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Abstract

The common management practice of introducing artificially produced fish into wild popul ations
has raised concerns among fishery biologists. In part, these concerns arise from the observa-
tion that hatchery-produced fish commonly differ from wild fish in ways that may influence
ecological interactions between them. In this review, we use a meta-analytical approach to
provide quantitative tests for such differences and show that the hatchery rearing of salmonids
results in increased pre-adult aggression, decreased response to predators, and decreased
survival. Changes in growth rates are common, but less consistent. Changes in other fitness-
related traits such as migration, feeding, habitat use and morphology also occur. Based on the
presented evidence we conclude that differences between hatchery-reared and wild fish may
have negative implications for the success of stocking programs. A number of studies report-
ing population responses to stocking support this, suggesting that the performance of hatch-
ery fish and their interactions with wild fish is of such a character that many of the current
stocking practices may be detrimental to the recipient population.

Keywords: hatchery releases, competition, predation, survival, growth.

I ntroduction

Deliberate releases of artificially produced fish
into wild populations have recently caused con-
cern among fishery biologists (e.g. Hindar et al.
1991, Saunders 1991, Waples 1991, Thomas and
Mathisen 1993, Ryman et al. 1995, Youngson and
Verspoor 1998). Although such releases are of-
ten implemented to compensate for reduced pro-
duction caused by human induced habitat deg-
radation, a range of potential ecological prob-
lems may be associated with this practice. First,
stocking of large numbers of fish into alimited
habitat will inevitably affect population density,
at least initially. Thus, any density-dependent
characteristics of the environment or of the fish

itself are potentially affected (cf. Elliott 1989,
1990). This numerical effect of stocking could,
for example, include changes in the frequency of
competitiveinteractions, levels of food avail abil-
ity, or a functional response of predators, and
hence influence growth and survival of the wild
fish. Theoretical considerations suggest that this
may cause hatchery releases to increase tempo-
ral variability of population strength (Fagen and
Smoker 1989). Second, hatchery fish may differ
genetically and/or phenotypically from wild fish.
Such differences may affect how stocked and wild
fish interact, and thus cause effects of stocking
beyond those due to pure density-dependence.

Herewereview theliterature dealing with such
effectsin salmonids, summarising what is known
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about differences between hatchery- and wild-
reared fish, and theimplications these differences
have for ecological interactions between the two
types of fish. Literature dataare used to examine
whether the predicted effects of differences be-
tween the two types of fish have been observed
inthewild. We also identify areaswhere research
is needed to increase our knowledge about eco-
logical interactions between hatchery and wild
fish, and to establish better management prac-
tices.

Why do hatchery and wild fish
differ?

Fish reared in hatchery facilities may differ from
their wild conspecifics for three reasons. First,
fish are highly phenotypically plastic and there-
fore their phenotypes may be shaped consider-
ably by the rearing environment (e.g. Wootton
1994, Pakkasmaa 2000). The traditional way of
rearing fish in hatcheries (i.e. high densities in
flow-through tanks) shows little or no resem-
blance to natural rearing. In fact, most environ-
mental characteristics that may influence fish
development differ. This includes feeding re-
gimes, density, substrate, exposure to predators,
and interactions with conspecifics. It is not sur-
prising that such differences can have substan-
tial impacts on the resulting fish phenotype.
The second reason why hatchery fish may dif-
fer from wild fish isthat the intensity and direc-
tion of selection differs between the two envi-
ronments. Perhaps most importantly, survival
during egg and juvenile stages is substantially
higher in the hatchery environment than in the
wild (reviewed by Jonsson and Fleming 1993).
This means that genotypes that potentially are
eradicated in the wild, by predation or starva-
tion, are artificially brought through the vulner-
able period of selection during early juvenile
stages (Elliott 1989, Einum and Fleming 2000a,
b). In theory, hatchery fish could al so experience
altered selection pressures. For example, the high
juvenile density and abundance of food may se-
lect for behavioural and physiological traits that
are disadvantageous in nature. The importance

of such altered selection is unknown, but the in-
tensity of selection may be limited dueto thelow
levels of mortality. However, this may not neces-
sarily be so, if traits such asbody size attained in
the hatchery are tightly linked to survival after
release, aperiod of intense mortality among hatch-
ery fish. Such genetic changes dueto relaxed and/
or altered selection are likely to accumulate in
stocks being cultured over multiple generations
(e.g., when brood stock is consistently chosen
from adults originating from hatchery produced
smolts). Multi-generation hatchery stocks are
thuslikely to differ more from wild fish than first
generation stocks where most of the changes are
likely to be of environmental origin.

Thethird reason why hatchery fish may differ
from wild fish is the use of non-native fish for
stocking. Such procedures may introduce novel,
genetically based characters into the wild popu-
lation and break up co-adapted gene complexes
that may lead to outbreeding depression (e.g.
Gharrett and Smoker 1991). Fortunately, the po-
tential importance of local adaptations is being
increasingly acknowledged (reviewed by Ricker
1972, Taylor 1991), and the practice of releasing
non-native fish has therefore decreased in fre-
guency.

Intentional artificial selection may also gener-
ate genetic change in hatchery populations, as
has occurred with commercially farmed fish
(Einum and Fleming 1997, Fleming and Einum
1997). However, such selectionisrarely performed
in any systematic way in non-commercial hatch-
eries. Thus, studies reporting differences caused
by such selection have been omitted in this re-
view.

Studies of differences between hatchery and
wild fish take three forms. (1) The most common
form simply documents the existence of differ-
ences and speculates about their origins. More
detailed studies attempt to identify (2) the envi-
ronmental and/or (3) genetic origins of the differ-
ences. The first form of study usually compares
fish hatched and reared in the hatchery with fish
from the wild, and while the differences observed
likely have an environmental component, addi-
tional effects due to genetic differences may ex-
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Table 1. Differences in pre-adult aggression and response to predators between wild and hatchery populations
of salmonids. Pos = hatchery population more aggressive, Neg = hatchery population less aggressive/ |lower
response to predators, 0 = no significant difference. E = predominantly environmental, G = predominantly

genetic, E > G = likely predominantly environmental.

Trait Origin Form Fish Species Reference
of of
effect effect
Aggression E Pos Native Coho salmon Rhodes and Quinn 1998
E>G Pos Non-native  Atlantic salmon  Fenderson et al. 1968*
E>G Pos Non-native  Cutthroat trout Mesa 1991
G Neg Non-native  Atlantic sailmon ~ Norman 1987
G Pos Non-native Brook trout Moyle 19692
G 0 Native Brown trout Johnsson et al. 1996°
G Pos Non-native ~ Coho salmon Swain and Riddell 1990*
G Pos/Neg* Native Rainbow trout Berejikian et al. 1996°
G 0 Non-native ~ Masu salmon Reinhardt in press®
Predation E Neg Native Brown trout Dellefors and Johnsson 1995°
G Neg Native Brown trout Johnsson et al. 19962
G Neg Non-native ~ Rainbow trout Johnsson and Abrahams 19912
G Neg Native Rainbow trout Berejikian 19957
G Neg Native Brown trout Fernd and Jérvi 199828

*Direction depended on age.
Comments regarding usage of datain meta-analysis:
'P-value was calculated from data.

2P-value, given as < 0.05 or just “statistically significant”, was set to 0.05.

3pP-value, given as > 0.6, was set to 0.61.

4Separate statistics were given for each of seven days of observations. Each of the P-values(range 0.9 - 0.001)

was treated as independent.

SSeparate statistics were given for each of three juvenile ages. These P-values were treated as independent.
5No statistics or raw data were available for inclusion of study.
"Separate statistics were given for two different test-environments. The two P-values were treated as inde-

pendent.
8P-valuefor differencein “fleeing” was used.

ist. Testsfor environmental effects comparefish,
of a common origin, reared in a hatchery with
those reared in the wild. By contrast, tests for
genetic effects compare hatchery and wild fish
reared from eggsin acommon environment.
Because tests of differences are usually con-
ducted under artificial hatchery conditions, their
value for predicting effects of interactionsin the
wild may be somewhat limited. This may be par-
ticularly problematic if genotype/phenotype by
environment interactions exist, whereby therela-
tive expression of traits between the two types
of fish differs among environments. Some stud-

ies try to control for such interactions by con-
ducting tests under differing environments (e.g.,
hatchery and wild), yet most studies do not. Any
lack of correspondence between hatchery tests
and data from the wild, therefore, may be partly
attributable to this problem.

Which characters differ?

Ecological interactions among fish are an out-
come of their behavioural traits. Thus, knowledge
about behavioural differences between hatchery
and wild populations is vital to understanding
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the potential impact from released fish. A sub-
stantial body of data that tests for such differ-
ences exists. These studies suggest that hatch-
ery fish differ from wild fishin levels of aggres-
sion and predator avoidance behaviour (Table 1).
In most studies, the effect of artificial rearing
appears to result in an increase in levels of ag-
gression (5 out of 9 studies). If we combine the
probability values from the separate significance
tests of the independent data sets (a meta-ana-
Iytical approach described in Sokal and Rohlf
(1981), p. 779; data handling described in foot-
notes to Table 1) these support the hypothesis
that hatchery fish exhibit increased levels of ag-
gression relativetowild fish (x2=85.75, df =30, P
<0.001).

Only in one study were the offspring from the
wild population more aggressive than those from
the hatchery population, and in this case, the
hatchery population was of non-native origin
(Norman 1987). Thus, popul ation-specific levels
of aggression rather than effects of hatchery-rear-
ing may beresponsible for theresult (e.g. Taylor
1988, Swain and Holtby 1989, Einum and Fleming
1997). Finally, in one study the direction of the
difference depended on the age of the fish, with
wild fish being more aggressive at emergence,
and hatchery fish being more aggressive after
105 days of rearing (Berejikian et al. 1996). Inthe
three studies where the origin of the difference
was predominantly environmental, hatchery fish
were consistently more aggressive than wild fish.
The less consistent results appear in those stud-
ies where the difference was genetic. There has
been some debate as to whether artificial selec-
tion in fish causes an increase or a decrease in
levels of aggression. Both theoretical and em-
pirical studies suggest that the direction of se-
lection during artificial rearing may depend on
the environment (Doyle and Talbot 1986,
Ruzzante and Doyle 1991). Although these stud-
ies have focused on situations where thereisin-
tentional selection for rapid juvenile growth, and
thus may not be directly applicable to most hatch-
eries producing fish for stocking of wild
populations, they suggest that a correlated in-
crease in aggression only will result if food is

limited. Thus, if the environment to which fish
are exposed differs among hatchery stocks this
may influence the direction of evolutionary di-
vergence of social behaviour away from that of
wild fish. Nevertheless, increased aggression may
evolve as a correlated response to selection for
rapid growth, if such selection occurs (cf.
Johnsson et a. 1996). Furthermore, evidencefrom
guppies suggests that levels of aggression may
be negatively correlated with predation rates
(Endler 1995). Thus, if hatchery populations are
less exposed to predators, phenotypic or genetic
correlations may cause increased aggression as
well. Tightly controlled experiments are needed
to further elucidate the causal relations between
feeding, growth, body size, aggression and domi-
nance under various selective regimes.

Hatchery populations do differ from wild fish
in levels of anti-predator behaviour (combined
probabilites x? = 37.63, df = 10, P < 0.001). The
lack of exposure to predators in hatchery
populations appears to result in a reduced re-
sponse to predation risk, both as an environmen-
tal effect and as a response to relaxed selection
in hatchery populations (Table 1).

One intriguing feature of anadromous
salmonids is their long distance migrations to
feeding and breeding areas. As well as being
energetically costly, such migrations potentially
increase predation risk. Selection istherefore ex-
pected to mould patterns of movement to
optimise fitness. It istherefore worrying that mi-
gration patterns of hatchery-reared fish often
differ from those of wild fish (Table 2). For exam-
ple, hatchery fish are observed to differ from wild
fishintheir timing of migration, which may influ-
ence both their susceptibility to predation and
their energetic costs (i.e. due to different tem-
perature and flow regimes). If thiseffect on tim-
ing of migration also influences breeding time,
offspring survival may be compromised due to
inappropriate emergence timing from nests
(Einum and Fleming 2000b).

Hatchery populations may also differ fromwild
populationsin feeding behaviour and habitat use
(Table 3). However, results regarding such effects
are more equivocal, potentially reflecting atime
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lag in adjustment to feeding on natural prey. Re-
leased fish may initially behave inappropriately
after being introduced into anovel environment,
but with time may acclimate to the local environ-
ment. For example, L’ Abée-Lund and Langeland
(1995) found that the diet of released brown trout
initially differed from that of wild trout, but within
the first summer the rel eased fish adopted asimi-
lar diet (seed 50 Johnsen and Ugedd 1986, 1989, 1990).

Hatchery populations may also differ morpho-
logically from wild fish (Table 3). Salmonid
populations exhibit differencesin morphological
traits, and these differences have been suggested
to result from local adaptationsto environmental
conditions (e.g. Riddell and Leggett 1981, Riddell
et al. 1981). Furthermore, morphological traitsare
important determinants of breeding success
(Fleming and Petersson 2001). Thus, any devia-
tion in morphology from thelocal population may
be expected to result in decreased fitness.

How successful are hatchery fish
inthewild?

If hatchery fish differ from wild fish in so many
respects, how successful are the released fish
likely to be in the wild? Assuming that the wild
popul ations have undergone natural selection for
ten thousand years (since end of the last ice age)
to become adapted to the local environment
(Ricker 1972, Taylor 1991), onewould predict that
these changes in fitness-related traits are a po-
tential problem for released fish, and may influ-
ence their ability to survive and reproduce (see
also Fleming and Petersson 2001). Their perform-
ance in the wild should therefore be expected to
be inferior to that of wild fish, a pattern that is
commonly observed (Table 4). In four of eight
studieswild fish outgrew released hatchery fish,
whereas the opposite was observed in two stud-
ies. Thus, although growth rates usually differ
among hatchery and wild fish, the direction of
this difference is not consistent (combined
probabilitesx? = 4.07, df =12, P> 0.99). In con-
trast, hatchery fish consistently experienced re-
duced survival compared to wild fish (15 of 16
studies, combined probabilitesx? = 109.15, df =

18, P < 0.001). Thus, the success of hatchery-
produced fish after release appears to be con-
strained by phenotypic divergence from their wild
conspecifics. This is not surprising given the
potential importance of local differences among
wild salmonid populationsin fitness-related traits
and the evidence we have presented concerning
the effects of hatchery environments on devel-
opment and selection.

How do naturally produced fish
respond to released fish?

Given our knowledge about the performance of
hatchery-reared fish in the wild, can we predict
how stocking may influence the natural produc-
tivity of salmonid populations? How will ecol ogi-
cal interactions with hatchery fish impact wild
fish? For instance, if the fish we release into a
river are more aggressive than the native fish,
chances are that naturally produced fish are dis-
placed from their territories during competitive
interactions (Table 5). Such effects may be modi-
fied due to competitive asymmetries caused by
prior residency or differences in body size (cf.
Johnsson et al. 1999, Cuttset al. 1999).

One intriguing question arises from the ob-
servation that even though hatchery-reared fish
appear to be more aggressive than wild fish, and
thus should be able to displace them in territorial
contests, they suffer higher mortality in the wild.
Obviously, social hierarchies are not the only
determinants of mortality rates in salmonids.
Other factors such as response to predators and
metabolic rate relative to food availability (i.e.
vulnerability to starvation) may contribute sub-
stantially to mortality rates. One might specul ate
that hatchery fish are to some degree ableto dis-
place naturally produced fish, but that they are
unable to cope with the high cost associated with
this behaviour in terms of risk of starvation or
predation. If so, net fish production may actually
decrease asaresult of stocking (cf. Fleming et al.
2000).

An additional number of potential effects can
cause releasesto have detrimental effectsonwild
fish. For example, released fish may influencethe
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Table 4. Pre-adult growth and survival of hatchery populationsin the wild. E = predominantly environmental,
G = predominantly genetic, E > G =likely predominantly environmental. Neg = hatchery fish inferior perform-
ance, Pos = hatchery fish superior performance, 0 = no observable difference.

Trait Origin Form Fishorigin Species Reference
of of
effect effect
Growth E Neg Native Arctic char Finstad and Heggberget 1993
E 0 Native Atlantic salmo Jonsson et al. 1991*
E Pos Native Coho salmon Irvine and Bailey 19922

E>G Neg Non-native
E>G Neg Non-native
E>G Neg Non-native

G Pos Native
G * Native
Survival E Neg Native
E Neg Native
E Neg Native
E Neg Native
E Neg Native

E>G Neg Non-native
E>G Neg Non-native
E>G Neg Non-native
E>G Neg Non-native
E>G Neg Non-native

Neg Non-native

Neg Non native

Neg Non-native
Neg Non-native

Brown trout
Cutthroat trout
Cutthroat trout
Atlantic salmon
Rainbow trout

Arctic char
Atlantic salmon
Atlantic salmon
Chinook salmon
Rainbow trout

Brown & Rainbow trout

Brown trout
Brown trout
Cutthroat trout
Cutthroat trout
Atlantic sailmon
Brook trout
Brook trout
Brook trout
Brook trout

G
G
G Neg Non-native
G
G
G

*x Native & non-native Brown trout

Hesthagen et al. 1999

Miller 19523

Miller 19532

Kallio-Nyberg and Koljonen 1997
Reisenbichler and Mclntyre 19774

Finstad and Heggberget 1993
Hansen 1987°

Jonsson et al. 1991

Unwin 19973

Reisenbichler and Mclntyre 19774
Weiss and Schmutz 19993
Kelly-Quinn and Bracken 1989°
Skaalaet al. 1996°

Miller 19532

Miller 19523

DelLeaniz et al. 1989

Flick and Webster 1964°
Lachance and Magnan 1990b*
Vincent 1960

Fraser 19817

L’ Abée-Lund and L angeland 1995°

*Hatchery/wild hybrids outgrew pure populations.
**Wild population intermediate survival of two hatch-
ery populations.

Comments regarding usage of datain meta-analysis:
!P-value was calculated from Table 3.
2P-value was calculated from length datain Table 3.

3No statistics or raw datawere available for inclusion
of study.

4P-value was calculated from Table 4, comparing pure
hatchery strain with pure wild strain.

SP-value was calculated from data.

5P-value was calculated from Table 2.

P-value was calculated from Table 4.

timing of migration of wild fish. Hansen and
Jonsson (1985) suggested that wild smolts were
attracted to shoals of released smolts and join
them when migrating downstream. Furthermore,
releasing fish may influenceinterspecific hybridi-
sation rates. Jansson and Ost (1997) suggested
that this was the reason for the high levels of
hybridisation between Atlantic salmon and brown

trout observed in the River Daldlven, Sweden
(41.5% hybrid parr). This may be of particular
concern when species are extended beyond their
natural range, where pre-zygotic isolation mecha-
nisms against hybridisation with indigenous spe-
cies may be absent (Leary et al. 1995). Releases
of hatchery fish can also attract predators (in-
cluding humans), and thus may cause the inten-
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sity of predation on naturally produced fish to
increase (Beamish et al. 1992, Colliset al. 1995).

While little is known about the level of early
maturation as parr among hatchery-reared fish, it
is likely that the high growth rates that they ex-
perienced in the hatchery will increase the po-
tential for early maturation following release. If
so, thiswill alter patterns of sexual selection in
wild populations and may ultimately affect the
adaptive landscape, leading to evolutionary re-
sponses in the recipient population (reviewed in
Fleming 1998).

The effects that released hatchery fish can
impose on naturally produced fish should make
us cautious toward implementing stocking pro-
gramsto compensate for habitat degradation and
to increase fisheries. Indeed, under certain sce-
narios, theoretical models suggest that long-term
stocking may lead to extinction of the native popu-
lation (Evansand Willox 1991, Byrneet a. 1992).
Existing empirical studies clearly show that fish
density in stocked streams may not show the
desired positive response to releases (Table 5).
Infact, in some cases a negative trend in popul a-
tion density has been associated with releases.
Perhaps the best evidence for such an effect
comes from acontrolled study where popul ations
of coho salmon were monitored for fiveyearsin
15 stocked and 15 unstocked streams (Nickelson
et al. 1986). Stocked streams had higher densi-
ties of juveniles after stocking, but the number
of adults returning to the two types of streams
did not differ. Furthermore, spawning success of
released fish was reduced, causing alower den-
sity of juveniles in the stocked streams than in
the unstocked ones one generation later.

Conclusions

The performance of hatchery fish and their inter-
actionswith wild fish appear to be of such achar-
acter asto suggest that many of the current stock-
ing practices may be detrimental to the recipient
populations. The present synthesis should in-
cite caution in our attempts to mitigate negative
effects of habitat degradation by releasing hatch-
ery-produced fish. Although the reports pub-

lished, and thus referred to here, may be biased
towards negative effects of stocking, the poten-
tial for negative effects must nevertheless be ac-
knowledged and dealt with.

A critical question we might ask ourselvesis
whether something can be done to avoid nega-
tive ecological effects of stocking? The answer
to this question isyes and no. Better broodstock
collection and mating protocols, more-natural
rearing conditions, wild-fish-friendly release
strategies and more focus on local broodstocks
can improve the quality of hatchery fish released
and reduce their impacts on wild fish. Behavioural
deficits arise due to phenotypic responses to the
radically unnatural abiotic and biotic environment
of hatcheries, and will initially be environmental
in origin but over generations of rearing will also
involve genetic responses. Generally, hatcheries
are psychosensory-deprived environments for
fish (Olla et al. 1998). Adding complexity and
enriching the environment is a common method
for improving the well-being of captive animals
(e.g., mammals, reptiles and birds) and may have
application to hatchery populations of
salmonids. Such an approach could reduce envi-
ronmentally induced differences between cul-
tured and wild fish, and increase post-release
survival by decreasing stress, reducing domesti-
cation and acclimating fish more appropriately
for their future environments (Beregjikian et al.
2000). This could be done by adding habitat com-
plexity, altering water-flow vel ocities, supplement-
ing diets with natural live foods and reducing
rearing densities to produce fish more wild-like
in appearance and with natural behaviours and
survival (Flagg and Nash 1999). For example, in-
creasing habitat complexity has been shown to
aid in the devel opment of appropriate body cam-
ouflage colouration and increase behavioural fit-
ness (Maynard et al. 1995). Similarly, anti-preda-
tor conditioning can improve post-release sur-
vival, as predator recognition and avoidance be-
haviour in juvenile salmonids improves in fish
exposed to predators (Potter 1977, Ollaand Davis
1989, Bergjikian 1995) or odours from injured
conspecifics (Brown and Smith 1998, Berejikian
etal. 1999).
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The development of release strategies that
minimise negative ecological effects of hatchery
fish on wild fish could also be a significant im-
provement. Released juveniles should be within
the sizerange of wild juveniles, if not of asimilar
size distribution. The greatest risk of releasing
large hatchery fish isthat they may out-compete
wild fish, endangering the natural production of
the population. Releases of hatchery fish should
also complement the natural spatial and temporal
patterns of abundance of wild fish in the popula-
tion. That is, the number of fish released should
not exceed the carrying capacity of the environ-
ment, which varies spatially within the river and
through time.

Thus improvement in the way hatchery fish
are reared and released can lead to significant
strides towards reducing their negative ecologi-
cal impacts on wild fish. However, as Waples
(1999) pointsout, itisamyth to believe that these
changes will make the problems disappear alto-
gether. This is because (1) environmental and
genetic changes to fish in hatcheries cannot be
avoided entirely; and (2) many of the risks are
negatively correlated, so efforts to reduce one
risk simultaneously increases another. Clearly we
need to, first and foremost, be cautious in our
use of hatcheries, particularly when releases are
to be used in supplementing wild populations.
We need to better understand how to culture fish
for release (i.e. phenotypic responses to culture
and effects of domestication, and how to mini-
mise them) and how to rel ease these fish to mini-
mise/eliminate potentially detrimental impactson
wild populations while contributing to an overall
increase in productivity.
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