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ABSTRACT

Fish aquaculture for commodity production, fisheries enhancement and conservation is expanding rapidly, with many
cultured species undergoing inadvertent or controlled domestication. Cultured fish are frequently released, accidentally
and deliberately, into natural environments where they may survive well and impact on wild fish populations through
ecological, genetic, and technical interactions. Impacts of fish released accidentally or for fisheries enhancement
tend to be negative for the wild populations involved, particularly where wild populations are small, and/or highly
adapted to local conditions, and/or declining. Captive breeding and supplementation can play a positive role in
restoring threatened populations, but the biology of threatened populations and the potential of culture approaches for
conserving them remain poorly understood. Approaches to the management of domestication and cultured-wild fish
interactions are often ad hoc, fragmented and poorly informed by current science. We develop an integrative biological
framework for understanding and managing domestication and cultured-wild fish interactions. The framework sets out
how management practices in culture and for cultured fish in natural environments affect domestication processes,
interactions between cultured and wild fish, and outcomes in terms of commodity production, fisheries yield, and
conservation. We also develop a typology of management systems (specific combinations of management practices in
culture and in natural environments) that are likely to provide positive outcomes for particular management objectives
and situations. We close by setting out avenues for further research that will simultaneously improve fish domestication
and management of cultured-wild fish interactions and provide key insights into fundamental biology.
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I. INTRODUCTION

Fish rearing in culture or captivity has expanded rapidly over
the past decades. Fish culture for food alone has expanded
tenfold since 1970 and now involves over 160 species (Tacon,
2003; Duarte, Marba & Holmer, 2007; Bostock et al., 2010).
In addition, fish are cultured for recreation, ornament, bio-
manipulation, conservation and restoration of threatened
species, and for research (Welcomme & Bartley, 1998; Utter
& Epifanio, 2002).

Rearing under culture conditions implies radical
modifications of the organism’s environment and often
deliberate manipulations of its biology, e.g. through selective
breeding. Cultured fish thus enter a process of domestication:
a process of developmental and genetic change in response to
culture. Domestication gives rise to organisms that perform
better under culture conditions than their wild conspecifics
and may express additional attributes desired by culturists.
The flip side is that such organisms tend be less fit than their
wild conspecifics when released into natural environments.
Although many fish species have been brought into culture
and thus subjected to a domestication process, very few
can be considered fully domesticated in the sense that their
morphology and physiology exhibit variation not seen in the
wild and they would not survive without human protection
(Balon, 2004; Bilio, 2008).

Cultured and wild fish populations interact widely and
significantly. Cultured fish are being released on a very
large scale, both accidentally and intentionally (McGinnity
et al., 2003; Naylor etal., 2004; Laikre efal., 2010). The

bulk of cultured fish are kept in ponds and cages from
which fish may escape during floods or when containment
structures are accidentally breached. Intentional releases
of cultured fish for fisheries enhancement, conservation or
restoration are widespread (Philippart, 1995; Welcomme
& Bartley, 1998; Lorenzen, 2008b). Even though fish
undergoing domestication tend to perform less well in
natural environments than their wild ancestors, they often
survive sufficiently well to interact with wild fish ecologically
and genetically. Such interactions may be problematic or
positive. Problematic interactions include displacement of
wild fish through ecological interactions, reductions in fitness
and genetic diversity of populations subject to interbreeding
between cultured and wild fish, changes in the dynamics
of infectious diseases, and technical interactions such as
increased fishing pressure on wild fish due to fisher’s responses
to fish stocking (McGinnity et al., 2003; Lorenzen, 20085; Van
Poorten et al., 2011). Positive interactions include increases
in total population abundance that can support fisheries
or counteract ecological and genetic risks in endangered
populations (Hedrick et al., 2000; Hilderbrand, 2002). Long-
term outcomes of cultured-wild fish interactions have proved
highly variable and difficult to predict (Fraser, 2008; Araki
& Schmid, 2010). This is not surprising given that outcomes
are influenced by complex and linked ecological and genetic
processes and are highly sensitive to domestication effects
in cultured fish, wild population characteristics, and release
and fishing practices.

The current situation thus provides both an opportunity
and a need for research on the biology of fish domestication
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and the interaction between cultured and wild fish. Effective
management of domestication and of cultured-wild fish inter-
actions requires an approach that is multi-dimensional and
integrative: developing management systems that account
for, and are differentiated by, overarching goals, culture sys-
tems and their effects on domestication processes characteris-
tics of natural populations and ecosystems, and management
of release and fishing in the natural environment. Our aim
herein is to set out a framework for integrative analysis and
to review current knowledge pertinent to this framework and
its use in analysis and planning. We do so by setting out the
general framework (Section II), reviewing culture and domes-
tication processes (Section III) and cultured-wild fish interac-
tions (Section IV), and developing a typology of alternative
management systems (Section V). We close by identifying
key conclusions and questions for further research.

Throughout this review we maintain a taxonomic focus on
teleost fish, the dominant group of cultured aquatic animals
and the primary focus of both research on domestication
effects and applied conservation concerns over cultured-wild
organism interactions in aquatic environments. Much of our
discussion, however, is also likely to be relevant to cultured
aquatic invertebrates.

II. FRAMEWORK FOR ANALYZING
DOMESTICATION AND CULTURED-WILD FISH
INTERACTIONS

A framework for analysing domestication and cultured-wild
fish interactions is set out in Fig. 1. The framework illustrates
schematically how the interaction of management practices
with biological attributes and processes in the culture and
natural systems leads to outcomes. It also illustrates key
linkages between the culture and natural systems through
transfer of organisms: assembly of founder populations in
culture from natural populations, and release of cultured
fish into natural populations and communities. Our review
1s organized principally around the biological attributes and
processes set out in the central column of Fig. 1, because it is
through these that management practices affect outcomes.

III. FISH IN CULTURE SYSTEMS

The culture facility, husbandry practices, genetic and
health management influence overall production levels, the
phenotypic and genetic quality of cultured fish, and their
health. We review these influences in terms of the underlying
processes of production, domestication and diseases, with a
particular focus on domestication.

(1) Fish culture production

Although overall degree of control and production intensity
vary widely between fish culture systems, all are essentially
designed to confine fish within facilities, create environmental
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Fig. 1. Conceptual framework for analyzing domestication and
cultured-wild fish interactions. Solid arrows indicate influences
of management measures on biological processes and dashed
arrows show key linkages between culture and natural systems
through transfer of organisms.

conditions that are conducive to fish growth and survival,
supply nutrients in the quantity and quality required by the
cultured organism, and control predators and diseases. In
well-managed systems, cultured fish grow at rates near their
physiological maximum and suffer much lower mortality
rates than in natural environments (Lorenzen, 1996, 20005).
External inputs of nutrients and removal of waste products
allow fish to be cultured at densities and per-area production
levels that may exceed those found in natural systems
by orders of magnitude (Bostock etal., 2010; Welcomme
etal., 2010).

(2) Domestication

Domestication is a process of change in the cultured organism
that involves genetic changes occurring over generations
and developmental effects recurring during each generation
(adapted from Price, 2002). On the whole, domestication
gives rise to organisms that perform better under culture
conditions, and less well under natural conditions than their
wild conspecifics.

Traditionally, animal domestication has been interpreted
almost exclusively in terms of genetic change through natural
and artificial selection (Clutton-Brock, 1987). However,
recent interest in captive breeding of endangered species
and in new domesticates has led to a greater appreciation
of the role of developmental responses (Price, 2002).
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Developmental responses are particularly pertinent to the
domestication of fish, which show much greater levels of
phenotypic plasticity than higher vertebrates (Allendorf,
Ryman & Utter, 1987; Thorpe, 2004).

Here we describe as “genetic” all those mechanisms that
affect the genotype: natural, sexual and artificial selection,
inbreeding, drift, hybridisation, chromosome manipulations
and genetic engineering. We summarize as “developmental”
all those mechanisms that affect the expression of phenotypic
traits within a given genotype. This includes broad effects also
known as phenotypic plasticity or reaction norms, and very
specific effects such as hormonally induced spawning or sex
reversal. In both genetic and developmental mechanisms,
we distinguish between inadvertent responses to culture
conditions and deliberate manipulations. For example,
inadvertent genetic responses arise from natural and sexual
selection in the culture environment, while deliberate
genetic manipulations arise from artificial selection (selective
breeding) by the culturist. Genetic and developmental
responses tend to occur together and often in the same
general direction because reaction norms of phenotypic
plasticity are in themselves the product of natural selection.

The relative contribution of genetic and developmental
responses to observed patterns is often difficult to ascertain.
Experimentally, this can be achieved by exposing fish of the
same or closely related genotype to different environments
to demonstrate developmental plasticity, and exposing fish
of different genotypes to a common environment to show
genetically based differentiation (Reisenbichler & Mclntyre,
1977; Conover, 1998; Khaw ¢t al., 2009). However, even
in well-designed experiments within-generation natural
selection may be difficult to distinguish from developmental
plasticity (Huntingford, 2004). Where pedigree information
is available, the ‘animal model’ in quantitative genetics offers
a way of partitioning variation into plasticity and selection
components (Wilson et al., 2010).

We propose to distinguish four modes of domestication
based on the degree to which cultured fish are subject to
deliberate manipulations of their biology, and the intended
outcome of such manipulations (types) (Fig. 2). By “types”
we denote sets of phenotypes and genotypes that emerge
through common processes, but may nonetheless differ due
to specific details of the processes involved. The most basic
mode of domestication is dominated by inadvertent responses
to the culture environment, and leads to the evolution of
captive types. Advanced modes of domestication involve
targeted manipulations of the organism’s biology away from
the captive type. This may involve the promotion of traits
desirable in aquaculture commodities to produce a range of
fully domesticated types, promotion of the wild genotype
and phenotype under culture conditions to produce or
maintain wild-like types, or a mixed strategy. Domestication
is a dynamic process: even under constant conditions
the cultured organisms will continue to evolve for many
generations. If culture conditions change, the domestication
process will change too. A reduction in artificial selection
pressure for example can result in the organism reverting
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Fig. 2. Modes of domestication, indicating key mechanisms
and endpoints towards which they modify the organism.

from a highly selected domesticated, to a captive type (though
specific traits of such a captive type may differ from those of
a captive type derived directly from wild ancestors).

(a) Responses to the culture environment: captive types

The basic mode of domestication is characterized by
responses of the organism to a culture system which, on
the whole, meets requirements of the fish better than the nat-
ural environment. The physical environment is maintained
within the organism’s physiological limits; feed is provided
in good quality, quantity and in a predictable manner, and
natural enemies controlled. Even so, technical limitations
and economic considerations imply that conditions are gen-
erally less than ideal: the “pampering” of fish (Thorpe, 2004)
is rarely perfect. Aquaculture systems tend to be smaller,
more confined and less complex than natural environments
and populations far more dense, affecting the frequency and
nature of social interactions in ways that are not always ben-
eficial to the fish (leading e.g. to frequent fighting or uneven
access to feed; Huntingford, 2004). Feeds or environmental
conditions including water quality may be suboptimal at par-
ticular stages in the life cycle, and exposure to microparasites
such as viruses and bacteria can be extremely high (Murray
& Peeler, 2005; Pulkkinen et al., 2010). Overall therefore,
the culture environment reduces pressure to adapt on many
traits, but introduces new pressures on others.

A wealth of comparative studies on the biology of cultured
and wild fish point to a set of consistent changes associated
with responses to the culture environment. These include
a general acceleration of individual development: cultured
fish grow faster and metamorphose from larvae to juve-
niles, mature and show signs of senescence earlier than their
wild counterparts (Thorpe, 1991; Lorenzen, 20005). This
ontogeny 1s consistent with the idea that transitions such
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as maturation occur as soon as fish have accumulated the
necessary resources (Policansky, 1983). In line with the accel-
erated life cycle, physiological longevity may be reduced in
captivity (Linnen, Tatar & Promislow, 2001), but this effect
tends to be more than outweighed by the control of natural
enemies so that survival rates in culture are much higher than
in the wild (Lorenzen, 1996). The culture environment also
modifies behavioural traits (Huntingford, 2004). Foraging,
anti-predator and reproductive behaviour tend to be reduced
in complexity and effectiveness. Territorial behaviour is effec-
tively suppressed or substantially altered in many species
kept in aquaculture facilities at high density. Aggressiveness
is often enhanced, particularly where food is distributed in
a localised and predictable manner. Aggressive behavioural
types perform well in simple environments and under high
density (such as in culture), but unaggressive types tend to
be more flexible and do better under conditions of envi-
ronmental complexity and uncertainty (Huntingford, 2004).
Responses to the culture environment thus give rise to a
coherent ‘domestication syndrome’: life-history patterns that
reflect a change in resource allocation towards growth and
reproduction but away from resource conservation, foraging
and predator avoidance functions that enhance fitness in
complex and unpredictable natural environments (Hammer,
1984; Beilharz, Luxford & Wilkinson, 1993; Thorpe, 2004).
Responses to culture involve both genetic and develop-
mental mechanisms. Increased growth rate and reduced
behavioural complexity, for example, may result from phe-
notypic plasticity and become apparent within weeks or
months of an organism’s transfer from a natural to a culture
environment, but become more pronounced in successive
generations due to inadvertent selection (Lorenzen, 20005;
Metcalfe, Valdimarsson & Morgan, 2003; Huntingford,
2004). Genetic adaptation to captivity appears to involve alle-
les that are rare and deleterious in the wild but are favoured,
or atleast not selected against, in captivity (Frankham, 2008).
In addition to genetic adaptation to captivity, captive popula-
tions often experience loss of genetic diversity (heterozygosity,
allelic diversity) due to low effective population size and con-
sequent genetic drift and inbreeding. The latter effects can be
mitigated against relatively easily through appropriate brood
stock management, but practical constraints or ignorance
mean that this is often not done (Verspoor, 1988; Kincaid,
1995; Norris, Bradley & Cunningham, 1999). Captive types
often show traits that are beneficial to culture operations,
even though they have not been deliberately promoted. With
the exception of maturation, accelerated development is seen
as a bonus in aquaculture because it allows faster turnover
and thus lowers production costs and risks (Thorpe, 2004).

(b) Promotion of commodily traits: domesticated lypes

Advanced domestication involves the promotion of com-
modity traits through selective breeding and other genetic
manipulations as well as targeted interventions in develop-
mental processes. We summarize as “commodity traits” all
traits that culturists find desirable in the cultured fish. In
combination with reproductive technologies that weaken the

link between reproductive output and many morphological
and physiological traits, advanced domestication can give
rise to traits that are commercially advantageous but non-
adaptive even within a culture environment.

Fairly comprehensive selective breeding programmes
are in operation for several species of fish including
Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus
mykiss), channel catfish (Ietalurus punctatus) and Nile tilapia
(Oreochromus miloticus) (Dunham et al., 2001). Genetic variation
in quantitative traits such as growth is higher in cultured
fish than in domesticated mammals, but this difference
may reflect loss of variation under intensive selection of
the latter rather than a fundamental difference between
taxa (Dunham et al., 2001). Artificial selection programmes
have been successful in improving growth, feed conversion,
and disease resistance in a number of farmed fish species
(Dunham et al., 2001; Cipriano et al., 2002; Hulata, 2002;
Jonsson & Jonsson, 2006). Selection programmes have also
long been carried out for ornamental fish (Balon, 2004), and
most recently zebrafish (Danio rerio) lines have been specifically
selected for biomedical research (Keller & Murtha, 2004).
Selection for particular traits often causes correlated changes
in other traits which may or may not be desirable. This
genetic correlation may arise from linked gene complexes,
pleiotropy (where a single gene affects several traits), or
selection of genotypes favouring allocation of finite resources
to different functions (Beilharz et al., 1993; Thorpe, 2004).

Genetic engineering offers the potential for generating
new diversity by introducing genes from reproductively
incompatible backgrounds often to achieve a very specific
constitutive gain of function (Gepts, 2002). The expression
and inheritance of transferred genes depends on their
(uncertain) integration point in the host organism’s genome,
as well as its genetic background and the environment
(Maclean & Laight, 2000; Devlin et al., 2001; Kapuscinski
et al., 2007). Hence genetic engineering may contribute
to, rather than replace, classical selection and testing
programmes. Transgenic fish have so far been developed
mostly for growth enhancement and for ornamental
purposes. However, potential applications include cold and
salinity tolerance, disease resistance, sterility and metabolic
modifications including the production of pharmacological
proteins (Maclean & Laight, 2000).

Hybridization and chromosome set manipulations are
more widely used in fish than in higher vertebrates. The
same mechanisms have long contributed to the develop-
ment of plant cultivars (Gepts, 2002; Gepts & Papa, 2002).
Interspecific hybrids are widely produced for their quan-
titative and qualitative traits including improved growth,
harvestability, and environmental tolerance. Hybrids often
combine desirable traits of two species. In contrast to hybrids
between higher vertebrates only some, but by no means
all, fish hybrids are sterile (Bartley, Rana & Immink, 2001).
Triploidisation may be used to induce sterility (Dunham,
1990; Piferrer et al., 2009). Chromosome set manipulations
also have been used, in conjunction with complex breeding
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schemes, to produce genetically monosex offspring (Mair
et al., 1997).

Developmental manipulations may be employed to con-
trol reproduction (either inducing or preventing it) and are
therefore central to both enabling domestication and man-
aging domesticated fish in the wild even though they do not
in themselves modify the genetic makeup of domesticates.
Environmental modifications such as photoperiod, tempera-
ture, hormonal and feed manipulations are applied variously
to delay or induce maturation (Thorpe, 2004), and many fish
species do not complete gamete production in captivity with-
out such manipulations (Bromage, 1995; Zohar & Mylonas,
2001). Direct developmental manipulations include hormone
treatment of early life stages to induce sex reversal or sterility
(Dunham, 1990).

(¢) Promotion of wild traits in culture: wild-like types

By default, biological responses to the culture environment
lead to the emergence of captive types as described above.
This is clearly undesirable in conservation-oriented fish cul-
ture for live gene banking, supplementation and restoration
where maintenance of the wild type is an explicit goal. Main-
tenance of certain wild-type attributes may also improve the
performance of fish released into natural environments for
purposes other than conservation. While it is virtually impos-
sible completely to avert responses to captivity, management
approaches have been developed to produce wild-like types
that maintain or re-establish certain characteristics of the
wild types. In general such approaches carry costs in terms
of reductions in culture intensity or implementation of man-
agement practices additional to those required purely for
culture production.

The production of wild-like types in culture requires
attention to both the sampling of fish for the founder popu-
lation and its subsequent management in captivity. Founder
populations should maintain the (neutral and adaptive) vari-
ation found in wild populations and encompass sufficient
diversity of genotypes and life-history phenotypes to allow
re-establishment of viable populations in the wild (see also
Section IV.2¢). The latter condition of course may be difficult
to fulfil where the wild population is already in a degraded
state.

Once the captive population is established, both environ-
mental and genetic management are important to promote
maintenance of wild characteristics. The holistic solution of
providing a near-natural environment for fish to live in and
possibly reproduce can maintain natural selection and devel-
opmental cues. However, this approach is often impractical.
It may also negate the survival advantage of fish in culture,
which often is an important reason for bringing fish into
captivity in the first place. I'ar more interventionist genetic
resource management and developmental manipulations are
usually required.

Genetic management of the captive population is aimed
at conserving genetic diversity while also minimizing genetic
adaptation to the culture environment (Frankham, 2008;
Fraser, 2008). Genetic adaptation in captivity is positively
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related to genetic diversity, effective population size, num-
ber of generations and the intensity of (natural or artificial)
selection [see Frankham, Ballou & Briscoe (2002) for a quan-
titative analysis and discussion]. The most effective way of
minimizing both loss of genetic diversity and domestication
selection is to minimize the time spent in captivity. In many
stock enhancement, supplementation or rebuilding pro-
grammes, broodstock consists of wild fish only (Bartley, Kent
& Drawbridge, 1995; Hedrick e al.,, 2000). This approach
is effective in minimizing the potential for loss of genetic
diversity and for domestication selection. Some domestica-
tion selection will still occur within the captive rearing phase,
and after release when natural selection may favour fish
that performed well (grew large) in the culture environment
(Reisenbichler, Utter & Krueger, 2003). However, the scope
for evolutionary change is inherently limited within a single
generation as compared to multiple generations. In assem-
bling broodstock from wild-caught animals, care must be
taken not to include released cultured fish as this would cre-
ate an integrated hatchery-wild population with a combined
selection regime likely to reduce fitness in the wild, unless the
contribution of hatchery fish to the population is very small
(Ford, 2002; Goodman, 2005).

Where captive populations need to be maintained for
extended periods, it may still be possible to minimize the
number of generations and thus, diversity loss and domesti-
cation selection, by breeding from older fish. Because both
total fecundity and quality of eggs and larvae in fish tend
to increase with parental age, there are likely to be fewer
constraints on this strategy than in mammals. Cultured fish
suffer much lower mortality rates than wild fish due to
reduced predation and are likely therefore to live longer on
average (Lorenzen, 1996). It may thus be advantageous to
take measures that may delay maturation and senescence,
such as feeding low rations (Thorpe, 2004). Cryopreserva-
tion of sperm (Chao & Liao, 2001) offers some limited scope
for extending effective generation length. While minimizing
generations in captivity is an effective way of minimizing
genetic adaptation to captivity, the rate of change in adap-
tive traits 1s likely to be greatest within the first generations
when wild fish are exposed to the culture environment and
to decline over time as animals become more adapted.

Where populations must be maintained in captivity for
multiple generations, there is an inherent trade-off between
the goals of maintaining diversity and minimizing adapta-
tion because the potential for genetic adaptation is directly
proportional to the heritable genetic diversity (Woodworth
et al., 2002; Frankham, 2008). Arguably, conservation of
genetic diversity is more important than avoidance of adap-
tation to the culture environment: if adequate diversity is
maintained, it should provide sufficient reserve for feraliza-
tion (re-adaptation to the natural environment). However,
adaptation to the culture environment can greatly increase
the effort required to establish a feral population. Hence a
compromise strategy that minimizes the combined effects of
inbreeding, drift and inadvertent selection may be most
successful in maintaining the wild genotype. The most
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commonly advocated approach is to combine factorial
mating designs (maximising genetic diversity of offspring)
and equalisation of family size (minimizing inadvertent
selection), but this design may be difficult and expensive
to implement and involves sacrificing a large proportion
of progeny (Waples, 1999; Frankham et al., 2000; Ponzoni
et al., 2010). Hence there is usually a trade-off between con-
serving the genetic makeup of the captive population and
achieving high reproductive rates (Fiumera et al., 2004). An
alternative that has been proposed but not yet fully evaluated
for fish is to divide the captive population into small sub-
populations which may be group-bred, and rotate some ani-
mals between sub-populations once inbreeding becomes sig-
nificant (Margan et al., 1998; Frankham, 2008; Fraser, 2008).

Whereas culture environments are too different from the
natural environments to make maintenance of a ‘natural’
regime of natural selection a realistic prospect, there is some
debate as to the possibility of maintaining sexual selection
by allowing mate choice in cultured fish. While breeders are
selected individually by culturists in many freshwater culture
systems, group spawning with the potential for mate choice
is often employed in marine culture systems (though group
sizes tend to be small compared to those found in the wild).
Maintaining sexual selection in culture could be beneficial
if mate choice is linked to heritable fitness or parental effort
(Wedekind, 2002; Theriault et al., 2011).

Developmental manipulations to promote wild traits are
important to raise performance after release, and some
such manipulations may also reduce selection for culture
traits. Typical manipulations include physical environmen-
tal features (e.g. temperature, water currents), nutrition,
and feeding practices (Tanaka et al., 1998). Environmental
enrichment (Berejikian et al., 2000), life-skills training (Brown
& Laland, 2001) and soft release strategies (Brown & Day,
2002) can successfully promote behavioural skills that may
increase survival of released fish. The fact that cultured
fish respond readily to habitat enrichment and life-skills
training by displaying “wild” behavioural patterns (Brown
& Laland, 2001) attests to the maintenance of their enor-
mous developmental plasticity. Exposure to variable spatial
and foraging cues in the hatchery environment provides fish
with enhanced behavioural traits that may be associated with
improved survival in the wild (Braithwaite & Salvanes, 2005).
While many such manipulations have been shown to promote
wild-like traits in laboratory tests, their effectiveness at achiev-
ing the ultimate goal, increased lifetime fitness in the wild, has
not been widely tested. Results so far have not shown very
large effects on long-term survival (e.g. Fuss & Byrne, 2002).

(d) Differentiated promotion of domesticated and wild-like traits:
muxed types

In certain uses of cultured fish in the wild, such as culture-
based fisheries/ranching or those fisheries enhancement
programs where wild and hatchery-reared stock components
can be separated, it may be advantageous in principle
to promote a mixture of commodity and wild-like traits.
Salmon enhancement programs in which hatchery stocks are

reproductively separated from wild stocks increasingly aim to
develop stocks that perform well in the culture environment
in early life and are adapted to the local natural environment
in the post-release phase of their lifecycle (Mobrand et al.,
2005). Given the consistency of the domestication syndrome
and its detrimental effect on fitness in the wild (see Section
IV), there are likely to be constraints on promoting adaptation
to such contrasting environments in different life stages.
Experiments show, however, that selective breeding for
return rate of ranched salmon can be effective (Jonasson,
Gjedre & Gjedrem, 1997). The full-lifecycle performance
of mixed-type stocks in enhancement programs may well
exceed that of captive or domesticated types (which perform
poorly in the wild) or that of wild-like types (which perform
poorly, or are demanding to produce in culture).

(3) Diseases

A variety of non-infectious pathologies such as spinal defor-
mities, cataracts, fin erosion or liver damage occur in cultured
fish (Tacon, 1992; Ashley, 2007). Many such conditions are
related to inadequate environmental conditions or nutritional
deficiencies and are prevalent in newly cultured species or
newly developed culture systems, but become rare once
husbandry practices are well developed.

Transfer of parasites (used here in the broadest sense,
encompassing microorganism, protozoa and metazoa) from
wild to cultured fish occurs through infected founder popu-
lations and more commonly, transmission across the bound-
aries of environmentally open culture systems (McVicar,
1997; Kurath & Winton, 2011). Confinement of fish in
culture facilities greatly reduces transmission of metazoan
parasites with complex life cycles (because intermediate or
final hosts are typically absent), but provides ideal conditions
for transmission of parasites with direct life cycles including
bacteria, viruses, many protozoa and some metazoans such
as sea lice (Murray & Peeler, 2005). Parasites with direct life
cycles frequently establish strains that persist within culture
systems and, due to high host densities and other factors,
may evolve greater virulence than the original strains found
in low-density wild fish populations (Pulkkinen et al., 2010;
Kurath & Winton, 2011), Control of parasites with direct life
cycles through a variety of preventive means and treatments
is thus of utmost importance in most fish culture systems. Key
measures include prevention of pathogen entry by closing
culture facilities to the environment, discontinuous (batch)
culture interspersed with disinfection of facilities or fallowing
of sites to break transmission cycles, pathogen screening and
prevention of movement of infected animals, vaccination,
and chemotherapy (Owens, 2003). The choice of control
measures and their effectiveness vary greatly between culture
systems, with acceptable outcomes ranging from elimination
of parasites to their maintenance at levels that do no cause
excessive harm.
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IV. CULTURED FISH IN NATURAL SYSTEMS

Releases of cultured fish into the natural environment
may be accidental or deliberate and vary in magnitude
(numbers), life stage/size, phenotypic and genetic quality,
and health of culture fish. (Fig. 1). Fishing may be carried out
at different intensities and may be more or less selective
for fish size and cultured or wild origin. Sometimes,
releases are accompanied by auxilary measures such as
habitat restoration or control of non-native species. Together
releases, fishing and auxiliary measures may influence wild
fish abundance and demographic structure, genetic diversity
and structure, health, fisheries catch, and community
structure. We discuss these interactions by focusing on
the key processes and attributes of organism performance
and interactions, population-level ecological and genetic
interactions, interspecific interactions, disease interactions
and technical interactions.

(1) Organism performance and interactions
(a) Comparative biology of individuals

The comparative biology of released cultured and wild fish
has been extensively studied, and some fairly consistent
patterns have emerged (Gross, 1998; Fleming & Petersson,
2001; Weber & Fausch, 2003). Most studies have involved
captive types, from both local and translocated populations,
and have focused on first-generation released fish.

Cultured fish released into the wild tend to differ from
their wild conspecifics in a wide range of morphological,
behavioural, physiological, and ecological attributes.
Released cultured fish tend to move more and show higher
levels of activity and aggression than wild conspecifics but are
less adept at foraging, resulting in high energy expenditure
and low intake (Sosiak, Randall & McKenzie, 1979; Ersbak
& Haase, 1983; Nostvik & Pedersen, 1999). Accelerated
development and increased aggression may confer an initial
advantage on released cultured fish, but this is usually
offset by poorer long-term performance (e.g. McGinnity
et al., 2003). The susceptibility of released cultured fish to
predation is often increased, due to morphological features
such as conspicuous colouration (Fairchild & Howell, 2004),
use of habitats subject to high predation risk, and poorly
developed anti-predator behaviour (Olla, Davis & Ryer,
1998; Malavasi et al., 2004). Cultured fish may also be
more susceptible to capture by fishing gear than their wild
conspecifics (Mezzera & Largiader, 2001). These attributes
of cultured fish in the wild are broadly consistent with the
domestication syndrome described in Section II1.3: a decline
in biological functions required to perform in complex
and unpredictable environments. Being based on multiple
behavioral, physiological, ecological and morphological
attributes that are plastic on different timescales, differences
between released cultured fish and their wild conspecifics
tend to diminish over the lifetime of the released animal, but
some genetically based differences may be measurable for
multiple generations.
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Natural mortality rates of released cultured fish are
highly variable, but substantially higher on average than
those of wild conspecifics of similar size (Lorenzen, 2000q;
Fleming & Petersson, 2001). Recent studies have shown that
second-generation offspring of cultured fish spawned in the
wild survive better than first-generation released fish, but
remain less fit than fish of wild parentage (Araki e al., 2007 g;
Araki, Cooper & Blouin, 20075).

The reproductive ecology of cultured fish released into
the wild often differs substantially from that of wild
conspecifics. In salmonids, where reproductive ecology has
been extensively studied, cultured fish differ in terms of
the timing of breeding, the selection of nest sites, courting
behaviour and competitive ability (Fleming & Petersson,
2001; Weir etal., 2004). The result 1s that, in general,
cultured fish show lower reproductive success than wild
fish (Fleming & Petersson, 2001; McGinnity et al., 2003). In
addition, due to the biological differences mentioned, the
degree of interbreeding with wild fish is often lower than
expected from the relative abundance of the parent types
(Fleming & Petersson, 2001). Reproductive fitness of wild-
born offspring of cultured fish tends to improve relative to
that of first-generation released fish, but remains below that
of wild fish (Araki, Cooper & Blouin, 2010).

Sterility (usually induced by hormone treatment in early
life stages or triploidisation) offers a relatively straightforward
way of preventing interbreeding and thus, direct genetic
interactions between cultured and wild fish. Relatively little
is known about the performance and, in particular, residual
spawning behaviour of sterile fish in the wild. There is
evidence that sterile fish can, in some cases, interfere with
spawning of wild fish and thus reduce their reproductive
success (Piferrer et al., 2009).

(b) Interactions between cultured and wild fish

Most differences in the ecology of released cultured fish
and their wild conspecifics are expressed regardless of
whether individuals of the two types interact. However,
where interactions do occur, they may be asymmetric and
thus further modify relative performance. In most cases
where behavioural interactions between released cultured
and wild fish have been studied in natural environments,
wild fish dominate interactions and tend to emerge better
from them than their cultured counterparts (Huntingford,
2004). In culture systems and other artificial environments
including laboratory settings often used to study cultured-
wild fish interactions, cultured fish more often dominate
interactions (Huntingford, 2004). The test environment is
thus a key factor to consider when studying cultured-wild
fish interactions or interpreting results from such studies.
Care must be also be taken when extrapolating from short-
term to longer term interactions. For example, cultured fish
often are more aggressive than wild fish initially, but less
good at acquiring resources in the longer term.
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(¢) Role of genetic origin and domestication history

The ecology of cultured individuals in the wild is strongly
influenced both by their genetic origin and the domestication
process they have experienced whilst in captivity. Cultured
fish from local populations tend to perform better on
most criteria than those that have been translocated
(Reisenbichler, 1988; McGinnity et al., 2003; Araki et al.,
2008). Populations that have been cultured for only short
periods tend to perform better than those cultured for many
generations, but significant impacts are usually evident even
after short periods in captivity (Reisenbichler & Mclntyre,
1977; SRSRP, 2004; Araki et al., 20075). This suggests that on
the whole, progressive domestication leads to a progressive
loss in post-release fitness. Promotion of commodity traits
through selective breeding may be expected to reduce fitness
in the wild further, while minimising genetic adaptation
to captivity and promoting wild-like traits should have the
opposite effect. Empirical evidence for these effects however
1s scant and inconclusive. Testing of fitness in the wild
or attributes relevant to it is not commonly carried out
in selective breeding programmes for commodity traits.
Evidence for positive impacts on post-release fitness of
measures to promote wild-like types in culture is based mostly
on morphological, physiological or behavioural indicators
measured in short-term experiments rather than direct
measurement of fitness in the wild.

(d) Capacity for feralisation

The performance of cultured fish in the wild tends to be
poorest immediately after release, with observed differences
diminishing as a result of developmental and genetic
adaptation. Behaviour may adapt more rapidly, possibly as a
result of learning, than morphology and colouration (Brown
& Laland, 2001; Fairchild & Howell, 2004). Providing that
initial fitness is sufficient to allow survival and reproduction,
released fish may establish feral populations in the wild. The
question of the extent to which cultured populations retain
the genetic reserve to re-adapt to natural habitats is crucial
to conservation aquaculture but insufficiently researched
(Utter, 2004). Certainly, there is evidence that non-adaptive
traits can be maintained over prolonged periods in modified
environments, possibly due to genetic correlations with
adaptive traits (Thrower, Hard & Joyce, 2004). Widespread
naturalisation of alien fish following escape from aquaculture
facilities provides evidence that feralisation occurs readily
even when no particular measures are taken to preserve the
wild phenotype in culture (Welcomme, 1988). Feralisation
of alien species may be facilitated by particular niche
opportunities not available to native species recolonising
ancestral habitat (Shea & Chesson, 2002). Successful
reintroduction programmes suggest that reserve for re-
adaptation can be maintained and that sufficient initial
fitness combined with high release numbers can kick-start
the feralisation process (Philippart, 1995; Young et al., 2002).

(2) Population ecological and genetic interactions

Population-level ecological interactions occur as a result of
the increase in population abundance at certain life stages
associated with any release, and from differences in the
biology of cultured and wild fish which have a modifying
effect on the nature and strength of interactions. Ecological
interactions have genetic consequences where cultured and
wild fish interbreed (direct genetic interactions), or where
the ecological interactions alter the selection regime (indirect
genetic interactions). Interactions at the population level
are thus dependent on the state of the wild population
(abundance in absolute terms and as a fraction of carrying
capacity, and genetic population structure and integrity)
and the extent and quality of releases (abundance, rate of
continued releases, genetic and phenotypic quality) (Weber
& Fausch, 2003).

(@) Role of the status of wild populations

Several ecological and genetic attributes of wild fish
populations are important determinants of the way in which
released cultured fish interact with them. (1) Abundance
of the population in absolute numbers. Populations that
are small in absolute numbers (fewer than a few tens
or hundreds) are prone to extinction from demographic
stochasticity, and may also rapidly lose genetic diversity.
(2) Abundance relative to carrying capacity, which affects
the nature and strength of density-dependent processes.
Populations that are at a large fraction of carrying capacity
show compensatory density dependence in various life-
history traits, while populations that are at a low fraction
of carrying capacity (below 15%) may show depensatory
density dependence (Allee effects) (Liermann & Hilborn,
2001; Rose et al., 2001). (3) Genetic diversity and population
structure. Genetic diversity in wild fish is conserved by
relatively large absolute effective population sizes, typically
about 10% of the census size (Frankham, 1995). Neutral and
adaptive genetic variation are spatially structured within the
distribution area. Significant adaptive variation in particular
may be present at small spatial scales (Conover ¢t al., 2006;
Mehner et al., 2009). Maintaining this variation is crucial to
maintaining population abundance and fisheries yields under
environmental variation (Hilborn et al., 2003). (4) Extent to
which natural genetic population structure has been modified
by human interference. Habitat alterations or selective
harvesting may affect levels of gene flow among population
segments and exert new selection pressures (Hutchings &
Fraser, 2008). (5) Temporal changes in all of the foregoing.
Populations may undergo rapid changes in ecological or
genetic status. Such changes can interact in a cataclysmic
way in declining populations where multiple threats including
demographic stochasticity, depensatory density dependence,
and modification of genetic structure combine to drive the
population towards extinction (Caughley, 1994).
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(b) Ecological interactions

In wild populations that are large in absolute numbers and
as a fraction of carrying capacity, intraspecific ecological
effects involve predominately direct or apparent (predator-
mediated) competition. Predation between cultured and wild
conspecifics may become important in piscivores if cultured
fish differ substantially in size from wild fish of the same
life stage, but this has been little studied. Direct or apparent
competition results in compensatory density dependence,
which in fish is manifested mostly in mortality in juveniles
and in growth and reproductive parameters in older fish
(Rose et al., 2001; Lorenzen, 20084). Population abundance
1s regulated predominantly by juvenile density-dependent
mortality in many fish populations, but density-dependent
growth and reproductive parameters in older (recruited) fish
can also exert a strong and sometimes dominant regulatory
effect (Lorenzen, 20084). Addition of cultured fish prior to the
dominant regulatory phase in the life cycle will cause strong
compensatory responses in vital rates during that phase
and thus reduce wild fish abundance. In stocks regulated
primarily by juvenile density-dependent mortality, releases
of large juveniles can raise overall biomass beyond natural
carrying capacity, but this 1s not the case where regulation in
the recruited phase is dominant. In either case, releases into
populations that are at a low fraction of carrying capacity
can increase overall abundance towards carrying capacity,
but some compensatory responses in vital rates affecting both
the stocked and wild population components are likely to
occur (Lorenzen, 2005). The magnitude of these responses
may vary from virtually none to complete compensation,
and will typically be intermediate because compensatory
processes tend to operate continuously over a wide range of
densities rather than as a discrete switch from ‘no density
dependence’ to complete compensation. As may be expected
from these theoretical considerations, empirical evidence for
replacement of wild by released cultured fish is variable (Li
et al., 1996; Hilborn & Eggers, 2000; Sharma ez al., 2006). Of
course, interactions between wild and released cultured fish
are not limited to the current generation. Where released
cultured fish contribute to the spawning stock, their offspring
will be represented in the next generation where they will
run the full gamut of regulatory processes alongside the
offspring of wild spawners. Population modelling suggests
that this may result in partial replacement of fish of wild
parentage by fish of cultured or mixed parentage, to a degree
determined by the relative abundance and relative fitness of
both types (Lorenzen, 2005). High or continuous accidental
or intentional releases may lead to complete replacement of
the wild by cultured or feral populations, whether or not the
populations interbreed (Ford, 2002; Lorenzen, 2005; Hindar
et al., 2006).

Similar competitive interactions will occur where wild
populations are small in absolute numbers, yet not depressed
far below environmental carrying capacity: a situation
found in some freshwater populations. However, in such
populations demographic stochasticity presents a threat to
population persistence and release of additional fish may
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be beneficial despite eliciting a compensatory response
(Hilderbrand, 2002). Populations that are depleted far below
carrying capacity may suffer depensatory density dependence
regardless of absolute numbers, either “trapping” the
population at low abundance or leading to continued decline
(Liermann & Hilborn, 2001; Walters & Kitchell, 2001). In
such populations, release of cultured fish could increase
abundance to levels where depensation does not occur
and thus kick-start population recovery. However, empirical
evidence for beneficial demographic effects of releases on
very small and declining natural populations is limited.
Maladaptation of cultured fish, manifested in lower
vital rates relative to the wild type, reduces the threat of
displacement of the wild by the cultured population, with or
without genetic introgression. The effect of maladaptation
on the productivity of a mixed wild and cultured population,
however, is greatest at intermediate levels of maladaptation:
well-adapted cultured fish are more likely to displace wild fish
but do not affect mixed population productivity, while poorly
adapted cultured fish contribute little to the mixed population
and have little impact on its wild component (Lorenzen,
2005). The detrimental productivity effect is greater where
the wild and cultured populations interbreed than where
genetic mixing is avoided. The magnitude of impacts on
wild population abundance and productivity of course also
depends on the relative abundance of the populations: even
poorly adapted fish can have a large impact if released in
very large numbers and over long periods of time. Empirical
studies have found evidence for reduced productivity in some
mixed wild-cultured salmonid populations, but not in others
(Chilcote, 2003; Sharma et al., 2006; Araki e al., 2007a, b).

(¢) Genetic consequences

Direct genetic interactions may result in introgression, the
level of which is strongly influenced by the relative abundance
and fitness of the natural and cultured stocks and their
hybrids, and the degree to which the two populations
are reproductively separated by behavioural differences etc.
Introgression rates will be largest when both populations
are of the same fitness and recent ancestry, and decline
with increasing fitness and ancestral difference. Outbreeding
depression, where hybrids are less fit than either parent
population, may reduce introgression as compared to the
more common situation where hybrids are of intermediate
fitness (Reisenbichler & Rubin, 1999; Reisenbichler et al.,
2003). Introgression can affect genetic diversity, structure
and fitness of populations. To assess consequences of
introgression, we need to consider the genetic characteristics
of the wild and cultured populations, and the quantitative
level of interaction [see Ryman & Laikre (1991), Ford (2002)
and Goodman (2005) for quantitative assessments of diversity
and fitness consequences of introgression].

Cultured populations often harbour lower levels of
genetic diversity than wild populations, due to low effective
population size (tens, or at the most a few hundreds) and
its effects on genetic drift and inbreeding. Introgression of
cultured into wild populations can be associated with a
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loss of genetic diversity in the resulting, mixed population
(Ryman & Laikre, 1991). The risk of loss of diversity is
greatest when fish of cultured origin contribute substantially
to the mixed population, but have a much lower effective
population size than the wild population. This situation
can arise relatively easily because high fecundity of fish
combined with high survival of early life stages in culture
makes it possible to produce very large numbers of offspring
from very few parents. Loss of genetic diversity reduces
the ability of the population to respond to environmental
change (Hilborn et al., 2003; Reed & Frankham, 2003). In
wild populations that are very small, the opposite situation
may occur: cultured populations may be of greater effective
size and introgression can increase diversity in the wild
population. This may be helped by factorial mating designs
that can increase effective population size to about twice the
census size. In addition, culture systems offer some protection
from demographic stochasticity and the possibility of rapid
population expansion, both opportunities for conserving
genetic diversity in populations that are already small and
endangered (Hedrick et al., 2000).

Wild fish populations show spatial structure in selectively
neutral markers where isolation has been sufficiently strong
and long-term, and adaptive genetic variation that may be
maintained by natural selection even at more moderate levels
of isolation (Utter, 2004; Conover ¢ al., 2006). Freshwater
fish species show far greater differentiation in neutral mark-
ers than marine species, with anadromous species occupying
an intermediate position (Ward, Woodwark & Skibinski,
1994). However, adaptive genetic variation has been found
at relatively small spatial scales in freshwater, anadromous
and even marine species (Reisenbichler, 1988; Conover ¢ al.,
2006; Mehner et al., 2009). Local adaptations of life-history
traits appear to be widespread, maintained and dynami-
cally remoulded by the continuous action of selection and
migration.

Where cultured fish are derived from a local brood stock
and released over a large geographical area or vice versa,
the consequence of introgression is a loss of spatial genetic
differentiation and in particular, local adaptations in the
wild population (Araguas et al., 2004; Mechner e al., 2009).
Such effects can be reduced by taking account of wild
population genetic structure in the founding of brood stock
and the movement of cultured offspring prior to (accidental
or deliberate) release. However, in practice it may be difficult
to establish this structure and emulate it in culture (Utter
& Epifanio, 2002; Miller & Kapuscinski, 2003). Where
the cultured population is of lower fitness than the wild
population (due to domestication effects and/or lack of local
adaptation), introgression will reduce fitness of the combined,
naturally recruited population relative to a mixture without
introgression. The level of introgression itself is dependent
on the relative fitness and the relative abundance of the
population components. Cultured fish of very low fitness are
unlikely to achieve much introgression unless their relative
abundance is very high. Both relative fitness and relative
abundance must be considered in risk assessments and it
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is important to bear in mind that cultured fish with only
moderately compromised fitness in the wild can have greater
effects on the fitness of the naturally recruiting population
component than those that are very unfit (Lorenzen, 2005).
Particularly deleterious outcomes may be expected for trait
combinations that increase introgression in the short term,
which will have negative consequences for long-term fitness
(Muir & Howard, 2002; Garant et al., 2003).

Opverall, it appears that poor fitness of cultured fish in
the wild has often limited both the success of deliberate
releases and deleterious ecological and genetic interactions,
except in cases where releases of unfit cultured fish are
numerically very large. Adoption of culture methods that
increase performance in the wild will make ecological
interactions more widespread and severe, even if direct
genetic interactions are well managed. Strong ecological
(and therefore, indirect genetic) interactions to the extent of
direct replacement of the wild stock component are evident
in enhanced fisheries where cultured fish perform reasonably
well in the wild (Hilborn & Eggers, 2000).

(3) Interspecific interactions

Interspecific biological interactions can arise where cultured
fish increase the abundance of existing wild populations or
establish new populations where the species was previously
absent. In either case, the strongest impacts on other fish
species are likely to arise due to predation from stocked
piscivores, or due to biogenic habitat modification by
stocked species that may, for example, reduce macrophyte
abundance or increase turbidity (Welcomme, 1988,
Beveridge, Ross & Kelly, 1994; FAO, 1999; Eby et al., 2006).
Interspecific competitive interactions tend to be weaker,
but may also be significant (e.g. Levin & Williams, 2002).
The fact that the released cultured fish have been modified
from their wild type through a process of domestication
may be less important in interspecific than in intraspecific
interactions. It is likely, though, that the comparatively
low post-release fitness of cultured fish also reduces their
likelihood of establishment and possibly, severity of impact
compared to introductions of wild fish of the same species.
Impacts of escaped or stocked non-native species are
widely perceived as a more serious threat to native biota than
the release of native species. However, this perception must
be qualified. Non-native fishes undoubtedly have contributed
to threats and extinctions of native fishes, and many of the
former have originated from culture operations (Welcomme,
1988). On the other hand the majority of non-native fishes
have integrated into existing communities without causing
extinctions or even drastic changes in the abundance of native
species (Moyle & Light, 1996; Williamson, 1996; Gozlan,
2008; Arthur et al.,, 2010). The strongest effects on native
fishes are typically associated with non-native predators
(Moyle & Light, 1996; Ruesink, 2005; Eby et al., 2006).
Direct and indirect competitive interactions have also been
implicated in some local extinctions (Harig, Fausch & Young,
2000; Townsend, 2003). Hybridization between closely
related cultured and wild species has been shown to occur
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and can contribute to loss of genetic integrity and/or fitness
of the wild population (Hitt et al., 2003). Both competitive
interactions and hybridization may be particularly prevalent
where the cultured and wild species are closely related.

(4) Disease interactions

Impacts on wild stocks from disease interactions may occur
via three mechanisms: (1) introductions of alien pathogens,
(2) transfer of pathogens that have evolved increased
virulence in culture, (3) changes in host population density,
age/size structure or immune status that affect the dynamics
of established pathogens. All three impacts can occur when
cultured fish are released, or maintained in environmentally
open systems such as net cages which allow transmission
even when the farmed population is contained.

Introductions of alien pathogens are associated with the
most dramatic disease impacts of cultured on wild fish so
far documented (Johnsen & Jensen, 1991; Wagner, 2002;
Johansen et al., 2011). Introduction of a pathogen in itself]
however, does not necessarily have a great effect unless a
sufficiently dense, susceptible recipient population is present
(Anderson, 1981). In the case of parasites with indirect life
cycles, even more complex ecological conditions must be met
for the parasites to establish and impact on host populations.
Not surprisingly, the impacts of parasite introductions are
highly variable depending on ecological conditions and even
wide-ranging transfers can have low impacts where ecological
conditions prevent establishment (Kennedy, Hartvigsen &
Halvorsen, 1991; Schisler & Bergersen, 2002).

Transfer from cultured to wild fish of parasite strains that
have evolved increased virulence in culture is a widely held
concern (Pulkkinen et al., 2010; Kurath & Winton, 2011).
While transmission may occur directly from cultured to wild
individuals where culture systems are environmentally open,
it is unlikely that highly virulent strains can invade and
persist within low-density wild populations alone (Kurath &
Winton, 2011).

Changes in host population density, age/size structure
or immune status of interacting cultured and wild
fish population components have been shown to affect
transmission dynamics and prevalence of parasites,
particularly in cases where overall changes in host density
have been large. This is most well documented for the
case of sea lice (principlally Lepeophtheirus salmonis and Caligus
clemenst) parasitizing wild and pen-cultured salmon (Butler,
2002; Krkosek et al., 2006). Also, high stocking densities of
chinook salmon (Oncorhynchus tshawytscha) in Lake Michigan
are believed to have contributed to increased prevalence of
bacterial kidney disease, with occasional epidemics causing
high mortalities (Jude & Leach, 1999).

Controlling parasites in cultured fish is crucial to
minimizing disease interactions with wild fish, but is not
always effective and may not be sufficient, particularly where
parasite transmission from wild to cultured fish is difficult
to eliminate. It is therefore important to implement an
epidemiological, risk-based approach to managing disease
mteractions that accounts for ecological and evolutionary
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dynamcis of transmission and host population impatcs
(Butler, 2002; Bartley, Bondad-Reantaso & Subasinghe,
2006; Murray & Peeler, 2005).

(5) Technical interactions

Technical interactions, which may be intra- or interspecific,
arise when the aquaculture or harvesting operations for
cultured fish affect wild populations. This may occur through
broodstock capture, environmental impacts of culture
facilities, or changes in fishing pressure. Broodstock capture
can have significant impacts when wild populations are small,
which is typically the case in captive breeding programmes
for conservation. In larger populations, changes in fishing
pressure associated with large-scale release programmes are
the most common technical interactions. Pacific salmon
(Oncorhynchus spp.) enhancements may have increased fishing
pressure on mixed wild-hatchery stocks, though the impact of
this on wild stocks remains controversial (Hilborn & Eggers,
2000). Conversely, harvest restrictions brought in to protect
stocked cultured fish may also reduce pressure on wild stocks
(Lorenzen et al., 1998; Lorenzen, 20085). These examples,
while not exhaustive, show that technical interactions can
be significant and should be considered as part of any
cultured-wild fish interaction study.

V. INTEGRATED MANAGEMENT OF FISH
CULTURE AND CULTURED-WILD FISH
INTERACTIONS: A TYPOLOGY OF SYSTEMS

Integrative management combining specific practices in both
the culture and the natural system holds great promise for
improving outcomes of fish culture and interactions between
cultured and wild fish. Different combinations of practices are
required for different purposes of fish culture. We identify six
management systems (Table 1): (1) commodity aquaculture,
(2) culture-based fisheries, ranching and bio-manipulation,
(3) fisheries stock enhancement, (4)restocking or stock
rebuilding, (5) supplementation and captive breeding, and
(6) re-introduction and translocation. These categories
represent a continuum from primarily production-oriented
systems where the aim is to minimize detrimental impacts
on wild populations, to conservation-oriented systems where
the aim 1s to maximise positive impacts. Our typology builds
upon and aims to unify typologies of fish culture and use of
cultured fish in natural ecosystems developed by Cowx (1994)
for stocking in fisheries management, Utter & Epifanio (2002)
for genetics of cultured-wild fish interactions, Naish et al.
(2008) for salmonid hatchery programmes, and Lorenzen
(2008b) for fisheries enhancements.

Certain aspects of managing culture and cultured-wild
fish interactions apply uniformly across management systems
while others are differentiated. Among the uniform aspects
are general practices of good husbandry in culture such as
maintaining good environmental conditions including water
quality, and controlling infectious diseases. In the following
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we set out combinations of differentiated management
appropriate to different purposes and systems.

(1) Commodity aquaculture

Commodity aquaculture in confined systems such as tanks,
ponds or net pens accounts for the largest share of cultured
fish production. Commodity aquaculture benefits from
madvertent and advanced domestication. Escapes generally
occur inadvertently (incidences of vandalism, however, do
occur in aquaculture) and can involve native or non-
native species, at any stage in the life cycle. Consequently,
mteractions with wild fish may be dominated by inter- or
intraspecific, ecological or genetic interactions depending on
the specific attributes of the farming operation. There are
two principal means for minimising interactions between
cultured and wild fish and their impact on wild populations:
(1) minimising escapes through effective containment of
cultured fish and recovery of escapees, and (2) minimising
impacts of escaped fish through development of genetic
manipulations of cultured fish.

Clearly the most effective control strategy is to minimize
escapes in the first place. Increased containment in culture
facilities is desirable, but may be difficult to achieve in pond
and cage systems that are likely to remain the mainstay of
commodity aquaculture (Beveridge, 2004). Typical average
escape figures for cultured fish are in the order of 2-5% of
stock per year (Beveridge, 2004; Naylor e al., 2004). This
may seem very little, but for the most widely cultured species
in which cultured populations may exceed the abundance
of wild stocks by a factor of ten to fifty (Walker et al., 2006),
annual escapes can match or even exceed the abundance
of wild stocks. Siting of farms to reduce the risk of flooding
and breach of containment structures will have some impact,
but an integrated approach to the problem, which adopts
a procedure similar to the Hazard Analysis and Critical
Control Point (HACCP) approach used in the food industry,
1s likely to pay greatest dividends. Such an approach would
identify the causes of escapes and help focus attention on
the areas that require most effort to reduce the incidence
of escapes. The use of gear fit for purpose, staff training,
the adoption and auditing of industry Codes of Practice as
well as the development and implementation of contingency
plans all have an important role to play. Recovery measures
may be adopted after major escapes, and it may also be
possible to promote return or limit straying by manipulating
site cues or conditioning the fish (Soto, Jara & Moreno, 2001;
Youngson et al., 2001). Some countries have encouraged or
legislated the development of integrated strategies to reduce
escapement, with good results (Beveridge, 2004; Naylor ¢t al.,
2004; Walker et al., 2006).

In terms of the domestication process, two radically
different approaches may be adopted to minimize ecological
and genetic impacts of escapees: (1) producing cultured fish
that are as similar as possible in their genetic makeup
to wild fish so as to minimize deleterious impacts of
genetic introgression, or (2) producing fish that are highly
dependent on culture conditions and survive poorly in the
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wild to minimize both ecological impacts and the level
of introgression. The first approach may seem intuitively
attractive, but maintaining the genetic makeup of wild
populations in captivity is inherently difficult (if not well-nigh
impossible) and implies foregoing positive contributions to
aquaculture from domestication. In addition, wild-like types
are likely to show stronger ecological interactions with wild
fish than the captive or domesticated types used at present.
The second option, increasing dependence of cultured fish
on human support, is fully compatible with production
efficiency in aquaculture and will reduce both ecological and
genetic interactions with wild fish. Dependence on human
protection and thus poor performance in the wild is likely
to be based on multiple traits (Gepts, 2002; Price, 2002).
Selection indices that combine multiple traits, weighted by
their utility, into an aggregate breeding value have long
been applied in the domestication of higher vertebrates,
and will undoubtedly become more widely used in fish
(Hazel, Dickerson & Freeman, 1994; Olesen, Groen &
Gjerde, 2000). Incorporating in the selection index traits that
reduce performance in the wild, or an empirical measure
of performance in the wild as a trait in its own right,
would allow deliberate selection for low impact upon escape.
So far, this aspect has received insufficient attention in
fish domestication programmes. However, the high level
of developmental plasticity and capacity for feralization
in fishes, and magnitude of releases mmply that measures
focusing on the organism alone may not be sufficient.
Manipulations that induce sterility eliminate direct genetic
interactions of escaped with wild fish. A combined strategy
of advancing domestication (thus reducing fitness in the wild)
and inducing sterility thus seems the most promising strategy
to minimize interactions with wild fish.

Commodity aquaculture has been associated with intro-
ductions of non-native species, some of which have become
invasive (Naylor, Williams & Strong, 2001). However, other
non-indigenous species are known not to establish feral pop-
ulations or to interact only mildly with native fish even if they
do establish. Examples include riverine major carps released
into lakes and reservoirs in Asia or Atlantic salmon escapees
from aquaculture facilities in the Pacific (Soto et al., 2001;
Cubitt et al., 2006; Arthur et al., 2010). Culturing such non-
native species may have less impact on native populations
than culturing of native species where the latter are partially
domesticated and poorly contained.

(2) Culture-based fisheries, ranching,
bio-manipulation

In culture-based fisheries or ranching systems, cultured fish
are released into natural or semi-natural ecosystems for fish
production, creation of recreational fisheries, or biomanipu-
lation (Table 1). Culture-based fisheries or ranching systems
usually operate for species that do not reproduce naturally
in the target habitat, or where the stocked and natural popu-
lations are separated reproductively and ecologically. Some
culture-based fisheries and ranching systems use species that
are non-native to the region. Interactions with wild fish are
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therefore primarily interspecific and ecological or technical in
nature. This form of management probably accounts for the
largest share of intentional releases into the wild, from large-
scale production-oriented reservoir culture-fisheries in Asia
to ‘put and take’ recreational fisheries (Welcomme & Bartley,
1998; Arlinghaus, Mehner & Cowx, 2002). The culture-
based fishery or ranching system itself is typically stocked
and harvested intensively, resulting in a population structure
that maximises somatic production and/or the abundance
of catchable-sized fish. Such populations are characterized
by narrow age and size structure, are virtually devoid of
mature fish, and therefore could not be sustained by natural
recruitment (Lorenzen, 1995, 2005). Stocking and harvesting
patterns in themselves thus limit the potential for the popu-
lation to become established and self-recruiting. In the case
of biomanipulation applications, fishing pressure on released
fish may be minimised in order to achieve a high abundance
of large fish for effective predation or vegetation control.
Sterile fish may be used in culture-based fisheries
and ranching systems where reproduction in the natural
ecosystem 1s possible but undesirable, in particular where
non-native species with potentially large ecological impacts
are used (e.g. triploid grass carp Ctenopharyngodon idella for
vegetation control; Cassani, 1995). Interspecific hybrids
may also be used (Bartley etal, 2001). Developmental
manipulations such as life-skills training or conditioning
may improve post-release performance (Section III.3.c).
Development of locally adapted brood stock is likely to
be beneficial and experiments show that there is potential
for genetic improvement to benefit culture-based fisheries
and ranching systems (Jonasson efal, 1997; Araki et al.,
2008). In the absence of direct genetic interactions with
wild stocks, post-release fitness of cultured fish is primarily
an economic rather than a conservation issue. Low-cost
mass production of captive or domesticated-type fish that
survive poorly in the wild but are highly susceptible to
capture may be economically optimal in certain cases,
particularly in put-and-take recreational fisheries where fish
are recaptured quickly. Habitat enhancements and predator
control measures may complement culture-based fisheries,
particularly in inland waters (Welcomme & Bartley, 1998).

(3) Fisheries stock enhancement

Stock enhancement involves the continued release of hatch-
ery fish into a wild population, with the aim of sustaining
and improving fisheries in the face of intensive exploita-
tion and/or habitat degradation. Stock enhancement is
distinguished from culture-based fisheries and ranching by
the presence of a wild population, and from the more
conservation-oriented approaches of supplementation and
restocking by its primary focus on production (Table 1).
Examples of stock enhancements include the Alaska salmon
(Oncorhynchus spp.) enhancements and many smaller initia-
tives, mostly in freshwater environments (Welcomme &
Bartley, 1998; Hilborn & Eggers, 2000). Under certain
conditions, stock enhancements can substantially increase
overall abundance of catchable fish and fisheries yield, while
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allowing for higher exploitation rates than could be sus-
tained by the natural stock alone (Lorenzen, 2005). In doing
so, however, enhancements tend to reduce abundance and
productivity of the naturally recruiting population compo-
nent below the levels associated with sustainable exploitation
in the absence of enhancement. In addition, there may be
introgression of hatchery genotype fish into the self-recruiting
population with implications for its genetic structure and fit-
ness. Such interactions can vary in magnitude from a very
slight reduction to complete replacement of wild by released
cultured fish, depending on stock characteristics and man-
agement (Hilborn & Eggers, 2000; Levin, Zabel & Williams,
2001; Lorenzen, 2005). Depending on the relative fitness of
wild and released cultured fish, such replacement can lead to
an overall reduction in productivity but this is not necessarily
the case (Chilcote, 2003; Sharma et al., 2006; Araki e al.,
2007a). Where the wild stock is fished within sustainable
limits, recruitment compensation implies that natural repro-
duction of released hatchery fish will make at best a small net
contribution to natural recruitment, while posing potentially
substantial ecological and genetic risks (Lorenzen, 2005).
Particular erosion of wild population fitness may occur when
the hatchery contribution is large and hatchery and wild
fish interact reproductively (Utter, 2004; Goodman, 2005;
Lorenzen, 2005). Several modelling tools are now available
for quantitatively assessing fisheries benefits and impacts on
wild populations from stock enhancements, including the
EnhanceFish model for iteroparous species (Lorenzen, 2005;
Medley & Lorenzen, 2006), and the ‘All-H Analyzer’ for
semelparous salmonids (Mobrand, Jones and Stokes Asso-
ciates, 2006).

Because stock enhancements can depress wild population
abundance and fitness through multiple ecological, genetic
and technical interactions, it is likely to be advantageous to
separate cultured and wild population components as far as
technically possible (Utter, 2004; Lorenzen, 2005; Chilcote,
Goodson & Faley, 2011). Releasing hatchery fish as advanced
juveniles (thus reducing interactions with wild juveniles at the
stage when compensatory density-dependence is particularly
strong) and selective harvesting of hatchery fish, possibly
combined with manipulations to induce sterility, can greatly
reduce ecological and genetic interactions with wild fish
(Lorenzen, 2005). Separation of cultured and wild stocks
of the same species can also be facilitated by promoting
differentiation in spatial distributions through homing or
conditioning, and artificial selection for differences in the
timing of spawning (Mackey, McLean & Quinn, 2001; Hayes
et al., 2004).

Enhancement programs with effectively separated
cultured and wild stocks are likely to offer greater fisheries
enhancement potential and reduced impact on wild stocks
compared to programs with integrated stocks. So far, effective
separation has been achieved only in certain enhancement
programs for anadromous salmonids (Mobrand et al., 2005;
Naish et al., 2008). Options for achieving separation of
cultured and wild stocks should be explored in stock
enhancements for other species.
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(4) Restocking or stock rebuilding

Restocking or stock rebuilding involve temporary releases
of hatchery fish aimed at rebuilding depleted populations
more quickly than would be achieved by natural recovery.
In restocking, release number must be substantial relative
to the abundance of the remaining wild stock if rebuilding
is to be significantly accelerated. Fishing intensity should
be low in order to maximise the contribution of wild and
released cultured fish to population growth. Restocking calls
for close ecological and genetic integration of wild and
cultured stocks, combined with very restricted harvesting.
Genetic management is clearly focused on maintaining the
characteristics of the wild population, and developmental
manipulations likewise may be carried out to produce ‘wild-
like’ fish. Restocking may be considered when population
abundance is substantially below carrying capacity as a result
of overfishing or environmental catastrophes. It may also be
used where habitats have been restored or enhanced so that
carrying capacity has expanded but population expansion
1s slow. Restocking is used widely to restore freshwater
fisheries after pollution events, or in conjunction with habitat
restoration (Philippart, 1995).

Ecological interactions between released cultured and wild
fish are likely to be weak in the carly stages of restocking
when the wild population is at a small fraction of carrying
capacity, but will increase as the population recovers.
Theoretical analyses and empirical evidence show that where
populations have been depleted by overfishing, a substantial
reduction in fishing intensity is always required to achieve
stock rebuilding, and restocking is likely to be effective as
an additional measure only in very depleted populations
(Richards & Rago, 1999; Lorenzen, 2003). On the other
hand, where populations are at a low fraction of carrying
capacity due to a catastrophic event and fishing pressure
is low, restocking may be the only active management
intervention that can boost population recovery.

Empirical evidence of variable natural recovery following
fish stock collapses suggests that populations can become
‘trapped’ in a degraded state (Hutchings, 2001), possibly
owing to multiple factors such as ecosystem effects (Walters &
Kitchell, 2001), genetic deterioration (Olsen et al., 2004), and
modified intraspecific interactions (see also Caughley, 1994).
In principle, restocking programmes could address some of
these issues, helping depleted populations to ‘break out of the
trap’ and regain a capacity for increase. This possibility has
not been tested, but experimental restocking programmes
for such populations could make crucial contributions to the
understanding of recovery processes.

(5) Supplementation and captive breeding

Supplementation 1s defined here as the continued release
of cultured fish into very small and declining populations,
with the aim of reducing extinction risk and conserving
genetic diversity. Captive breeding (maintaining a brood
stock In captivity) is often part of supplementation eflorts.
Supplementation primarily serves conservation aims, and
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specifically addresses threat processes in small and declining
populations: demographic stochasticity, loss of genetic diver-
sity, and Allee effects (Caughley, 1994). Supplementation
has been used most widely in salmonids (Hedrick ez al., 2000;
Hilderband, 2002).

Supplementation typically involves only moderate releases
in order not to depress the wild population component
further, stringent restrictions on harvesting, and auxiliary
measures such as habitat restoration and control of non-
indigenous species. Genetic management is clearly focused
on maintaining the structure and adaptations of the wild
stock. Interactions between cultured and wild fish in
supplementation are broadly similar to those described
for stock enhancement, but modified by processes that are
germane to the dynamics of small and declining populations.
Ecologically, the key process is demographic stochasticity,
with the implication that supplementation releases can
reduce population extinction risk even where this leads to
some replacement of wild with cultured fish (Hildebrand,
2002). Genetically, the key processes are the random loss of
alleles in small populations, and inbreeding if the population
remains small for extended periods. In supplementation
hatcheries, breeding plans can be designed that substantially
increase the genetically effective population size compared to
that of the same population under random mating (Hedrick
et al., 2000; Frankham et al., 2002). Supplementation can thus
mitigate against extinction from demographic stochasticity
and maintain or expand genetically effective population size,
but may carry short and medium-term fitness costs (Fraser,
2008). Programmes that are implemented as short-term
interventions to avoid imminent extinction are considered
more likely to achieve long-term population viability than
approaches that require long-term supplementation and
thus, perpetuate fitness costs of hatchery rearing (McClure
etal., 2008). Supplementation may also reduce natural
recruitment through density-dependent processes and thus
increase dependence on continued captive breeding unless
available habitat is increased. Also, extinction risk may
remain substantial even in supplemented populations,
and establishing a captive or translocated stock without
supplementing the native population should be considered
as an alternative to supplementation. Where the natural
population is very small, it may be best to bring the whole
population into captivity where mortality rates tend to be
much lower than in the wild, and effective population size
can be maximised. The best approach (no supplementation,
supplementation, establishment of a captive population only,
or complete transfer into captivity) will depend on relative
magnitude of risks under different scenarios, but these are
often difficult to quantify (Tenhumberg et al., 2004).

(6) Re-introduction and translocation

Re-introduction and translocation involve temporary
releases of cultured or captured fish with the aim of re-
establishing a locally extinct population. The fish to be
released may have been cultured, possibly for multiple gen-
erations, or may be brought into captivity only briefly as part
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of a translocation of wild stock. Re-introduction aims to estab-
lish a healthy population that is (z) genetically adapted to the
local environment, (i) self-sustaining at abundances consis-
tent with the carrying capacity of the river system, (i) genet-
ically compatible with neighbouring populations so that sub-
stantial outbreeding depression does not result from straying
and interbreeding between populations, and (i) sufficiently
diverse genetically to accommodate environmental vari-
ability over many decades (Reisenbichler etal., 2003).
Re-introduction and translocation are widely used in the
restoration of freshwater fish populations (Philippart, 1995).

Interactions between cultured and wild fish in re-
introduction and translocation initiatives are temporary and
weak, owing to the low numbers of cultured fish normally
released. However, successful re-establishment of a wild
population may result in significant interspecific ecological
interactions. Iish may be released at any life stage, normally
in numbers that are relatively small, but large enough to
allow establishment and to enable genetic processes to
maintain diversity and fitness in the population being re-
established. Fishing pressure should be minimized to allow
rapid expansion of the population. A particular issue in re-
mtroduction is the genetic makeup of the founder population
to be released. Unless a representative and sufficiently large
sample of the original population has been brought into
captivity prior to its extinction in the wild, the re-introduced
population must be assembled from populations other than
that originally present. Reisenbichler et al. (2003) point out
that while it is generally best to adhere to the ancestral
lineages for the species to be restored, establishment success
1s likely to be greatest for fish from populations adapted
to similar environmental conditions, which may not always
be those now extant from the lineage that was originally
present in the release habitat. However, mixing genetically
divergent sources may lead to outbreeding depression in
second-generation fish (Huff et al, 2011). Following initial
establishment, releases should be discontinued so as to allow
the population to evolve a natural structure and adapt to its
new environment (Reisenbichler e al., 2003).

VI. DIRECTIONS FOR IMPROVING
MANAGEMENT AND FOR RESEARCH

(1) Improving management

We have set out in the introduction and re-emphasize
here the case for adopting an integrative approach to the
management of cultured fish, within and outside culture
facilities. Our framework (Fig. 1), review and typology of
management systems (Section V, Table 1) can be used to
inform such an approach and guide its implementation. Clear
goals should be formulated for fish culture and domestication
strategies, bearing in mind that different uses of fish culture
call for very different approaches (Section III.2). Assessment
and management of cultured-wild fish interactions should
integrate across ecological and genetic interactions and

17

account for the impacts of domestication-related fitness
declines on both (Section IV.2). An epidemiological, risk-
based approach taking into account the ecological and
evolutionary dynamics of parasite transmission should be
adopted to managing disease interactions (Section IV.4).
Lorenzen, Leber & Blankenship (2010) outline an approach
to the development or reform of fisheries enhancements
that embodies these principles. A large-scale, systematic
application of many of these principles can be found in
the Hatchery Reform processes implemented in the Pacific
Northwest of the U.S.A. (Mobrand et al., 2005).

(2) Directions for research

Research on fish domestication and on cultured-wild fish
interactions has the potential to generate substantial benefits
for aquaculture in the widest sense, for fisheries management,
and for the conservation of threatened fish populations. It
also provides unique insights into fundamental biological
questions.

Perhaps the most important, overarching direction for
research is the development of a quantitative evolutionary-
ecological theory of domestication and of cultured-wild
fish interactions. We now have assembled a vast body of
empirical knowledge on many facets of fish domestication
and cultured-wild fish interactions. However, there has been
limited synthesis, integration and theory development. Most
theoretical studies on the subject have relied on mathematical
models that, while motivated by ecological or evolutionary
theory, have been primarily conceptual and disciplinary
and have not been confronted with data (e.g. Ford, 2002;
Goodman, 2005; Lorenzen, 2005). Development and testing
of theoretical models that integrate across disciplines and
scales holds the key to further progress: integration of
ecological and genetic considerations, over the life cycle,
and from individuals to populations.

One core area where this approach is likely to be fruitful
is the evolutionary ecology of domestication. Analysing the
effects of environmental manipulations and selection on the
organism’s biology may unravel the mechanisms underly-
ing adaptation: disentangling direct environmental effects on
development, reaction norms that have been shaped by nat-
ural selection, and genetic constraints (Gonner, 2003; Fuller,
Baer & Travis, 2005). Life-history theory offers a concep-
tual basis for such analyses but has not been systematically
applied to domestication issues (Roff, 1992). The second
core area of theory development concerns manipulations
of wild populations through releases of cultured fish. Fish-
eries enhancement and conservation hatchery programmes
designed as experiments may provide unique insights into
the population biology of wild fish stocks (Lorenzen, 2000a;
Smith et al., 2002; Nislow, Einum & Folt, 2004). This could
include manipulations to raise the abundance of depleted or
declining populations in order to gain insights into processes
that may prevent natural recovery and which remain poorly
understood (Caughley, 1994; Hutchings, 2001).

Better empirical information is urgently required on how
specific domestication interventions (both developmental and
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genetic) affect the performance of cultured fish in natural
systems and their interactions with wild fish. This will resolve
the question whether, how and when (given responses
achievable in selective breeding programmes) advancing
domestication will increase dependence on human support
and reduce survival in the wild to the extent that interactions
of escapees with wild fish become insignificant. The greatest
advances in the short term may be achievable by inducing
sterility in fish destined for commodity aquaculture and
production-oriented fisheries enhancements. Again, better
information on the performance of sterile fish in the wild,
in particular with respect to possible interference with
reproduction in wild fish is urgently required. Long-term
experimental research in natural systems is likely to be
required to provide the required link between specific
domestication effects and performance, but meta-analysis
of existing studies should also prove informative.

VII. CONCLUSIONS

(1) An integrative biological approach: integrating over
ecological and evolutionary perspectives, culture and
natural systems with associated management practices,
and multi-dimensional outcomes provides new insights into
domestication issues in fish culture and interactions between
cultured and wild fish.

(2) Domestication is a dynamic process. We propose
four modes of domestication that lead to alternative sets
of cultured “types” (sets of phenotypes and genotypes) of
organisms. The first mode of domestication is dominated
by inadvertent responses to the culture environment, and
leads to the evolution of captive types. Advanced modes
of domestication involve targeted manipulations of the
organism’s biology away from the captive type. This may
involve the promotion of commodity traits to produce a
range of fully domesticated types, promotion of the wild
genotype and phenotype under culture conditions to produce
or maintain a range of wild-like types, or promotion of mixed
types with a combination of commodity and wild-like traits
for culture-based and enhanced fisheries.

(3) Controlled (directed) domestication can yield benefits
for all forms of aquaculture, but inadvertent or poorly
managed domestication can be detrimental to aquaculture
as well as to wild stocks. Many problems casually attributed
to domestication of fish are in fact problems of too little,
or too muddled domestication. More explicit attention to,
and constructive management of, domestication processes is
likely to make significant contributions to the sustainable
development of aquaculture and the use of culture
technologies in conservation of endangered species.

(4) Ecological and genetic interactions between cultured
and wild fish are widespread, often significant, and closely
linked. Integrated, quantitative assessment of ecological and
evolutionary dynamics is required to understand and predict
outcomes of interactions. Relevant concepts and models are
increasingly available. Critical uncertainties surround the
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quantitative effects of different domestication strategies on
the fitness of cultured fish in the wild.

(5) Integrative management combining specific practices
in both the culture and the natural system holds great promise
for improving outcomes and fish culture and interactions
between cultured and wild fish. Different combinations
of practices are required for different purposes of fish
culture. We identify six management systems: (1) commodity
aquaculture, (2) culture-based fisheries, ranching and bio-
manipulation, (3) fisheries stock enhancement, (4) restocking
or stock rebuilding, (5)supplementation and captive
breeding, and (6) re-introduction and translocation.

(6) Research on fish domestication and on cultured-wild
fish interactions is likely to generate substantial benefits for
aquaculture, fisheries and fish conservation and to provide
unique insights into fundamental biological questions. Key
directions for research include advancing the quantitative
evolutionary-ecological theory of domestication and of
cultured-wild fish interactions and empirically assessing
impacts of different domestication strategies and specific
manipulations on fitness of cultured fish in the wild.
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