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Abstract

The world’s ¢sh species are under threat from habitat degradation and over-exploita-
tion. In many instances, attempts to bolster stocks have been made by rearing ¢sh in
hatcheries and releasing them into thewild. Fisheries restocking programmes havepri-
marily headed these attempts. However, a substantial number of endangered species
recovery programmes also rely on the release of hatchery-reared individuals to ensure
long-term population viability. Fisheries scientists have known about the behavioural
de¢cits displayed by hatchery-reared ¢sh and the resultant poor survival rates in the
wild for over a century.Whilst there remain considerable gaps in our knowledge about
the exact causes of post-release mortality, or their relative contributions, it is clear that
signi¢cant improvements could bemade by rethinking theways inwhich hatchery ¢sh
are reared, prepared for release and eventually liberated.We emphasize that the focus
of ¢sheries research must now shift from husbandry to improving post-release beha-
vioural performance. In this paper we take a leaf out of the conservation biology litera-
ture, paying particular attention to the recent developments in reintroduction biology.
Conservation reintroduction techniques including environmental enrichment, life-
skills training, and soft release protocols are reviewed and we re£ect on their applica-
tion to ¢sheries restocking programmes. It emerges that many of the methods exam-
ined could be implemented by hatcheries with relative ease and could potentially
provide large increases in the probability of survival of hatchery-reared ¢sh. Several of
the necessary measures need not be time-consuming or expensive and many could be
applied at the hatchery level without any further experimentation.
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Introduction

The role of hatcheries in maintaining
¢sh stocks

Theworld’s ¢sh species are under threat from habitat
degradation and over-exploitation. In many in-
stances, attempts to bolster stocks have been made
by rearing ¢sh in hatcheries and releasing them into
thewild. In response to the rapid decline in ¢shnum-
bers, hatcheries breed, rearand release billions of ¢sh
annually. It has been estimated (Welcomme and
Bartly 1998) that well over 300 species worldwide
are involved and every country contributes to some
extent. Of these 300 or so species 290þ are fresh-
water (Welcomme 1992); therefore, marine stocking
is still relatively uncommon. The amount spent
annually on rearing and releasing hatchery ¢sh is
yet to be estimated, but there is little doubt that the
total annual bill runs into billions of dollars. The
number of hatchery-reared Atlantic salmon released
every year, for example, is well over 5 billion. A con-
servative estimate of the number of hatchery-reared
Atlantic salmon released in the UK during the year
2000 was around 8 million, 98% of which were
released in Scotland. In 1996, Iran released over 12
million sturgeon (Acipenser oxyrinchus, Mitchill), 2.5
million perch (Perca £uviatilis), 100 million bream
(Abramisbrama, L.) and140millionmahi sephid (Ruti-
lus frisii, Nordmann) (Abdolhay 1996). These ¢gures
are almost certainly dwarfed next to the ¢gures from
North American, Japanese and Nordic regions (see
Welcomme and Bartly1998 for a reviewof the extent
of ¢shery enhancements and Fushimi 2001 for a
review of Japanese stock enhancement programmes
speci¢cally).
Despite these massive releases, in most cases there

has been little change to the abundance of target spe-
cies entering the ¢shery (Coleman et al. 1998;

Svasand et al. 2000).With few exceptions, the results
of restocking fromhatcheries have either beenpoorly
monitored or considered unsuccessful in the few
cases where impact of release has been monitored
(Svasand et al. 2000). Salvanes (2001), for example,
questions the underlying assumption that humans
have reduced many ¢sh stocks below carrying capa-
city and that the release of captive-reared juveniles
will lead to an increase in the number of adults and
thus recruitment into the ¢shery. For the most part,
scienti¢c assessment of this assumption has been
considered too di⁄cult to address and has largely
been ignored. In the case of marine species there is a
scarcityof data relating to themovements of ¢sh, nat-
ural mortality rates and most other aspects of their
behaviour and ecology.
The ¢rst step in evaluating the success of a reintro-

duction programme aught to stem from biological/
scienti¢c studies (Lindburg 1992). These must esti-
mate the survival of released ¢sh, the principal
causes of mortality, their contribution to subsequent
generations (and resident gene pools), and perhaps
even the impact on the environment as awhole. Sec-
ondly we may wish to determine if releases from
hatcheries are economically feasible. If not, then it
may be possible to alter hatchery practices in order
to redress the balance. Recent studies into the
enhancement of cod stocks (Svasand et al. 2000) and
advances made in the Japanese £at¢sh hatchery pro-
grammes (Hossain et al.2001) provide clear examples
of howagreater scienti¢c understandingof the beha-
viour and ecology of the species in question and
long-term intensive monitoring provide greater
insight into the shortfalls of hatchery programmes.
Further, they provide clear suggestions as to how
the e⁄ciency of the industry can be improved and
moved towards economic viability.
While restocking is widely used as a ¢sheries

management tool, it has also been used for the

Lessons learnt from hatchery releases 87

Release site characteristics 87

Size at release 87

Economic feasibility 88

Conclusion 88

Acknowledgements 89

References 89

Future of stock enhancements C Brown and R L Day

80 # 2002 Blackwell Science Ltd, F ISH and F I SHER I E S,3,79^94



conservationandmanagement of threatened species
(e.g. Flagg et al.1995). In1990,27%of all federal recov-
ery programmes for endangered freshwater ¢sh in
the USA included captive breeding as one of the
recovery components (Andrews and Kaufman1994).
For example, steelhead trout (Oncorhynchus mykiss)
were recently listed under the US Endangered Spe-
cies Act and the recovery programme relies heavily
on hatchery-reared individuals for restocking
(Berejikian et al.2000).

Restocking versus reintroduction

Fisheries management and conservation biology
have remarkably similar agendas as both seek the
long-term viability of ¢sh stocks albeit for di¡erent
reasons. Conservationists are interested inmaintain-
ing biodiversity whilst ¢sheries managers are inter-
ested in maximizing productivity. In the case of the
conservation biologist, the establishment of self-sus-
taining populations in the wild is a principal objec-
tive. While this would also be ideal for ¢sheries
managers, providing a stable return to the industry is
a priority. In the former case, survival to reproductive
age is imperative; in the latter, however, survival to a
required size for capture is important and this size
mayormaynot contribute to the establishmentof self-
sustaining populations. Conservationists may, there-
fore, be prepared to investmore timeandmoney in the
production of ecologically viable juveniles for release,
but we emphasize that both groups should ultimately
be looking to improvepost-release survivorship.
Surprisingly, the practical methods utilized by

each group are worlds apart, perhaps re£ecting the
di¡erence in emphasis. Conservation biology has
long emphasized the importance of practices such as
environmental enrichment, pre-release trainingpro-
grammes and soft release to improve the post-release
survivorship of captive-bred animals (see Beck et al.
1994 for summary statistics). In contrast, the produc-
tion of ecologically viable individuals is not part of
the hatchery equation because the production of
large quantities of ¢sh, rather than natural history,
behaviour and ecology, largely guides hatchery prac-
tices (Johnsson 1993; Fushimi 2001). Agersborg
(1934) states that rapid growthandhigh survivorship
within the hatchery have been the fundamentals of
aquaculture for years. This position still reigns sup-
reme today. Manyhatcheries are government funded
or at least heavily subsidized. The level of success,
and hence funding is often being determined by the
number of ¢sh released rather than by the survival

rates of those ¢sh or the return to anglers and the
industry.

Hatchery shortfalls

While hatchery-rearing techniques have been per-
fected over the last few decades and continue to pro-
vide more and more ¢sh for release, the proportion
of ¢sh surviving toadulthood is in decline (Nickleson
1986; Beamish et al.1992; Pearcy1992; Coleman et al.
1998; Blaxter 2000). In the case of salmonids typi-
cally, less than 5% of all hatchery-reared ¢sh make it
to adulthood (McNeil 1991). In UK, the number is
more likely to be below 3% and for many other spe-
cies released from hatcheries the ¢gure is commonly
far lower (e.g. chum salmon1^3%, and<1% for cod;
Salvanes 2001). At ¢rst glance these statistics seem
little di¡erent from the rates observed in wild ¢sh.
However, if we examine age-speci¢c mortality, bear-
ing in mind that most species are reared in captivity
for extended periods and released between6 months
and 2 years of age, then we see that captive-reared
¢sh do very poorly indeed (Reisenbinchler and
McIntyre1977; Chilcote et al.1986; Leider et al.1990).
It has been estimated that the mortality rate of
released cod is at least twice that of wild juveniles
(Svasand et al. 1989). Captive-reared Japanese £oun-
der (Paralichthys olivaceus) also show massive levels
of mortality in the ¢rst few days after release (only
10% make it to10 days post-release) primarily due to
the loss of ¢sh that lack appropriate pigment patterns
(Blaxter 2000) and inappropriate antipredator
responses (Furuta 1996). Even when age-speci¢c
mortality is not taken into consideration,Wiley et al.
(1993) suggest that stocked ¢sh still show lower sur-
vival from eggs to catchable sizes than their wild
counterparts. Most of themortalityoccurs in the ¢rst
few days following release rather than over the sub-
sequent months (Howell 1994; Blaxter 2000; Sva-
sand et al. 2000). These ¢gures are exactly what one
would expect given the methods currently employed
during hatchery rearing and release and are indica-
tive of predator-mediated mortality. If hatchery-
reared ¢sh manage to survive their ¢rst week or so
in the wild, then the chance of long-term survival is
greatly increased (Kanid’hev et al. 1970; Brown and
Smith 1998). This brief time following release repre-
sents a prime target period towards which future
research e¡orts should be directed.
The relatively poor success rate of restocking and

various other environmental issues (for example, loss
of genetic integrity of wild stocks) have led to a ¢erce
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debate regarding the value of hatchery supplementa-
tion programmes (see Winton and Hilborn 1994 for
further discussion). It is worth highlighting the fact
that hatcheries must give careful consideration to
the choice of brood stock if genetic ‘pollution’of the
resident wild stock is to be prevented (Utter 1998;
Doyle et al. 2001). Ideally, a large number of mature
individuals should be sourced from the target popu-
lation every year. In some instances (e.g. salmon
hatcheries in UK), brood stock are captured during
local spawning runs every season, but this appears
to be the exception rather than the rule. In contrast,
managers working on the conservation programme
for the Mary River cod (Maccullochella peelii) in Aus-
tralia go to a considerable e¡ort to maximize the
genetic diversity by constantly turning over the
brood stock (Simpson and Jackson1996). Releases of
¢sh species outside their natural range (introduction
as opposed to reintroduction) for ¢sheries purposes
aught to be strongly discouraged or at the very least
strictly controlled. Although the IUCNguidelines for
the translocation of animals do not have the scope to
address the introductionof exotic species for ¢sheries
purposes, they do nevertheless provide a reasonable
lead as to the types of issues that aught to be
addressed prior to introduction.
All other issues aside, there is little doubt that poor

survival of hatchery-reared ¢sh is a major concern
as it greatly reduces the e⁄ciency of using hatchery
stocks to supplement wild production whether for
commercial or conservation means (Mesa 1981;
Sproul and Tominaga1992; Maynard et al. 1995; Olla
et al. 1998). Nevertheless, hatchery supplementation
of wild stocks looks set to play a major role in main-
taining the sustainability of many ¢sheries stocks
for the foreseeable future. Furthermore, restocking
or reintroduction programmes seem set to aid in the
conservation management of endangered ¢sh spe-
cies especially when utilized in concert with habitat
preservation and restoration (e.g. Secor and Houde
1998). Finally, releasing ¢sh into the wild knowing
they are totally unprepared for survival and the
majoritywill die, presents a considerable ethical con-
undrum that ought to be addressed. In order to move
forward the focus of hatchery management must
now switch from husbandry to improving the post-
release survival chances of hatchery-reared ¢sh.

Identifying specific problems

Fisheries biologists have known for years that hatch-
ery-reared individuals show substantial de¢cits in

virtually all aspects of their behaviour (see Stone
1872 and Lord1934 for example). As early as the for-
ties, Fish (1940) recognized that hatcheries circum-
vented natural selection in order to arti¢cially boost
hatchery survival. Arguably the twomost important
behaviours any animal must develop are the ability
to eat and avoid being eaten. Early attempts to raise
enough wild prey to maintain hatchery populations
proved impossible and the focus quickly turned to
developing arti¢cial food sources (Embody and Gor-
don 1924). Hatchery-reared ¢sh are now routinely
reared on a mundane diet of man-made pellet foods
that require limited use of potential foraging beha-
vioural repertoires as there is no variation in the tim-
ing, location, abundance or type of food on o¡er.
Hatchery-reared Japanese £ounder, for example, are
fed at the surface, which induces an unnaturally
high level of ‘o¡ the bottom swimming activity’post-
release, thus increasing their susceptibility to preda-
tors (Furuta1996).
Laboratory experiments show that foraging beha-

viour is reliant on learning from prior experience
(e.g. Paszkowski and Olla 1985; Stradmeyer and
Thorpe1987; Reiriz et al.1998). Learningenables indi-
viduals to improve their prey recognition, attack
mode and handling e⁄ciency and is especially
important when foraging in the wild as it can
improve foraging e⁄ciency by adjusting foraging
behaviour to match contemporary circumstances
(Hughes et al. 1992). These foraging behaviours are
particularly important when the distribution, abun-
dance and trophic value of prey are variable. Little
wonder then, that upon release, hatchery ¢sh often
show dramatic de¢cits in their foraging behaviours.
Following release many captive-reared ¢sh may not
eat at all for several days (Paszkowski and Olla1985),
weeks (Miller 1954) or up to a month (Usher et al.
1991). When they do start to forage, they typically
take up high risk and energetically costly positions
close to the surface of thewaterand in regions ofhigh
£ow (e.g. red drum (Sciaenops ocullatus): Stunz et al.
2001). They often fail to disperse, are less aggressive
and consequentlyare frequently found in unsustain-
ablyhighdensities having to compete heavily for lim-
ited resources (Olla et al. 1998). Often the released
¢sh show limited prey choice, take fewer items and
arevery slow to switchbetweenprey types compared
with wild ¢sh (Sosiak et al. 1979; Ersbak and Haase
1983). As a result hatchery-reared ¢sh show substan-
tial weight loss compared to transplanted wild ¢sh
and theirmortality rates canbe up to10 times greater
than that of wild ¢sh (Miller1954).
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Aswith foragingbehaviour, the antipredator beha-
viours of hatchery-reared ¢sh are equally poorly
developed and insu⁄cient to cope with life in the
wild. Fish reared in captivityare completely predator
na|« ve because theyare providedwith no opportunity
to interact with predators prior to release. Predation
is thought to be the principal cause of mortality
among released hatchery ¢sh (Howell 1994); how-
ever, ¢shweakened by starvationare alsomore prone
to risk taking and likely to fall victim to predation.
There are three key behaviours that are important to
develop if predator-inducedmortality is to be reduced.
The ¢rst involves avoidance strategies that reduce the
probability of encountering predators (e.g. avoiding
dangerousmicrohabitats, behavingcrypticallyor tak-
ing on cryptic colouration). The second is predator
recognition and detection and the ¢nal behaviour is
theantipredatorresponse (schooling,£eeing torefuge,
etc.) Like foraging behaviour, there is ample evidence
that antipredator behaviour improves considerably
with experience (Kanayama and Tuge 1968; Fraser
1974; OllaandDavis1989; CsanyiandDoka1993; Jarvi
and Uglem 1993; Berejikian 1995; Brown and Smith
1996; Mirza and Chivers 2000; Hossain et al. 2001).
Prior exposure is therefore vital to the development of
e¡ective antipredator behaviours and the improved
viabilityof restockingprocedures.

Finding a solution

In the process of addressing the problem of post-
release mortality, much can be gained by reviewing
the conservation biology literature. There are now
numerous texts available that highlight the impor-
tance of ecologyand behaviour in conservationman-
agement and more speci¢cally in reintroduction
biology (Olney et al. 1994; Clemmons and Buchholz
1997; Caro 1999a; Gosling and Sutherland 2000).
One of the key aspects of a successful reintroduction
is to ensure that the rearing environment is such that
near-natural behaviours can develop during the per-
iod of captivity (Carlstead 1996; McLean 1997). The
conservation of behavioural diversity should not be
neglected (Buchholz and Clemmons1997) especially
in species where di¡erent populations exist that
inhabit slightly di¡erent environments (e.g. salmon
runs). Generally speaking, providing that husbandry
techniques are good and result in healthy young
then survival in captivity is guaranteed. If, however,
the intention is to release the animals into the wild,
behavioural considerations rather than husbandry
must become a priority (Wallace 2000). Olla et al.

(1994) suggested that it is ‘critical . . . to developmeth-
odologies for hatcheries to improve post-release
behavioural performance’.
As early as 1965 it was recognized that ¢sheries

research ought to be redirected at reducing post-
release mortality rather than continuing to focus on
mass production and release (Haskell 1965). Ulti-
mately the aim of the hatchery should be to produce
animals that are behaviourally, morphologically,
physiologically and genetically similar to those in
the wild (Brown and Laland 2001; Fushimi 2001).
For the most part, selective breeding has e¡ectively
resulted in the production of domesticated strains of
¢sh that are well adapted to life in captivity, which is
far removed from the selective pressures of life in the
wild. The development of behavioural patterns is
heavilydependent on the ongoingand complex inter-
action between the environment and an individual’s
genotype (Alcock 1993). Those behaviours that rely
on this interaction cannot develop correctly if the
rearing environment di¡ers to that inwhich the ani-
mal is destined to be released. It follows quite natu-
rally therefore, that development in a dull, arti¢cial
rearing environment will result in individuals who
are unprepared for life in the wild (Derrickson and
Snyder1992).
There are at least six majorareas of behaviour that

should be considered in the development of any
scheme whose ultimate aim is release into the wild
(Kleiman1996).To survive candidates for reintroduc-
tion must be able to (i) avoid predators; (ii) acquire
and process food; (iii) interact socially with conspeci-
¢cs; (iv) ¢nd or construct shelters or nests; (v) loco-
mote on or in complex terrain; and (vi) orientate and
navigate in a complex environment.Thus, in order to
design more natural rearing environments it is
essential to have a broad understanding of the biol-
ogy and ecology of the ¢sh species in question and
especially of the environment into which the animal
is to be released (Kleiman et al. 1994). For the most
part, these details are likely to be not only species-
but also case-speci¢c. For example, it is vital to know
the types of predators and food items the individual
is likely to encounter at the site of release. These
details are likely to show considerable geographical
variation even within a catchment. The degree of
sociality mayalso play a considerable role in the suc-
cess of release programmes (Wallace 2000). Prior
social experience can have signi¢cant in£uences on
future levels of aggression and dominance rank
(Hojesjo et al. 1998). Many ¢sh species are highly
social and form shoals or schools for some or most of
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their lives. Others, however, are more solitary and
may defend territories. In the former case, release in
large groups would provide the best results, but for
the latter, scatter seedingwould be abetter approach.
For those species that have more complicated social
relationships, such as the development of harems,
density- or size-dependent hermaphrodites, etc.,
moreattentionmust be paid to the demographic com-
position of the release groups.
For some ¢sh early exposure to appropriate cues

during sensitive periods at some stage in develop-
ment is essential for ensuring appropriate beha-
vioural responses later in life. Whilst imprinting
(Lorenz1952) has been shownto be extremely impor-
tant in the social welfare of birds (Bolhuis 1991) and
in reintroductiontechniques (e.g.WallaceandTemple
1987; Lewis1990), less is known about these periods
in ¢sh. Habitat imprinting is well known in salmo-
nids that imprint on the chemical cues in their natal
streams during critical stages of their development
and later use these cues to navigate their way back
to natal streams in order to breed. It seems likely that
eels may rely on similar techniques. Less is known
about sexual imprinting in ¢sh but evidence from
those ¢sh that have some degree of parental care sug-
gests that early exposure to appropriate ‘sexual mod-
els’ provides later guidance during mate choice
(Weber and Weber 1976). Species cross-fostering
experiments seem to indicate that exposure to sexual
models may even be important in ¢sh that do not
show parental care (Korner et al.1999). In these cases
familiarityappears toplaya large role ina ¢sh’s choice
of social and sexual partners. These considerations
are especially important if released ¢sh are going to
go on and breed in the wild, thus amplifying the
initial investment in pre-release training whilst
forming a self-sustaining population.

Management techniques

The conservation reintroduction literature suggests
three principal management techniques, the imple-
mentation of which is recommended for a successful
reintroduction programme. Inmost cases some com-
bination of each of these three techniques is utilized.
Determining the relative merits of each is often di⁄-
cult particularly when working with endangered
mammals or birds. Working with ¢sh, however,
should provide the ideal opportunity to assess the
relative importance of each technique because of the
large number of individuals that can be released.
Such an experimental approach to assessing reintro-

duction techniques has long been called for by con-
servation biologists (Lindburg 1992; McLean 1997;
Caro 1999b; Wallace 2000) and may provide useful
information for all endangered species programmes.

Environmental enrichment

Environmental enrichment has come to mean many
things in the reintroduction literature. It can simply
mean increasing the structural complexity of the
environment to relieve boredom or to provide a taste
of the habitat the animal is likely to be exposed to in
the wild (Shepherdson 1994; Miller et al. 1996). For
example, lion tamarins (Leontopithecus sp.) have been
given an opportunity to move around on natural
vegetation prior to release (Beck et al.1991) and pro-
viding wild cats with live ¢sh or hidden food encour-
aged natural predatory tendencies and substantially
reduced stereotyped pacing (Shepherdson et al.1993).
For themost part, hatcheryenvironments are com-

pletely devoid of structure. They tend to comprise of
a featureless, monotonic enclosure with no opportu-
nity to escape from conspeci¢cs or display any other
natural behaviour. They bear no resemblance what-
soever to the ¢sh’s natural environment and densities
can be up to 100 times greater than those in nature.
Reductions in density alone seem to have mixed
results on post-release survival but it appears that
intermediate densities produce better quality ¢sh
(Wiley et al.1993). Many of the captive-breeding pro-
grammes for mammals allow the animals to experi-
ence realistic natural environments, or at the very
least alternative habitats that contain some natura-
listic features of the environment into which the ani-
mals are to be released (e.g. Beck et al. 1991; Biggins
and Thorne 1994). Preliminary work where hatch-
ery-reared ¢sh are released into outside ponds prior
to release suggests that brief exposure to this type of
naturalistic environment improves survival rates
substantially (e.g. Maynard et al. 1996). Naeslund
(1992) found that brown trout (Salmo trutta) reared
in outside ponds survived better when released into
streams than standard hatchery-reared ¢sh. In these
situations the ¢sh are not only exposed to natural
temperature and light £uctuations and more com-
plex habitat structure, they are also exposed to lim-
ited supplies of live prey and avian predation
pressure. Similarly, ¢sh provided with some cover in
the hatchery showed increased growth and survival
within the hatchery (Leach1926).
These types of enrichment are likely to translate to

greater survival post-release. Providing submerged
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structure creates visual isolation amongst potential
competitors allowing the establishment of territories
through improved visual references, leading to lower
levels of aggression and improved growth rates
(Mesick 1988). It has previously been suggested that
simple measures like increasing £ow rates within
races to matchwild conditions, providing dark back-
grounds, semi-natural stream beds, submerged
structure, and overhead cover could improve survi-
val rates upon release (Leonard and Cooper1941;Rit-
ter and MacCrimmon 1973; Leon 1975; Butler 1981;
Howell and Baynes 1993;Wiley et al. 1993; see May-
nard et al. 1995 for a review). For example, Howell
(1994) suggests that reduced opportunity for exercise
in hatchery conditions leads to a reduced ability to
£ee from predatory strikes. Whilst Berejikian et al.
(2000) found that steelhead trout provided with an
enriched environment in the form of in-water struc-
ture, under-water feeders and overhead cover
achieved a higher social rank and growth rate when
mixedwith conventionally reared ¢sh.

Life-skills training

Life-skills training provides training regimes
designed to alter the nature of an animal’s behaviour
or teach essential life skills (Brown and Laland
2001). Many behaviours require some degree of
learning (see McLean 1997 for a review of learning
and relevance to conservation reintroductions),
which can only come about by repeated exposure to
appropriate stimuli. In some animals social learning,
for example via parental guidance, is necessary for
the development of behaviours. Social guidance is
particularly important in long-lived, highly social
animals such as primates (Mineka and Cook 1988;
Box1991), elephants (Schulte 2000) and killerwhales
(Guinet and Bouvier1995); however, it is bynomeans
restricted to these taxa. Recent investigations into
the occurrence of social learning suggest that it is a
commonandwidespread phenomenonamongmany
social species and is by nomeans restricted to ‘higher
order’or more ‘clever’ species. In fact, there is ample
evidence that social learning plays a role in the devel-
opment of many behaviours amongst ¢shes (Suboski
andTempleton1989; Brownand Laland 2001). Hous-
ing captive-reared individuals withmore skilled con-
speci¢cs to demonstrate behaviours that are
important to survival is a common reintroduction
training technique (Kleiman1989; Dobrott1993).
Irrespective of the mode of learning, prior expo-

sure to live prey (Morgan-Davies 1980; Phillips et al.

1995;Vargus and Anderson1998) and potential pre-
dators (Carpenter et al. 1991; Maloney and McLean
1995; McLean et al. 1996; see Gri⁄n et al. 1999 for a
review) is a common practice in most conservation
reintroductions, yet there are only a few studies
investigating these types of experiences in hatchery-
reared ¢shand the e¡ect itmight have onpost-release
survival (Jarvi 1990). Even if nonlive prey is provi-
sioned, it may be hidden or embedded thus encoura-
ging the animals to work for their food and in this
way they may be primed to actively search for and
catch live prey upon release. For example, swift foxes
(Vulpes velox) were pre-adapted to natural foods by
being provided with road-killed ungulates rather
than pre-prepared meat (Scott-Brown et al. 1986).
When food is added to the hatchery enclosure, lim-
ited searching is required to discover it, thus provid-
ing no opportunity for the ¢sh to develop natural
foraging behaviours.
It would be relatively easy to stimulate foraging

behaviour in ¢sh, without the use of expensive live
bait, by using similar techniques as those outlined
above. Alternatively, live prey may be introduced per-
iodically or just prior to release to provide the ¢sh
with limited foraging experience with minimal time
andmonetarycost.
In fact, improvements in foraging behaviour have

been shownto occurwith repeated exposures (Godin
1978; Ringler1979; Paszkowski and Olla1985; Strad-
meyer and Thorpe 1987; Reiriz et al. 1998). Improve-
ments can be made in prey recognition, handling
and selection (Ware 1971; Croy and Hughes 1991;
Hughes et al. 1992). More complex foraging beha-
viours such as weighing up the costs and bene¢ts
associatedwith foraging under di¡erent levels of pre-
dation threat (Dill and Fraser 1984; Metcalf et al.
1987; Gotceitas and Godin 1993) and selective fora-
ging based on trophic value and abundance can also
be improvedwith experience (Hughes et al.1992;Pro-
venza and Cincotta1993; Reiriz et al.1998).
As earlyas1966,Thompson (1966) was conducting

experiments to determine if coho (Oncorhynchus kis-
tuch) and chinook salmon (O. tschawytcha) could be
conditioned to avoid a model predator by using elec-
tric shocks as negative stimuli. Subsequent tests con-
ducted in large aquaria containing live predators
showed that conditioned ¢sh had a 50% increase in
survival rate compared with control groups. Other
studies conducted by Kanayama (1968) on chum sal-
mon (O. keta) and Ginetz and Larkin (1976) using
sockeye salmon (O. nerka) showed similar results.
Experiments conducted by Olla and Davis (1989)
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found that priorexposure toapredator increased sur-
vival rates substantially on subsequent exposure
(seealsoHossain et al.2001). It is nowwell established
that prior experience with predators greatly
improves antipredator responses in ¢sh (Olla and
Davis1989; Magurran1990; Kie¡er and Colgan1992;
Jarvi and Uglem 1993; Berejikian 1995; Brown and
Smith 1998; Brown andWarburton 1999). Fish may
even show improved survivorship simply by interact-
ing with predator-experienced individuals (see Pat-
ten 1977; Suboski and Templeton 1989; Wiley et al.
1993; Brown and Laland 2001). Jarvi (1990) showed
that acclimation byAtlantic salmon to salinity levels
and predators reduces stress and increases survivor-
ship. Similarly, Jarvi andUglem (1993) exposedhatch-
ery-reared Atlantic salmon to cod either behind a
partition or allowed them to directly interact with
the hunting predator. In both instances antipredator
responses were more appropriate than control
groups on later exposure.
Both Suboski and Templeton (1989) and Brown

and Laland (2001) suggest that foragingandpredator
avoidance training regimes could be implemented at
the scale required for hatcheries. Certainly the pat-
tern of post-release mortality observed in released
¢sh implies that pre-release training should occur
relatively quickly, as those that do survive the early
post-release period must have rapidly acquired the
necessary life skills in order to survive. This line of
evidence combined with avoidance retention experi-
ments (Brown and Smith1998; Berejikian et al.1999)
suggests that pre-release training would not have to
be anextensive, time-consumingprocess andprovid-
ing that sensitive periods for learning are not jeopar-
dized, need only be initiated shortly before release.
Even a single exposure to predators may make a sub-
stantial di¡erence to the behaviour of prey on subse-
quent exposures (Olla and Davis 1989; Pyanov1993;
Hossain et al.2001)

Hard versus soft release

For the most part, traditional hatchery release prac-
tices transport the ¢sh in large drums and simply
dump the ¢sh directly into the water body to be
stocked. This process is often referred to as ‘hard
release’ in the conservation biology literature. In
stark contrast, many conservation programmes rely
on a protocol called ‘soft release’. In some cases the
term ‘soft release’ has been used more broadly refer-
ring to the provision of any kind of training or pre-
paration for release (pre- or post-release conditioning:

Scott-Brown et al.1986).Hereweuse the term farmore
restrictivelyreferringsolelytothepracticeofproviding
an acclimatization period at the release site (or close
by) prior to liberation.
Soft release enables the animals to become accus-

tomed to the prevailing environmental conditions
(temperature and chemical composition of thewater,
for instance), familiarize themselves with local land-
marks for orientation and navigation, recover from
transportation, and develop cohesive social bonds
wherever appropriate. For example, in the red wolf
(Canis rufus), animals that survived for the longest
periods of time following release were those who
had experienced longer acclimatization periods
(Phillips et al.1995). Reports of disorientation follow-
ing ‘hard release’ are common in the conservation
biology literature (Kleiman et al. 1986). Vincent
(1960) estimated that 10% of released ¢sh appeared
to be disorientated upon release, swimming into
rocks, sandbars and even out of the water.
There is, however, already good evidence that an

acclimatization periodwould greatly enhance hatch-
ery ¢sh survival upon release. It has been reported
that coho smolts given less than 90-min recovery
time showed lower survival rates than unstressed
control groups (Olla et al. 1992), whilst Lagardere
et al. (1988) and Goodyear (1973) both suggest that it
takes around 3 days for ¢sh to familiarize themselves
with their new environment. Such familiarization
can have unexpected bene¢ts. For example, guam
(Rallus owstoni) held in staging pens to adjust to the
climate also bene¢ted from natural prey passing
freely through the pens providing themwith time to
acquire an appropriate search image whilst being
protected from predation (Derrickson 1986). Also,
preliminary studies suggest that if brown trout are
held in enclosures in the river for 6 days at the site of
release, prior to liberation, growth rates and recap-
ture rates can be signi¢cantly improved (Jonssonn
et al. 1999). Similarly, holding brown trout in enclo-
sures for 24 hat the site of releasehadapositive e¡ect
on the number of ¢sh recaptured (Cresswell andWil-
liams1983).
There is a large body of evidence showing that

transportation has a signi¢cant e¡ect on the stress
levels of hatchery ¢sh. Importantly, elevated stress
levels have been associated with increased suscept-
ibility to predators (Olla and Davis 1989; Jarvi 1990;
Lepage et al. 2000), a reduced ability to learn (Olla
et al. 1992), increased susceptibility to infections
(Shepherd and Bromage 1992), changes in social
behaviour (Ejike and Schreck 1980) and a reduced
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ability to cope with £uctuations in temperature and
water chemistry (Strange et al. 1978). Physiological
recovery fromchronic stress is fairly rapid, occurring
over a matter of hours; however, recovery of beha-
vioural traits like aggression, territorialityand learn-
ing ability probably takes several days to weeks
(Schreck et al. 1997). The length of time allowed for
acclimatization, therefore, is likely to be positively
correlated with improved survival for the short term
(up to 7 days), but as time goes on negative e¡ects
(such as density-related aggression and reduced dis-
persal) may begin to o¡set the bene¢ts of prolonged
containment (Kaya and Jeanes 1995). Allowing an
intermediate acclimatization period prior to libera-
tion should, therefore, result in substantial reduc-
tions in post-release mortality. The exact length of
acclimatization time required to maximize survival
is again likely tobe species- orcase-speci¢candwould
beapro¢table¢eld for furtherexperimentation.

Lessons learnt from hatchery releases

Release site characteristics

For the most part, much is already known about
choosing the right location and the time of year for
the release of captive-reared ¢sh especially with
reference to £ow rates, habitat quality (including
stream-bed structure), prey, predator and competitor
abundance, etc. (Leber et al. 1996; Jokikokko 1999;
see Cowx 1998 for a review). There are excellent
recommendations set out by the IUCN as to when,
where and how reintroductions should occur
(IUCN/SSC Guidelines for Reintroductions1995; and
IUCN Position Statement on Translocation of Living
Organisms 1987). We would, however, like to draw
the reader’s attention to the IUCN directives of rein-
troduction and restocking protocols (IUCN 1995,
1987, respectively) and suggest that these guidelines
could certainly be helpful when establishing how
best to release hatchery-reared ¢shes. In light of the
abundant information alreadyavailable on this topic
we shall address this issue somewhat super¢cially
paying particularattentionto thepotential complica-
tions of the existence of a remnant resident popula-
tion, because success rates of hatchery releases are
often correlated with the existence of resident popu-
lations (Welcomme and Bartley1998).
The existence of a resident population often sug-

gests that supplementation may be less successful
due to further complication of social interaction of
the resident and introduced ¢sh. Laboratory studies

suggest that hatchery-reared ¢sh may be more
aggressive than their wild counterparts (Swain and
Riddell 1990; Berejikian et al. 1996), leading to the
concern that hatchery ¢sh could potentially displace
wild stocks (see Nickelson et al.1986). However, prior
residency conveys an advantage to the resident dur-
ing aggressive interactions (Caballero and Castro
1999; Volpe et al. 2001), possibly accounting for the
lack of evidence that displacement actually occurs in
the wild (Deverill et al. 1999). With few exceptions,
hatchery releases continue to fail tomake substantial
contributions to resident populations possibly due to
their inability to cope with competition from resi-
dents and the high levels of mortality that they sus-
tain (Fenderson and Carpenter 1971; Bachman
1984). The provision of habitat enrichment during
rearing at the hatchery may provide the key to the
development of more natural social behaviours that
could potentially alleviate some of the social inade-
quacies displayed byhatchery ¢sh.
The absence of a resident population, on the other

hand, may be indicative of an unsuitable reintroduc-
tion site as it suggests environmental degradation or
extreme ¢shing pressure (see the reintroduction
e¡orts of sturgeon in Chesapeake Bay for example:
Secor et al. 2000). In these cases, it may be pertinent
to address habitat restoration issues in concert with
a reintroductione¡ort. Fromaconservationmanage-
ment perspective it is important to ¢rstly manage
any threatening processes prior to reintroduction or
restocking (IUCN1987,1995). In the case of ¢sheries,
however, the threatening process (i.e. ¢shing) is
encouraged and may be the sole reason why the
restocking is taking place and, ironically, may be
funding it.

Size at release

The few studies that have monitored the survival
rates of hatchery-reared ¢sh all seem to come to the
same conclusion: the size of the ¢shat release is a cri-
tical factor indetermining the probabilityof survival.
Generally larger ¢sh have a higher survival rate.Mor-
tality of small cod (<25^30 cm) is responsible for the
decrease in numbers of released ¢sh (Svasand et al.
2000).When juvenile Japanese £ounder are released,
they typically range from 4 to 12 cm long and only
those larger than 9 cm survive and go on to grow to
a commercial size (Masuda and Tsukamoto 1998).
Similarly, red sea bream over 4 cm at release go on to
contribute to the catch (Tsukamoto et al. 1989). A
recent review of inland ¢sh stock enhancement in
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China suggests that grass carp greater than10 cm in
their second year of life have a much greater chance
of survival (Li 1999). It is because of this size-corre-
lated mortality that hatcheries grow ¢sh in captivity
for extended periods prior to release. However, the
size atwhich ¢share released is alsogoverned by eco-
nomic constraints.The longer the ¢sh remain in cap-
tivity the greater is the cost to feed and house them.
These extended grow-out periods also have strong
adverse e¡ects on the behaviour of the ¢sh (as out-
lined above). Therefore, a balance must be found
between the bene¢ts of long-term captivity on mor-
tality and the disadvantages of behavioural de¢cits.
Pre-release training can address this problem to
some extent, but work in this area is still very much
in its infancy (Jarvi and Uglem1993;Wiley et al.1993;
Brown and Smith 1998; Brown and Laland 2001)
and has yet to be applied ona large scale.

Economic feasibility

There are currently few examples of restocking that
are considered an economic success although the
majority have yet to be fully assessed. Inland stock-
ing, particularly in Asia, is often earmarked as a
prime example of the success of stocking. Many
examples of stocking in reservoirs and ox-bow lakes
are often referred to as ‘cost-e¡ective’ (Welcomme
and Bartley 1998). Thai reservoirs, for example, are
heavily stocked and the stocked ¢sh are thought to
contribute to $2millionworth of carp captured each
year. Closer inspection, however, reveals that the
relative contribution of the stocked ¢sh to the ¢shery
has not yet been evaluated (Bhukaswan 1988, cited
inWelcomme and Bartley 1998). Only the chum sal-
mon and perhaps the red sea bream (Pagrus major)
release programmes, in Japan, appear to have been
economically successful, primarily because the cost
of production is so low. Even the salmon success
may, in fact, have resulted from improvements in
oceanic conditions because similar increases in
populations that are not supplemented from hatch-
eries have been observed in North America (Bigler
et al.1996).
From a purely economic perspective, increased

returns to the ¢shery would o¡set some of the costs
associated with improving production and release
methods similar to those outlined above (Behnke
1989). For example, if the probability of post-release
survival could be doubled by changing rearing or
releasing protocols at a cost of halving the total
output of hatchery-reared juveniles, then such

improvements should make little di¡erence to the
economic viability of hatcheries.With this in mind,
hatcheries in Japan are now beginning to shift their
focus towards producing fewer, higher quality juve-
niles for release (Fushimi 2001).
Models investigating the economic feasibility of

releasing hatchery-reared cod indicate that in order
to break even, a survival rate (i.e. survival until
recruitment into the ¢shery) of 28% is required if 36-
week-old juveniles are released (Wilson et al. 1998).
This ¢gure is far beyond anything that has been rea-
lized to date, although Kristiansen (1999) reports
survival rates of 23% in the ¢rst year if juveniles are
released at 23 cm. Perhaps the introduction of the
techniques discussed above could close the gap
between current survival rates and those required
inorder to breakeven.The economic data for the ¢sh-
ing industry as a whole suggests that economic suc-
cess can hardly be considered a fair benchmarkwith
which to judge the economic validity of altering
restocking practices. Given people’s insatiable appe-
tite for ¢sh, onemust considerhowmuchwearewill-
ing to pay for the continued privilege of catching
and eating wild ¢sh.

Conclusion

Fisheries scientists have known about the de¢cits in
behaviour of hatchery-reared ¢sh and the resultant
poor survivorship in the wild for some time.Whilst
there remain considerable gaps in our knowledge
about the exact causes of post-release mortality, it is
clear, based on our current level of understanding,
that signi¢cant improvements could be made by
rethinking the ways ¢sh are reared, prepared for
release and eventually liberated. The conservation
reintroduction literature provides a guide as to the
types of protocols that could be tested by ¢sheries
researchers, and the data from ¢sheries releases
could provide important feedback into the design of
reintroduction programmes.
Improving ¢sh culture methods should be consid-

ered a priority for future restocking programmes,
both for ¢sheries and conservation purposes. The
smallest improvements in the proportion of ¢sh sur-
viving to adulthood could result in substantial gains
in absolute numbers of individuals entering the ¢sh-
ery.These gainswould o¡set any increase in the price
of production resulting from improved techniques
such as environmental enrichment, life-skills train-
ing, or soft release. Many of the suggestions outlined
above could be implemented relatively easily and
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may provide large improvements in post-release sur-
vival.The necessarymeasures need not be time-con-
suming or expensive.
Available data indicate that any training proce-

dures need only be short-lived due to the rapid learn-
ing and reasonable retention periods displayed by
¢sh. This suggests that training could take place in a
brief bout just prior to release, periodically during
development, or even in an acclimatization holding
pen at the release site. The bene¢ts of simple habitat
enrichment procedures are already clear to see in
the conservationand ¢sh literature, and should soon
be implemented by hatcheries on a large scale. The
shoaling behaviour of some species of ¢sh makes it
possible to take advantage of social learning pro-
cesses in order to increase the e⁄ciency and e⁄cacy
of any training methods. Finally, we highlight the
need for a greater understanding of the behaviour
and ecology of commercial species and call for closer
monitoring of hatchery releases so that their success
may be gauged and areas for fertile future research
brought to light.

Acknowledgements

We thank two anonymous referees for their helpful
contributions and suggestions. Culum Brown was
funded by a BBSRC research grant and Rachel L Day
bya BBSRC studentship.

References

Abdolhay, H. (1996) Aquaculture and development in the
Islamic Republic of Iran. In: Proceedings of the Working
Group on Aquaculture, Indian Ocean Fishery Commission
Committee for theDevelopment andManagement of theFish-
ery Resources of the Gulf,1996. Egypt.

Agersborg, H.P.K. (1934) Qualitative and quantitative analy-
sis of foods for salmonids reared arti¢cially. Transactions
of theAmerican Fisheries Society 64,435^442.

Alcock, J. (1993)AnimalBehaviour: anEvolutionaryApproach.
SinauerAssociates Inc., SunderlandMass,540pp.

Andrews, C. and Kaufman, L. (1994) Captive breeding pro-
grammes and their role in ¢sh conservation. In: Creative
Conservation: Interactive Management ofWild and Captive
Animals (eds P.J.S. Olney, G.M. Mace and A.T.C. Feistner).
Chapman &Hall, London, pp.338^351.

Bachman, R.A. (1984) Foraging behaviour of free ranging
wild and hatchery brown trout in a stream. Transactions
of theAmerican Fisheries Society113,1^32.

Beamish, R.J., Thompson, B.L. and McFarlane, G.A. (1992)
Spiny dog¢sh predation on chinook and coho salmon
and the potential e¡ects on hatchery-produced salmon.
Transactionsof theAmericanFisheriesSociety37,805^811.

Beck, B.B., Kleiman, D.G., Dietz, J.M., Castro, I., Carvalho, C.,
Martins, A. andRettberg-Beck, B. (1991) Losses and repro-
duction in reintroduced golden lion tamarins (Leonto-
pithecus rosalia). DodoJerseyWildlife PreservationTrust 27,
50^61.

Beck, B.B., Rapaport, L.G., Stanley Price, M.R. andWilson,
A.C. (1994) Reintroduction of captive-born animals. In:
Creative Conservation: Interactive Management of Wild
and Captive Animals (eds P.J.S. Olney, G.M. Mace and
A.T.C. Feistner). Chapman &Hall, London, pp.264^286.

Behnke, R.J. (1989) Summary of progress inwild trout man-
agement:1979^1984. In:WildTrout IV, (eds F. Richardson
and R. Hamre). Trout Unlimited, Virginia, Vienna, pp.
12^17.

Berejikian, B.A. (1995) The e¡ects of hatchery and wild
ancestry and experience on the relative ability of steel-
head trout fry (Oncorhynchus mykiss) to avoid a benthic
predator. CanadianJournal of Fisheries and Aquatic Science
52,2476^2482.

Berejikian, B.A., Mathews, S. and Quinn,T. (1996) E¡ects of
hatchery and wild ancestry and rearing environments
on the development of agonistic behavior in steelhead
trout (Oncorhynchus mykiss) fry. Canadian Journal of Fish-
eries and Aquatic Science 53,2004^2014.

Berejikian, B.A., Smith, R.J.F.,Tezak, E.P., Schroder, S.L. and
Knudsen, C.M. (1999) Chemical alarm signals and com-
plex hatchery rearing habitats a¡ect anti-predator beha-
viour and survival of chinook salmon (Onchorhynchus
tshawytsha) juveniles. Canadian Journal of Fisheries and
Aquatic Science 56,830^838.

Berejikian, B.A., Tezak, E.P., Flagg, T.A., LaRae, A.L., Kum-
merow, E. and Mahnken, C.V.W. (2000) Social dominance,
growth, and habitat use of age-0 steelhead (Oncor-
hynchus mykiss) grown in enriched and conventional
hatchery rearing environments. CanadianJournal of Fish-
eries and Aquatic Science 57,628^636.

Biggins, D.E. and Thorne, E.T. (1994) Management of an
endangered species: the black-footed ferret. In: An Intro-
duction to Conservation Biology (eds G. Me¡e and R.
Carroll). Sinauer Associates Inc., Sunderland Mass, pp.
369^374.

Bigler, B.S.,Welch, D.W. andHelle, J.H. (1996) A reviewof size
trends among North Paci¢c salmon (Oncorhynchus spp).
Canadian Journal of Fisheries and Aquatic Science 53, 455^
465.

Blaxter, J.H.S. (2000) The enhancement of marine ¢sh
stocks. Advances inMarine Biology 38,2^54.

Bolhuis, J.J. (1991) Mechanisms of avian imprinting: a
review. Biological Reviews of the Cambridge Philosophical
Society 66,303^345.

Box, H.O. (1991) Training for life after release: simian pri-
mates as examples. Symposia of the Zoological Society of
London 62,111^123.

Brown, C. and Laland, K.L. (2001) Social learning and life
skills training forhatchery reared ¢sh. Journal of FishBiol-
ogy 59,471^493.

Future of stock enhancements C Brown and R L Day

# 2002 Blackwell Science Ltd, F I SH and F I SHER I E S,3,79^94 89



Brown, G. and Smith, R. (1996) Foraging trade-o¡s in fat-
headminnows (Pimephales promelas, Osteichthyes, Cypri-
nidae): acquired predator recognition in the absence of
an alarm response. Ethology102,776^785.

Brown, G.E. and Smith, R.J.F. (1998) Acquired predator
recognition in juvenile rainbow trout (Oncorhynchus
mykiss): conditioning hatchery-reared ¢sh to recognize
chemical cues of a predator. Canadian Journal of Fisheries
and Aquatic Sciences 55,611^617.

Brown, C. andWarburton, K. (1999) Di¡erences in timidity
and escape responses between predator-na|« ve and preda-
tor-sympatric rainbow¢sh populations. Ethology 105,
491^502.

Buchholz, R. and Clemmons, J.R. (1997) Behavioural varia-
tion: avaluable but neglected biodiversity. In:Behavioural
Approaches to Conservation in theWild (eds J.R. Clemmons
and R. Buchholz). Cambridge University Press, Cam-
bridge, pp.181^208.

Butler, R.L. (1981)Relationships of trout behaviourandman-
agement: hatchery production and construction. In:Pro-
ceedings of the Bio-Engineering Symposium of Fish Culture
(eds L.J. Allen and E.C. Kinney). American Fisheries Soci-
ety, Fish Culture Section, Bethesda, Maryland, pp.97^103.

Caballero, C. and Castro, J.J. (1999) E¡ect of residence and
size asymmetries upon the agonistic interactions
between juvenile white-seabream (Diplodus sargus cade-
nati de la Paz, Bauchot and Daget,1974). AggressiveBeha-
viour 25,297^303.

Carlstead, K. (1996) E¡ects of captivity on the behaviour of
wild mammals. In:Wild Mammals in Captivity: Principles
andTechniques (eds D.G. Kleiman, M. Allen, K.Thompson,
S. Lumpkin and H. Harris). University of Chicago Press,
Chicago, pp.317^333.

Caro, T. (1999a) Behavioural Ecology and Conservation Biol-
ogy. OxfordUniversity Press, Oxford,582pp.

Caro, T. (1999b) The behaviour^conservation interface.
Trends in Ecology and Evolution14,366^369.

Carpenter, J.W., Gabel, R.R. and Goodwin, J.G., Jr (1991) Cap-
tive breeding and reintroduction of the endangered
masked bobwhite. Zoo Biology10,439^449.

Chilcote, M.W., Leider, S.A. and Loch, J.J. (1986) Di¡erential
reproductive success of hatchery and wild summer run
steelhead under natural conditions. Transactions of the
American Fisheries Society117,432^443.

Clemmons, J.R. and Buchholz, R. (1997) Behavioural
Approaches to Conservation in theWild. Cambridge Univer-
sity Press, Cambridge,398pp.

Coleman, F.,Travis, J. and Thistle, A.B. (1998) Marine stock
enhancement: anewpersective.Bulletin ofMarineScience
62,303.

Cowx, I.G. (1998) Stocking and Introductions of Fish. Fishing
News Books, Blackwell Science, Oxford,464pp.

Cresswell, R.C. andWilliams, R. (1983) Post-stocking move-
ments and recapture of hatchery-reared trout released
into £owing water ^ e¡ect of prior acclimation to £ow.
Journal of Fish Biology 23,265^276.

Croy, M.I. and Hughes, R.N. (1991) The role of learning and
memory in feeding behaviour of the ¢fteen-spined stick-
leback (Spinachia spinachia L.). Animal Behaviour 41,149^
160.

Csanyi, V. and Doka, A. (1993) Learning interactions
between prey and predator ¢sh. Marine Behaviour and
Physiology13,63^78.

Derrickson, S.R. (1986) A cooperative breeding program for
the Guam rail (Rallus owstoni). In: American Association
of Zoological Parks and Aquariums Annual Proceedings.
American Association of Zoological Parks and Aqua-
riums,Wheeling, pp.223^240.

Derrickson, S.R. and Snyder, N.F.R. (1992) Potentials and
limits of captive breeding. In: NewWorld Parrots in Crisis:
Solutions from Conservation Biology (eds S.R. Beissinger
and N.F.R. Snyder). Smithsonian Institution Press,
Washington, pp.133^163.

Deverill, J.I., Adams, C.E. and Bean, C.W. (1999) Prior resi-
dence, aggression and territory acquisition in hatchery-
reared and wild brown trout. Journal of Fish Biology 55,
868^875.

Dill, L.M. and Fraser, A.H.G. (1984) Risk of predationand the
feedingbehaviourof juvenile cohosalmon (Oncorhynchus
kisutch). Behavioural Ecology Sociobiology16,65^71.

Dobrott, S.R. (1993)Masked Bobwhite Recovery Plan. Region
2 (ed. W.P. Kuvlesky Jr). US Fish and Wildlife Service,
Alberquerque, NM.

Doyle, R.W., Perez-Enriquez, R.,Takagi, M. andTaniguchi, N.
(2001) Selective recovery of founder genetic diversity in
aquacultural broodstocks and captive, endangered ¢sh
populations. Genetica111,291^304.

Ejike, C. and Schreck, C.B. (1980) Stress and social hierarchy
rank incoho salmon.Transactions of theAmericanFisheries
Society109,432^426.

Embody, G.C. and Gordon, M. (1924) A comparative study of
natural and arti¢cial foods of brook trout.Transactions of
theAmerican Fisheries Society 64,185^200.

Ersbak, K. and Haase, B.L. (1983) Nutritional deprivation
after stocking as a possiblemechanism leading tomortal-
ity in stream-stocked brook trout. North AmericanJournal
of FisheriesManagement 3,142^151.

Fenderson, O.C. and Carpenter, M.R. (1971) E¡ects of crowd-
ing on the behaviour of juvenile hatchery and wild land-
locked Atlantic salmon (Salmo salar L.). Animal Behaviour
19,439^447.

Fish, F.F. (1940) An evaluation of trout culture.Transactions
of theAmerican Fisheries Society 69,85^89.

Flagg,T.A., Mahnken, C.V.W. and Johnson, K.A. (1995) Cap-
tive broodstocks for the recovery of Snake River sockeye
salmon. American Fisheries Society Symposium15,81^90.

Fraser, J. (1974) An attempt to train hatchery-reared brook
trout to avoid predation by common loon. Transactions of
theAmerican Fisheries Society103,815^818.

Furuta, S. (1996) Predation of juvenile Japanese £ounder
(Paralichthys olivaceus) by diurnal piscivorous ¢sh: ¢eld
observations and laboratory experiments. In: Survival

Future of stock enhancements C Brown and R L Day

90 # 2002 Blackwell Science Ltd, F ISH and F I SHER I E S,3,79^94



Strategies in Early Life Stages of Marine Resources (eds Y.
Watanabe,Y.YamashitaandY. Oozeki). A.A. Balkema,Rot-
terdam, pp.285^294.

Fushimi, H. (2001) Production of juvenile marine ¢n¢sh
for stock enhancement in Japan. Aquaculture 200,
33^53.

Ginetz, R.M. and Larkin, P.A. (1976) Factors a¡ecting rain-
bow trout (Salmogairdneri) predationon fryof sockeye sal-
mon (Oncoryhnchus nerka). Journal of the Fisheries
Research Board of Canada 33,19^24.

Godin, J.J. (1978) Behaviour of juvenile pink salmon (Oncor-
hynchus gorbuschaWalbaum) toward novel pre: in£uence
of ontogeny and experience. Environmental Biology of
Fishes 3,261^266.

Goodyear, C.P. (1973) Learned orientation in the predator
avoidance behaviour of mosquito¢sh, Gambusia a⁄nis.
Behaviour 45,191^224.

Gosling, L.M. and Sutherland,W.J. (2000)BehaviourandCon-
servation. CambridgeUniversity Press, Cambridge,438pp.

Gotceitas, V. and Godin, J.J. (1993) E¡ects of aerial and
instreamthreat of predation in foragingby juvenileAtlan-
tic salmon (Salmo salar). In: Production of Juvenile Salmon,
Salmo Salar, in Natural Waters, Vol. 118 (eds R.J. Gibson
and R.E. Cutting). Canadian Special Publications of Fish-
eries and Aquatic Sciences, pp.35^41.

Gri⁄n, A.S., Blumstein, D.T. and Evans, C.S. (1999) Training
captive-bred or translocated animals to avoid predators.
Conservation Biology14,1317^1326.

Guinet, C. and Bouvier, J. (1995) Development of intentional
stranding hunting techniques in killer whale (orcinus-
orca) calves at crozet archipelago. Canadian Journal of
Zoology 73,27^33.

Haskell, D.C. (1965) Are we looking in the right direction in
¢sheries research? Progressive Fish Culturist 27,105^107.

Hojesjo, J., Johnsson, J.I., Petersson, E. andJarvi,T. (1998) The
importance of being familiar: individual recognition and
social behaviour in sea trout (Salmo trutta). Behavioural
Ecology 9,445^451.

Hossain, M.A.R.,Tanaka, M. and Masuda, R. (2001) Preda-
tor^prey interaction between hatchery-reared Japanese
£ounder juvenile, Paralichthys olivaceus, and sandy shore
crab,Matuta lunaris: daily rhythms, anti-predator condi-
tioning and starvation. Journal of Experimental Marine
Biology and Ecology 267,1^14.

Howell, B.R. (1994) Fitness of hatchery-reared ¢sh for survi-
val in the sea. Aquaculture and Fisheries Management 25
(Suppl.1),3^17.

Howell, B.R. and Baynes, S.M. (1993) Are hatchery-reared
sole equipped for life inthe sea? ICESCM1993/F33SESSR.

Hughes, R.N., Kaiser, M.J., Mackney, P.A. andWarburton, K.
(1992) Optimizing foraging behaviour through learning.
Journal of Fish Biology 41 (Suppl. B),77^91.

IUCN Position Statement on Translocation of Living
Organisms (1987) http://www.iucn-org.ac.psiweb.com/
themes/ssc/pubs/policy/transe.htm (last accessed Febu-
ary 2002).

IUCN/SSC Guidelines for Reintroductions (1995) http://
www.iucn-org.ac.psiweb.com/themes/ssc/pubs/policy/
reinte.htm (last accessed Febuary 2002).

Jarvi, T. (1990) Cumulative acute physiological stress in
Atlantic salmon smolts: the e¡ect of osmotic imbalance
and the presence of predators.Aquaculture89,337^350.

Jarvi,T. and Uglem, I. (1993) Predator training improves the
anti-predator behaviour of hatchery reared Atlantic sal-
mon (Salmo salar) smolts. Nordic Journal of Freshwater
Research 68,63^71.

Johnsson, J.J. (1993) Big and brave: size selectiona¡ects fora-
ging under predation risk in juvenile rainbow trout
(Oncorhynchus mykiss). Canadian Journal of Zoology 45,
1219^1225.

Jokikokko, E. (1999)Densityof browntrout, Salmo trutta L.&
Atlantic salmon, Salmo salar L., parr after point and scat-
ter stocking of fry. Fisheries Management and Ecology 6,
475^486.

Jonssonn, S., Brannas, E. and Lundqvist, H. (1999) Stocking
of brown trout, Salmo trutta L.: e¡ects of acclimatization.
FisheriesManagement and Ecology 6,459^473.

Kanayama, Y. (1968) Studies of the conditional re£ex in
lower vertebrates: defensive conditioned re£ex of chum
salmon fry in a group.Marine Biology 2,77^87.

Kanayama,Y. andTuge, H. (1968) The use in ¢sheries of (ela-
borated) conditioned re£ex in young chum salmon. Pro-
blems of Ichthyology 6,834^837.

Kanid’hev, K.C., Kostyunin, G.M. and Salmin, S.A. (1970)
Hatchery propagation of the pink and chum salmons as a
means of increasing the salmon stocks of Sakhalin. Jour-
nal of Ichthyology10,249^259.

Kaya, C.M. and Jeanes, E.D. (1995) Retention of adaptive
rheotactic behaviour by F1£uvial Arctic grayling. Trans-
actions of theAmerican Fisheries Society124,453^457.

Kie¡er, J.D. and Colgan, P.W. (1992) The role of learning in
¢sh behaviour. Reviews in Fish Biology and Fisheries 2,
125^143.

Kleiman, D.G. (1989)Reintroductionof captivemammals for
conservation. Bioscience 39,152^161.

Kleiman, D.G. (1996) Reintroduction Programs. In: Wild
Mammals in Captivity: Principles and Techniques (eds
D.G. Kleiman, M. Allen, K. Thompson, S. Lumpkin and H.
Harris). University of. Chicago Press, Chicago, pp.
297^305.

Kleiman, D.G., Beck, B.B., Dietz, J.M., Dietz, L.A., Ballou, J.B.
and Coimbra-Filho, A.C. (1986) Conservation program for
the golden lion tamarins: captive rearing and manage-
ment, ecological studies, education strategies and rein-
troduction. In: Primates: the Road to Self-sustaining
Populations (ed. K. Benirschke). SpringerVerlag,NewYork,
pp.959^979.

Kleiman, D.G., Stanley, M.R. and Beck, B.B. (1994) Criteria
for reintroductions. In: Creative Conservation: Interactive
Management ofWild and CaptiveAnimals (eds P.J.S. Olney,
G.M. Mace and A.T.C. Feistner). Chapman &Hall, London,
pp.287^300.

Future of stock enhancements C Brown and R L Day

# 2002 Blackwell Science Ltd, F I SH and F I SHER I E S,3,79^94 91



Korner, K.E., Lutjens, O., Parzefall, J. and Schlupp, I. (1999)
The role of experience in mating preferences of the uni-
sexual Amazonmolly. Behaviour136,257^268.

Kristiansen,T.S. (1999) Enhancement studies of costal cod
(Gadus morhua L.) in Nord-Trondelag, Norway. In: Stock
Enhancement and Sea Ranching (eds B.R. Howell, E. Moks-
nessand and T. Svasand). Fishing News Books, Blackwell
Science Ltd, Oxford, pp.277^292.

Lagardere, J.P., Ducamp, J.J., Frikha, L. and Sperandio, M.
(1988) Ultrasonic tracking of common sole juveniles
(Solea vulgaris Quensel, 1806) in a salt marsh: methods
and ¢sh response to some environmental factors. Journal
of Applied Ichthyology 4,87^96.

Leach, G.C. (1926) Discussion in symposium on ¢sh
culture. Transactions of theAmerican Fisheries Society 56,
153^154.

Leber, K.M., Arce, S., Sterritt, D.A. and Brennan, N.P. (1996)
Marine stock-enhancement potential in nursery habitats
of stripedmullet,Mugil cephalus, in Hawaii. FisheryBulle-
tin 94,452^471.

Leider, S.A., Hulett, P.L., Loch, J.J. and Chilcote, M.W. (1990)
Electrophoretic comparisons of the reproductive success
of naturally spawning transplanted and wild steelhead
trout through the returning adult stage. Aquaculture 88,
239^252.

Leon, K.A. (1975) Improved growth and survival of juvenile
Atlantic salmon (Salmo salar) hatched in drums with a
labyrinthine plastic substrate. Progressive Fish Culturist
37,158^163.

Leonard, J.W. and Cooper, E.L. (1941) Experimenters favour
conditioning trout before planting. Progressive Fish Cul-
turist 54,38.

Lepage, O., Overli, O., Petersson, E., Jarvi,T. andWinberg, S.
(2000) Di¡erential stress coping in wild and domestic-
ated sea trout. Brain Behaviour and Evolution 56,
259^268.

Lewis, J.C. (1990) Captive propagation in the recovery of
whooping cranes. Endangered Species Update 8,46^48.

Li, J. (1999) Anappraisal of factors constraining the success
of ¢sh stock enhancement programmes. Fisheries Man-
agement and Ecology 6,161^169.

Lindburg, D.G. (1992)Arewildlife reintroductionsworth the
cost? Zoo Biology11,1^2(Editorial).

Lord, R.F. (1934) Hatchery trout as foragers and game ¢sh.
Transactions of theAmerican Fisheries Society 64,339^345.

Lorenz, K.Z. (1952) King Solomon’s Ring. Crowell, NewYork,
220pp.

Magurran, A.E. (1990) The inheritance and development of
minnow anti-predator behaviour. Animal Behaviour 39,
834^842.

Maloney, R.F. andMcLean, I.G. (1995) Historical and experi-
mental learned predator recognition in free-living New
Zealand robins. Animal Behaviour 50,1193^1201.

Masuda, R. andTsukamoto, K. (1998) Stockenhancement in
Japan: review and perspective. Bulletin of Marine Science
62,337^358.

Maynard, D., Flagg,T. and Mahnken, C. (1995) A review of
semi-culture strategies for enhancing the post-release
survival of anadromous salmonids. American Fisheries
Society Symposium15,307^314.

Maynard, D.J., McDowell, G.C., Tezak, E.P. and Flagg, T.A.
(1996) E¡ects of diets supplemented with live food on the
foraging behaviour of cultured fall chinook salmon. Pro-
gressive Fish Culturist 58,187^191.

McLean, I.G. (1997) Conservationand the ontogenyof beha-
viour. In: Behavioural Approaches to Conservation in the
Wild (eds J.R. Clemmons and R. Buchholz). Cambridge
University Press, Cambridge, pp.132^156.

McLean, I.G., Lundie-Jenkins, G. and Jarman, P.J. (1996)
Teachinganendangeredmammal to recognise predators.
Biological Conservation 87,123^130.

McNeil,W. (1991) Expansion of cultured Paci¢c salmon into
marine ecosystems. Aquaculture 98,173^183.

Mesa, M.G. (1981) Variation in feeding, aggression, and posi-
tion choice between hatcheryand wild cutthroat trout in
an arti¢cial stream.Transactions of theAmerican Fisheries
Society120,723^727.

Mesick, C.F. (1988) E¡ects of food and cover on numbers of
Apache and brown trout establishing residence in arti¢-
cial stream channels. Transactions of the American Fish-
eries Society117,421^431.

Metcalf, N.B., Huntingford, F.A. and Thorpe, J.E. (1987) The
in£uence of predation risk on the feeding motivation and
foraging strategy of juvenile Atlantic salmon. Animal
Behaviour 35,901^911.

Miller, R.B. (1954) Comparative survival of wild and hatch-
ery-reared cutthroat trout in a stream.Transactions of the
American Fisheries Society 83,120^130.

Miller, B., Reading, R. and Forest, S. (1996) Prairie Night:
Black Footed Ferrets and the Recovery of Endangered Species.
Smithsonian Institution Press,Washington, DC,320pp.

Mineka, S. and Cook, M. (1988) Social learning and the
acquisition of snake fear in monkeys. In: Social Learning:
Psychological and Biological Perspectives (eds T.R. Zentall
and B.G. Galef). Erlbraum, Hillsdale, NJ, pp.51^75.

Mirza, R.S. and Chivers, D.P. (2000) Predator-recognition
training enhances survival of brook trout: evidence from
laboratory and ¢eld-enclosure studies. Canadian Journal
of Zoology 78,2198^2208.

Morgan-Davies, A.M. (1980) Translocating crocodiles. Oryx
15,371^373.

Naeslund, I. (1992) Survival and distribution of pond and
hatchery-reared 0þbrowntrout, Salmo trutta L., released
in a Swedish stream. Aquaculture and Fisheries Manage-
ment 23,477^488.

Nickelson,T.E., Solazzi, M.F. and Johnson, S.L. (1986) Use of
hatchery coho salmon (Oncorhynchus kistuch) pre-smolts
to rebuild wild populations in Oregon coastal streams.
Canadian Journal of Fisheries and Aquatic Sciences 43,
2443^2449.

Nickleson, T.E. (1986) In£uences of upwelling, ocean tem-
peratureand smolt abundance inmarine survival of coho

Future of stock enhancements C Brown and R L Day

92 # 2002 Blackwell Science Ltd, F ISH and F I SHER I E S,3,79^94



salmon (Oncorhynchus kistuch) in the Oregon production
area. CanadianJournal of Fisheries and Aquatic Science 43,
527^535.

Olla, B.L. and Davis, M.W. (1989) The role of learning and
stress in predator avoidance of hatchery reared coho sal-
mon (Oncorhynchis kisutch) juveniles. Aquaculture 76,
209^214.

Olla, B.L., Davis, M.W. and Ryer, C.H. (1994) Behavioural def-
icits in hatchery-reared ¢shed: potential e¡ects on survi-
val following release. Aquaculture and Fisheries
Management 25 (Suppl.1),19^34.

Olla, B.L., Davis, M.W. and Ryer, C.H. (1998) Understanding
how the hatchery environment represses or promotes
the development of behavioural survival skills. Bulletin
ofMarine Science 62,531^550.

Olla, B.L., Davis, M.W. and Schreck, C.B. (1992) Compar-
ison of predator avoidance capabilities with corticoster-
oid levels induced by stress in juvenile coho salmon.
Transactionsof theAmericanFisheriesSociety121,544^547.

Olney, P.J.S., Mace, G.M. and Feistner, A.T.C. (1994) Creative
Conservation: Interactive Management ofWild and Captive
Animals. Chapman &Hall, London,517pp.

Paszkowski, C.A. and Olla, B.L. (1985) Foraging behaviour of
hatchery produced coho salmon (Oncorhynchus kisutch)
smolts on live prey. CanadianJournal of Fisheries andAqua-
tic Sciences 42,1915^1921.

Patten, B.G. (1977) Body size and learned avoidance as fac-
tors a¡ecting predation on coho salmon, Oncorhynchus
kisutch, fry, by torrent sculpin, Cottus rhitheus. Fisheries
Bulletin US Department Commerce Natn Oceanic Atmos
Adm 75,457^495.

Pearcy,W.G. (1992) Ocean Ecology of North Paci¢c Salmonids.
University of.Washington Press, Seattle,179pp.

Phillips, M.K., Smith, R., Henry,V.G. and Lucash, C. (1995)
Red wolf reintroduction program. In: Ecology and Conser-
vation ofWolves in a ChangingWorld (eds L.N. Carbyn, S.H.
Fritts and D.R. Seip). Canadian Circumpolar Institute,
Edmonton, pp.157^168.

Provenza, F.D. and Cincotta, R.P. (1993) Foraging and preda-
tor avoidance in the hatchery-reared Paci¢c salmon:
achievement of behavioural potential. In:The Importance
of Feeding Behaviour for the E⁄cient Culture of Salmonid
Fishes (eds J.E. Thorpe and F.A. Hintingford). The World
Aquaculture Society, Baton Rouge, LA, pp.5^12.

Pyanov, A.I. (1993) Fish learning in response to trawl ¢sh-
ing. ICESMarine Science Symposium196,12^16.

Reiriz, L., Nicieza, A.G. andBrana, F. (1998) Prey selectionby
experienced and naive juvenile Atlantic salmon. Journal
of Fish Biology 53,100^114.

Reisenbinchler, R.R. andMcIntyre, J.D. (1977) Genetic di¡er-
ences in growth and survival of hatchery and wild steel-
head trout, Salmo gairdneri. Journal of the Fisheries
Resources Board of Canada 34,123^128.

Ringler, N.H. (1979) Selective predation by drift feeding
browntrout (Salmo trutta). Journal of the FisheriesResearch
Board of Canada 36,392^403.

Ritter, J.A. andMacCrimmon, H.R. (1973) In£uence of envir-
onmental experience on response of yearling rainbow
trout (Salmo gairdneri) to black and white substrate. Jour-
nal of the Fisheries Research Board of Canada 30, 1740^
1742.

Salvanes, A.G.V. (2001) Ocean Ranching. In: Encyclopedia of
Ocean Sciences (eds J. Steele, K.K. Turkian and S.A.
Thorpe). Academic Press,Vol.4, pp1973^1982.

Schreck, C.B., Olla, B.L. and Davis, M.W. (1997) Behavioural
response to stress. In:Fish Stress andHealth inAquaculture
(eds G. K. Iawama, A.D. Pickering, J.P. Stumper and C.B.
Schreck). Cambridge University Press, Cambridge, pp.
145^170.

Schulte, B.A. (2000) Social structure and helping behaviour
in captive elephants. Zoo Biology19,447^459.

Scott-Brown, J.M., Herrero, S. and Mamo, C. (1986)Monitor-
ing of released swift foxes in Alberta and Saskatchewan: ¢nal
report,1986. Canadian Fish andWildlife Service.

Secor, D.H. and Houde, E.D. (1998) Use of larval stocking in
restoration of Chesapeake Bay striped bass. ICES Journal
ofMarine Science 55,228^239.

Secor, D.H.,Niklitschek, E.J., Stevenson, J.T., Gunderson,T.E.,
Minkkinen, S.P., Richardson, B., Florence, B., Mangold,
M., Skjeveland, J. andHenderson-Arzapalo, A. (2000)Dis-
persal and growth of yearling Atlantic sturgeon, Acipen-
ser oxyrinchus released into Chesapeake Bay. Fishery
Bulletin 98,800^810.

Shepherd, J. and Bromage, N. (1992) Intensive Fish Farming.
Blackwell Scienti¢c Publications, Oxford,416 pp.

Shepherdson, D.J. (1994) The role of environmental enrich-
ment in the captive breeding and reintroduction of
endangered species. In: Creative Conservation: Interactive
Management ofWild and CaptiveAnimals (eds P.J.S. Olney,
G.M. Mace and A.T.C. Feistner). Chapman &Hall, London,
pp.167^175.

Shepherdson, D.J., Carlstead, K., Mellen, J.D. and Seiden-
sticker, J. (1993) The in£uence of food presentation on the
behaviour of small cats in con¢ned environments. Zoo
Biology12,203^216.

Simpson, R. and Jackson, P. (1996) The Mary River Cod
Research and Recovery Plan. Queensland Department of
Primary Industries Fisheries Group, Australia.

Sosiak, A.J., Randall, R.G. andMcKenzie, J.A. (1979) Feeding
byhatchery-rearedandwildAtlantic salmon (Salmo salar)
parr in streams. Journal of the Fisheries Resources Board of
Canada 36,1408^1412.

Sproul, J.T. and Tominaga, O. (1992) An economic review
of the Japanese £ounder stock enhancement project
in Ishikari Bay, Hokkaido. Bulletin of Marine Science 50,
75^88.

Stone, L. (1872) Trout culture. Proceedings of the American
Fish Culturists’Association1,46^56.

Stradmeyer, L. and Thorpe, J.E. (1987) Feeding behaviour of
wild Atlantic salmon, Salmo salar L., parr in mid- to late
summer ina Scottish river.AquacultureandFisheriesMan-
agement18,33^49.

Future of stock enhancements C Brown and R L Day

# 2002 Blackwell Science Ltd, F I SH and F I SHER I E S,3,79^94 93



Strange, R.J., Schreck, C.B. and Ewing, R.D. (1978) Cortisol
concentrations in con¢ned juvenile chinook salmon
(Oncorhynchus tshawytscha). Transactions of the American
Fisheries Society107,812^819.

Stunz, G.W., Levin, P.S. and Minello,T.J. (2001) Selection of
estuarine nursery habitats by wild-caught and hatchery-
reared juvenile red drum in laboratorymesocosms.Envir-
onmental Biology of Fishes 61,305^313.

Suboski, M.D. and Templeton, J.J. (1989) Life skills training
for hatchery ¢sh: social learning and survival. Fisheries
Research (Amsterdam) 7,343^352.

Svasand,T., Kristiansen,T.S., Pedersen,T., Salvanes, A.G.V.,
Engelsen, R., Naevdal, G. and Nodtvedt, M. (2000) The
enhancementof cod stocks.FishandFisheries1,173^205.

Svasand,T., Skilbrei, O.T., van derMeeren, G.I. and Holm, M.
(1989) Review of morphological and behavioural di¡er-
ences between reared and wild individuals: implications
for sea-ranchingof Atlantic salmon, Salmo salar L.,Atlan-
tic cod, Gadus morhua L. & European lobster, Homarus
gammarus L. FisheriesManagement and Ecology 5,1^18.

Swain, D.P. and Riddell, B.E. (1990) Variation in agnostic
behaviour between newly emerged juveniles from hatch-
ery and wild populations of coho salmon, Oncorhynchus
kistuch. Canadian Journal of Fisheries and Aquatic Sciences
48,1783^1791.

Thompson, R.B. (1966) E¡ects of predator avoidance condi-
tioningonthe post-release survival rate of arti¢cially pro-
pagated salmon. PhD Thesis, University of Seattle, WA,
156 pp. (cited in Jarvi andUglem1993).

Tsukamoto, K., Kuwada, H., Hirokawa, J., Oya,M., Sekiya, S.,
Fujimoto, H. and Imaizumi, K. (1989) Size dependentmor-
tality of red sea bream, Pargus major, juveniles released
with £uorescent otolith tags in News Bay, Japan. Journal
of Fish Biology 35A,59^69.

Usher, M.L.,Talbot, C. and Eddy, F.B. (1991) E¡ects of transfer
to seawater on growth and feeding Atlantic salmon
smolts (Salmo salar L.). Aquaculture94,309^326.

Utter, F. (1998)Genetic problems of hatchery-reared progeny
released into thewild, andhow to dealwith them.Bulletin
ofMarine Science 62,623^640.

Vargus, A. and Anderson, S.H. (1998) Ontogeny of black-
footed ferret predatory behaviour towards prairie dogs.
CanadianJournal of Zoology 76,1696^1704.

Vincent, R.E. (1960) Some in£uences of domesticationupon
three stocks of brook trout (Salvelinis fontinalis
Mitchell). Transactions of the American Fisheries Society
89,35^52.

Volpe, J.P., Anholt, B.R. and Glickman, B.W. (2001) Competi-
tion among juvenile Atlantic salmon (Salmo salar) and
steelhead (Oncorhynchus mykiss): relevance to invasion
potential in BritishColumbia.CanadianJournal ofFisheries
and Aquatic Sciences 58,197^207.

Wallace, M.P. (2000) Retaining natural behaviour in captiv-
ity for reintroductionprogrammes. In:BehaviourandCon-
servation (eds L.M. Gosling and W.J. Sutherland).
Cambridge University Press, Cambridge, pp.300^314.

Wallace, M.P. and Temple, S.A. (1987) Releasing captive-
reared Andean condors to the wild. Journal of Wildlife
Management 51,541^550.

Ware, D.M. (1971) Predation by rainbow trout: the e¡ect of
experience. Journal of the Fisheries Research Board of
Canada 28,1847^1852.

Weber, P.G. and Weber, S.P. (1976) He e¡ect of female
colour, size dominance and early experience upon
mate selection in male convict cichlids, Cichlasoma nigro-
fasciatum Guenther (Pisces, Chichlidae). Behaviour 16,
116^135.

Welcomme, R.L. (1992) A history of international introduc-
tions of inland aquatic species. FAO Fisheries Technical
Paper no.294. FAO, Rome,318pp.

Welcomme, R.L. and Bartly, D.M. (1998) An evaluation of
present techniques for the enhancement of ¢sheries.
FAO FisheriesTechnical Paper #374. Department of Inter-
nal Development of the United Nations.

Wiley, R.W.,Whaley, R.A., Satake, J.B. and Fowden, M. (1993)
An evaluation of the potential for training trout in hatch-
eries to increase post-stocking survival in streams.
North American Journal of Fisheries Management 13,
171^177.

Wilson, J.A., Langton,R.W. andVanOrsdel, C. (1998)Amodel
for the preliminary analysis of the economic feasibility of
Atlantic cod enhancement in the Gulf of Maine (USA).
Bulletin ofMarine Science 62,675^687.

Winton, J. and Hilborn, R. (1994) Lessons from supplemen-
tation of chinook salmon in British Columbia. North
AmericanJournal of FisheriesManagement14,1^13.

Future of stock enhancements C Brown and R L Day

94 # 2002 Blackwell Science Ltd, F ISH and F I SHER I E S,3,79^94


