for introducing and multiplying diseases,
but also for spreading diseases because of the massive scale of their activ-
ities.

Where hatcheries produce fish to support a commercial or sport fish-
ery, overexploitation of natural populations is a likely outcome (Larkin
1981, Lichatowich and MciIntyre 1987, Evans and Willox 1991). The
Atlantic salmon of the Baltic Sea is a classic example of this. Because of
hydropower developments, a massive hatchery program was undertaken
in the 1940s to compensate for losses of salmon and to maintain the pre-
existing commercial fishery. The outcome today is that approximately
00% of Baltic salmon are of hatchery origin and the few remaining wild
populations are endangered (Ackefors et al. 1991). Supplementation to
increase or maintain high harvest rates threatens the existence of small,
unsupplemented populations and the unique population genetic structure
of species.

Poorly managed hatchery programs thus may alter or even destroy the
biological diversity of species. They can also become dangerous when
they provide an excuse for habitat loss and poor fisheries management
(Hilborn 1992). Furthermore, a conflict exists between two primary func-
tions of hatcheries. Hatcheries can be useful tools in conservation when
properly applied, but their use in enhancing fisheries can threaten the very
existence of populations they may be attempting to conserve.
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