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Aquaculture-based fisheries enhancement is a set of management approaches involving the release of cultured organisms
to enhance, conserve, or restore fisheries. Enhancement has a long history, and substantial progress has been made in
key areas of science underpinning the activity. Yet the contribution of enhancements to global fisheries production has
remained small, and there are few outright “success stories.” Enhancements enter into complex fisheries systems and, to
be successful, must contribute to a broad set of biological, economic, social, and institutional management objectives. In
doing so, enhancements need to add value to, or outperform, alternative measures such as fishing regulation or habitat
management. This is possible only under certain conditions and may require transformations in multiple biological-technical
as well as market and institutional attributes of the fisheries system. I outline a framework for the integrated analysis of
enhancement fisheries systems and a systematic, transparent, and stakeholder-participatory development process.
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INTRODUCTION

Aquaculture-based fisheries enhancement is a set of manage-
ment approaches involving the release of cultured organisms to
enhance, conserve, or restore fisheries. In line with the Food
and Agriculture Organization’s (FAO) definition, ‘cultured’ or-
ganisms are subject to active husbandry and private ownership.
‘Fisheries’ is the harvesting (only) of organisms that are held
in some form of common property regime. Aquaculture-based
fisheries enhancements combine partial use of aquaculture tech-
nologies in natural environments with institutional arrangements
that are broadly typical of fisheries, but often involve strong
access controls or property rights. Enhancements are thus in-
termediate between aquaculture and fisheries in terms of both
technical and human control (Anderson, 2002). This definition
covers a great diversity of aquaculture-based enhancement fish-
eries systems (for overviews, see Munro and Bell, 1997; Petr,
1998; Travis et al., 1998; Welcomme and Bartley, 1998; and Bell
etal., 2005). A call has been made to develop definitions for dif-
ferent types of enhancements and the objectives they serve, such
as “restocking,” “stock enhancement,” and “sea ranching” (Bell
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fisheries enhancement, systems approach, institutional analysis, population dynamics

et al., 2008). In this paper, I focus on fundamental attributes
shared by most enhancement fisheries systems before outlin-
ing how different objectives and situations give rise to different
system design criteria. For simplicity, I refer to all forms of
aquaculture-based fisheries enhancements as “enhancements”
and to the target organisms as “fish.”

Many of the world’s fisheries are fully exploited or over-
exploited, as well as suffering from effects of aquatic habitat
degradation. Global capture fisheries production is stagnant, a
number of formerly productive stocks have collapsed with only
limited evidence of recovery, and ecosystem-level impacts of
biomass removal and fishing gear disturbance have become in-
creasingly evident (Hutchings 2000; Pauly et al., 2002; Hilborn
etal.,2003; Hilborn, 2007b). Besides control of fishing effort and
habitat restoration, aquaculture-based enhancement of stocks is
the third principal means by which fisheries can be sustained
and improved. Aquaculture-based enhancements can, at least in
principle, generate a range of benefits. In biological terms, en-
hancement can (1) increase yield through manipulation of pop-
ulation and/or food web structure, thus raising fisheries produc-
tion at low external inputs and degree of habitat modification;
(2) aid the conservation and rebuilding of depleted or threat-
ened populations; and (3) provide partial mitigation for ecosys-
tem effects of fishing (Lorenzen, 2005). This may give rise to
economic and social benefits, including new opportunities for
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fisheries-related livelihoods (Smith et al., 2005; Garaway, 2006).
Enhancements can also provide incentives for active manage-
ment and better governance of common pool resources (Ar-
buckle, 2000; Garaway et al., 2006).

Aquaculture-based enhancement has been practiced on a
large scale since the mid-19th century, and transfers of wild
juveniles probably have a much longer history. Systematic re-
search on stock enhancement issues probably started in the late
19th century with Johan Hjort’s studies on the early life history of
marine fish, which were at least partly motivated by the Norwe-
gian cod stocking program (Schwach, 1998). Since those early
days, stock enhancement research has made dramatic progress.
A consolidated body of theoretical and empirical knowledge
now underpins hatchery production, release strategies, and ge-
netic management (Leber et al., 2004). Understanding of pop-
ulation dynamics, ecological interactions, health management,
socioeconomic, and institutional aspects is less mature but de-
veloping rapidly.

Despite the impressive development of enhancement science
and many, often substantial, release programs, the contribution
of enhancements to global fisheries production has remained
small. Yields have been stagnant or even declining, at below 2%
of the total, over the past decades (Lorenzen et al., 2001). This
contrasts with the remarkable growth of aquaculture over the
same period. While some enhancement initiatives have increased
yields, generated economic and social benefits, and helped cre-
ate better fisheries management institutions, only a few such
“success stories” have been documented in the scientific litera-
ture (Pinkerton, 1994; Lorenzen et al., 1998; Drummond, 2004,
Uki, 2006; Garaway, 2006). It is thus pertinent to ask why en-
hancements have not made a greater contribution to fisheries.
I believe there are several contributing factors. Success in fish-
eries management is measured against an increasingly broad set
of criteria: biological (yield, ecosystem indicators), economic,
social, and institutional attributes (Charles, 2001; Garcia and
Charles, 2007). Enhancements can score well on a range of cri-
teria, but only under certain conditions. These include existing
ecological, economic, and social conditions, and technologies
and institutional arrangements that are well adapted to those
conditions. Moreover, enhancements need to add value to or
outperform alternative management measures such as fisheries
regulation or habitat restoration, which are often either cheaper
or provide a wider range of benefits. These considerations sug-
gest that enhancement initiatives need to be assessed, if not pos-
itively driven from a fisheries management perspective, rather
than the aquaculture production perspective that has been tradi-
tionally dominant.

Developing successful enhancements involves far more than
producing and releasing hatchery fish that survive (though that
clearly is important). Enhancements enter into complex fisheries
systems comprising, at a minimum, the enhanced population, the
habitat and ecosystem it depends on, the hatchery operation, the
fishery (harvesting operation), the markets for inputs and out-
puts, the stakeholders, and the institutions (rules and regulations)
that govern stakeholder behavior (Pido et al., 1996; Charles,
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2001). Only in certain systems will enhancements have the po-
tential to contribute to management objectives, and, even then,
changes in multiple attributes of the system may be required
for this contribution to materialize. Indeed, many enhancement
“success stories” are characterized by both conducive initial con-
ditions and constructive change in fishing regimes, and mar-
keting and institutional arrangements in conjunction with the
release of cultured organisms. Well-documented examples in-
clude the Japanese and New Zealand scallop enhancements
(Drummond, 2004; Uki, 2006), Alaska salmon enhancement
(Pinkerton, 1994; Heard, 2003), and Asian culture-based lake
fisheries (Lorenzen et al., 1998; De Silva, 2003; Garaway, 2006;
Garaway et al., 2006). On the other hand, enhancement initia-
tives that are poorly integrated into fisheries systems can con-
tribute to management failure by encouraging or compensating
for counterproductive changes in fishing patterns or for habitat
degradation (Meffe, 1992; Taylor, 1999). Clearly, the sustain-
able development of enhancements requires an understanding
of how releases of cultured fish enter into and precipitate inten-
tional or unintentional modifications in fisheries systems. Here I
outline a framework for the integrated analysis of enhancement
fisheries systems, review key aspects of the structure and dynam-
ics of such systems, and propose a systematic, transparent, and
stakeholder-participatory process to facilitate their sustainable
development.

UNDERSTANDING ENHANCEMENT FISHERIES
SYSTEMS: A FRAMEWORK

The core challenge in understanding enhancement fisheries
systems is to elucidate how the characteristics of the target pop-
ulation and its environment, fishing and enhancement technolo-
gies, and stakeholder behavior interact and lead to particular
outcomes. Stakeholders determine the choice and application of
fishing and enhancement technologies, and understanding their
actions is thus just as important as understanding the biologi-
cal processes influencing enhancement outcomes. Most fisheries
enhancements are developed in common pool resources, where
exploitation and replenishment patterns arise from the aggre-
gated behavior of multiple independent resource users. A useful
framework for such resource systems has been proposed by Oak-
erson (1992), based on core ideas of Institutional Analysis and
Design (IAD; Ostrom 1990). The framework has been applied to
fisheries systems by Pido etal. (1996) and specifically to fisheries
enhancements by Lorenzen and Garaway (1998). Here I review,
adapt, and expand the framework by synthesizing within it our
current knowledge of the structure and dynamics of enhance-
ment fisheries systems. The suggested framework for analyzing
aquaculture-based enhancement fisheries systems (Figure 1) has
three main types of attributes: outcomes, patterns of interaction,
and situational variables. Outcomes are influenced by the situa-
tional variables via two pathways: physical-biological processes
and the actions of stakeholders.
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Situational variables

Figure 1
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Framework for analyzing fisheries enhancement fisheries systems, adapted from Oakerson (1992) and Pido et al. (1996). Operational interactions

between elements are shown as solid lines and determine outcomes in the short term when the situational variables are fixed. In dynamic interactions, shown as
dashed lines, situational variables are modified in response to the outcomes of operational interactions.

Outcomes

Outcomes of resource use are biological (e.g., stock abun-
dance or production) at the most basic level. Stakeholders attach
values to biological outcomes according to their own objectives
and situations, and thereby translate biological outcomes into
benefits and costs. In most aquaculture-based fisheries enhance-
ments, there are many stakeholders—from fishers and aquacul-
ture producers to organizations with a general interest in con-
servation. Different stakeholders may have very different ob-
jectives. A broad range of criteria must therefore be considered
in analyzing an enhancement fisheries system. An overview of
some criteria is given in Table 1. Charles (2001), Holmlund and
Hammer (2004), and Hilborn (2007a) discuss such criteria in
more detail.

Patterns of Interaction

A key feature of the IAD framework is the recognition that
the actions of stakeholders are influenced but not directly de-
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termined by the prevailing situational variables. Actions are in-
fluenced in a complex way, not only by existing rules but by
the stakeholder’s perception of benefits to be gained from fol-
lowing the rules, the degree to which others follow rules, the
likelihood of getting caught when breaking rules, etc. For ex-
ample, individual fishers will decide how much effort to expend
on fishing in light of the status of stocks (biological attribute),
the value they place on fishing compared to alternative activities
(stakeholder attributes), the market price of fish (economic at-
tributes), and the rules for resource use as well as the expected
penalty for breaking these (institutional attributes). Aggregated
over all fishers and a period of time, these decisions define
the level of harvesting effort in the fishery. Patterns of inter-
action are the aggregation of all the actions taken by individual
stakeholders.

Situational Variables

The situational variables are the main attributes of the system
that influence outcomes in the short term: biological attributes
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Table 1 Some criteria and indicators by which outcomes of enhancement
may be evaluated

Outcome criteria Specific indicators (examples)

Biological production o Total yield of target species

o Total yield from fishery

o Size distribution of catch

e Abundance of wild target population

e Abundance of other wild fish
populations

o Natural productivity of target
population

e Genetic integrity of target population

e Food web dynamics

e Economic rent from the enhanced
fishery

e Income flow

e Costs of management (transaction
costs)

o Costs of benefits from wild fish
harvesting foregone

o Costs of enhancement research

e Value of information gained from
enhancement experiments

In addition to the above:

e Equity of benefits

o Health benefits

o Skills and knowledge developed

e Networks and associations created

o Trust

e Access to wider institutions

o Recreation

o Persistence of management institutions

o Rules are followed by stakeholders

o Rules adapt to changing conditions

e Resilience of ecosystem maintained or
increased

Biological resource conservation

Economic benefits and costs

Contribution to livelihoods

Institutional sustainability

Broader sustainability

of the fish population, technical attributes of fishing, biological
and technical attributes of aquaculture production, habitat and
environmental characteristics, attributes of stakeholders, market
(supply and demand) attributes, and institutional arrangements.
Situational variables may themselves be modified by enhance-
ments in the long term.

Interactions

Among the attributes, there are two types of interactions:
operational interactions (Figure 1, solid lines) determine out-
comes in the short term when the situational variables are fixed.
In dynamic interactions (Figure 1, dashed lines), situational vari-
ables are modified in response to the outcomes of operational
interactions. Both operational and dynamic interactions may in-
volve direct physical-biological effects and effects mediated by
stakeholder action. For example, in operational interactions, the
release of cultured juveniles may add to the total abundance of
catchable fish while partially replacing wild with cultured fish
(biological interactions). At the same time, fishers’ knowledge
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of the release may encourage them to increase fishing effort
unless institutional arrangements are in place to prevent this
(stakeholder behavior). The outcome of these combined effects
could be an increase in yield and an overall reduction in spawner
biomass and spawning potential. Longer-term, dynamic interac-
tions arising in response to this outcome may involve a reduction
in productivity of the natural fish population due to the reduced
spawner biomass and reduced average fitness of the mixed stock
of cultured and wild fish (biological interactions). However, it is
also possible that stakeholders would recognize and respond to
the undesired short-term outcome by transforming institutional
arrangements so as to limit fishing effort, and modifying cul-
ture techniques in order to improve the post-release fitness of
cultured fish (stakeholder behavior).

SITUATIONAL VARIABLES, INTERACTIONS, AND
OUTCOMES IN FISHERIES ENHANCEMENTS

I now provide a brief overview of the specific situational
variables, interactions, and outcomes commonly observed in
enhancement fisheries systems. For each situational variable, I
describe its main elements and the ways in which these influence
outcomes through operational interactions, and in turn may be
modified through dynamic interactions. As explained above, in-
teractions in both directions may be directly physical-biological
or mediated by stakeholder action (patterns of interaction).

Biological Attributes of the Fish Population

Biological attributes of the fish population include its life
cycle, use of space and resources, its population biology, and its
exploitation and conservation status.

Operational Interactions

Biological characteristics of the resource influence outcomes
directly and through the incentives they provide for resource
users. Life history characteristics and exploitation/conservation
status of the target population are the primary determinants
of biological enhancement potential (Lorenzon, 2005). Regu-
latory mechanisms at different stages in the life cycle deter-
mine the biological potential for increasing yields over and
above the level supported by natural recruitment, and the con-
comitant ecological impacts on the wild population compo-
nent. As a temporary measure for stock rebuilding, enhance-
ment is likely to be beneficial only if the population has been
reduced to a very low proportion of its unexploited biomass.
Proposed enhancements can be “screened” using population
modeling to assess whether they are likely to add value to
other forms of fisheries management (Lorenzen, 2005). The
mobility of the target population also influences whether those
who undertake enhancement activities will be able to reap
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the benefits, and thus has a major influence on the incen-
tives provided to stakeholders (Ostrom, 1990; Garaway et al.,
2006).

Dynamic Interactions

Effective enhancement by definition entails increasing and
thus modifying the target population. Where a wild target popu-
lation exists, it will almost inevitably be impacted to some extent
through ecological and genetic interactions with the released
fish (Lorenzen, 2005). This may lead to partial or complete re-
placement of the “wild”-type fish by “hatchery”-type fish, often
concomitant with an overall reduction in fitness and genetic di-
versity (Ford, 2002; Utter and Epifanio, 2002). However, hatch-
ery supplementation can be instrumental in maintaining genetic
diversity in very small wild populations (Hedrick et al., 2000).
Impacts of enhancement on the target populations need to be
managed through an appropriate combination of fishing, aqua-
culture production, and release regimes.

Technical Attributes of Fishing

Technical attributes of fishing comprise the efficiency of the
gear(s) used in the fishery and their selectivity for species and
sizes of fish.

Operational Interactions

Technical attributes of fishing have a major influence on the
technical and economic efficiency of enhancements and their
impact on wild populations. Where harvesting is unselective for
released cultured and wild fish, and enhancement sustains an
overall increase in fishing effort, pressure on the wild population
is bound to increase (Lorenzen, 2005). Highly selective fishing
techniques on the other hand can help to avoid additional fishing
pressure on wild populations, and may even reduce biological
interactions between wild and released cultured fish by removing
the latter before they mature. The scope for selective harvesting
of released cultured fish varies greatly between fisheries, but may
be expected to improve overall due to new developments in both
mass-marking and fishing techniques. It may also be possible
to use behavioral conditioning of hatchery fish before release in
order to facilitate selective harvesting (Balchen, 2001).

Dynamic Interactions

Modifications in fishing techniques and patterns may occur
in response to new operational rules (institutional arrangements)
or new fishing opportunities or constraints created by enhance-
ment. Examples are the introduction of more highly selective
fishing methods or rotational harvesting in the Lao Lake and
New Zealand scallop fisheries enhancements discussed in the
case studies below.
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Biological and Technical Attributes of Aquaculture
Production and Release

Biological and technical attributes of aquaculture production
concern the husbandry and genetic management of broodstock,
early life stages, and juveniles.

Operational Interactions

Sourcing of broodstock and aquaculture production practices
influence both the phenotypic and the genetic quality of seed fish
and thus the effectiveness of enhancement and its impact on any
wild population component. Plastic developmental responses to
the culture environment and an altered selection regime have
strong, almost always negative impacts on the capacity of fish to
survive, grow, and reproduce in the wild (Fleming and Petersson,
2001). Rearing in semi-natural environments or provision of
specific conditions and stimuli can be effective in reducing such
impacts (Olla et al., 1998; Brown and Dey, 2002). Genetic man-
agement is typically focused on maintaining the genetic char-
acteristics of the wild population where released and wild fish
are likely to interbreed (Frankham et al., 2002). However, inten-
tional selection for traits of interest may be applied where the re-
leased fish remain reproductively isolated, and may even be used
to promote such isolation (Jonasson et al., 1997; Mackey et al.,
2001). Release size, density, location, and timing strongly influ-
ence post-release performance of fish (Blankenship and Leber,
1995). While some simple generalizations have emerged with
respect to release size (Lorenzen, 2000), other aspects of release
strategies appear to be quite location specific and need to be
evaluated experimentally.

Dynamic Interactions

Aquaculture practices and release strategies may be modi-
fied and improved in the light of enhancement outcomes. This
is important because impacts of hatchery and release practices
on post-release performance are not readily known. Explic-
itly experimental approaches can be very effective in identi-
fying improvements and should be considered where possible
(Blankenship and Leber, 1995; Leber 1999).

Habitat and Environmental Attributes

Enhancement outcomes are strongly influenced by habitat
and environmental attributes, and these in turn may be inten-
tionally or inadvertently modified where enhancements are be-
ing developed. Habitat and environmental effects are implicit
in the biological attributes of the target population (see above),
but must be considered explicitly where habitat or environmen-
tal modifications occur—whether or not these are linked to the
enhancement initiative.
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Operational Interactions

Availability of suitable habitat for released fish is a key re-
quirement for successful enhancement (Caddy and Defeo, 1993;
Bell et al., 2005). Habitat availability need not extend to all life
stages: many ranching systems or culture-based fisheries exist
where habitats are suitable for late juvenile and adult fish, but
not for early life stages. The biotic environment, in particular
predation pressure, may also impact greatly on enhancement
outcomes.

Dynamic Interactions

Enhancement initiatives often interact dynamically with
habitat and environmental modifications. Direct physical-
biological impacts are most often associated with culture facili-
ties and thus localized. Impacts on foodweb structure and func-
tioning can be more significant, for example, in predator stocking
or the release of herbivorous fish to control aquatic vegetation
(FAO, 1999). In other cases, ecosystem level impacts have been
found to be surprisingly limited despite intensive stocking of om-
nivorous exotic species (Lorenzen et al., 1998; Barthelmes and
Braemick, 2003). The most important habitat and environmental
effects of enhancements are often those mediated by stakeholder
action. This may include allowing habitats to deteriorate while
attempting to compensate for fisheries impacts through releases
of cultured fish (Taylor, 1999). On the other hand, releases of
cultured fish for population restoration or rebuilding may precip-
itate major investments in habitat improvements, such as pollu-
tion control or the building of fish passage facilities (Philippart,
1995; Prignon et al., 1999). Many production-oriented enhance-
ments benefit from intentional manipulations of habitats (e.g.,
fertilization of reservoirs; De Silva, 2003) or biotic interactions
(e.g., predator control; Bell et al., 2005) to improve productiv-
ity of the released stock. It is thus important to recognize and
manage interactions between aquaculture-based enhancements
and habitat and environmental modifications in order to achieve
positive outcomes for the fisheries system as a whole.

Stakeholder Attributes

Stakeholders are those persons, groups, and organizations
with a valid interest in the enhancement or the pre-existing fish-
ery (Grimble and Chan, 1995). Key attributes of stakeholders
include their specific interests in the enhancement, the strength
of their influence, and their interrelations. Primary stakehold-
ers are those who interact directly with the biological-technical
attributes of the enhancement and typically derive their liveli-
hoods from it, while secondary stakeholders are all others who
may influence the system. Livelihoods comprise the assets (nat-
ural, physical, human, financial, and social capital), activities,
and access to these which together determine the living gained
by the stakeholder (Allison and Ellis, 2001; Smith et al., 2005).
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Operational Interactions

The configuration of stakeholders, their interests and interac-
tions, have a major influence on whether and how enhancement
initiatives can be initiated and sustained. Shared interests and
norms, and the presence of entrepreneurial individuals and skill-
ful leaders, are often important (Ostrom, 1990; Garaway et al.,
2006). Primary stakeholders (fishers and aquaculture producers)
may need substantial human (skills and knowledge), financial,
and social (networks and relationships) capital to engage in en-
hancements. Those engaged in fishing as a “survival” or “semi-
subsistence” activity (Smith et al., 2005) are likely to lack both
the financial capital to buy fish for stocking, and the skills and
knowledge to produce them. They may thus be unable to initiate
enhancements even where these may be highly beneficial once
operational. The physical, human, and financial assets available
to aquaculture producers can greatly constrain their capacity
to adopt production methods that optimize post-release perfor-
mance and minimize genetic problems even where, in principle,
this would be possible.

Dynamic Interactions

Enhancement initiatives can bring about far-reaching changes
in stakeholder attributes. This concerns the basic configuration
of stakeholders (emergence of new organizations and ways of
interacting), and key assets such as human capital (new knowl-
edge and skills that may also be transferred to other activities),
financial capital (individual, corporate or group income), and
social capital (new opportunities to engage in networks and ex-
changes) (Garaway, 2006). However, some stakeholders may
be disadvantaged by enhancements, for example, due to new
restrictions on access to resources, and this can lead to con-
flicts. Conflicts are most likely to arise where stakeholders are
heterogeneous.

Market (Supply and Demand) Attributes

This concerns the extent to which markets exist for the inputs
and outputs of enhancements, and their structure and dynamics.

Operational Interactions

Market structure and dynamics can play a major role in de-
termining the technical attributes of the system and its economic
viability, and should be studied carefully. The extent to which
inputs and outputs are subject to markets varies greatly. For ex-
ample, markets for fish for stocking may be nonexistent where
no aquaculture industry exists, while in other cases there may
be very competitive markets supplying grow-out aquaculture
producers or even specifically the enhancement sector. Almost
always there are inputs and outputs that are not marketed or val-
ued, such as certain environmental goods and services. There
is, however, an increasing tendency towards valuation of such
aspects and the creation of markets for them (Arnason, 2001). It

vol. 16 nos. 1-3 2008



=N

-

PN BT

i = LTIl oYY O

e

16 K. LORENZEN

is also important to understand exactly what is being marketed:
in recreational fisheries, this is often the recreational experi-
ence rather than the fish per se, and the relationship between
fish abundance and recreational demand may be much weaker
than often assumed (Loomis and Fix, 1998). Often enhancement
inputs and outputs interact in markets with those of capture
fisheries, aquaculture, and other activities, and this may have
important implications where the other sectors undergo signif-
icant changes (Delgado et al., 2003). For example, the rise of
salmon aquaculture and associated decline in salmon prices has
greatly reduced the profitability of salmon enhancement pro-
grams (Arnason, 2001).

Dynamic Interactions

Development of enhancements could and sometimes does
affect markets through changes in demand and supply. In some
locations, such as European inland waters, specialist markets
for fish for stocking are well established. In general, however,
enhancements make only minor contributions to markets domi-
nated by capture fisheries and aquaculture inputs or outputs, so
that the influence of enhancement on market characteristics is
very limited.

Institutional Arrangements

Institutional arrangements are the rules and regulations per-
taining to the enhancement fisheries system. The most critical
institutions to understand and manage usually are those that re-
late to harvesting (including access and ownership issues); but
those governing aquaculture production, release, and environ-
mental impacts can also have important implications (Pickering,
1999; Walrut, 2002). Institutional arrangements in common pool
resources, such as most fisheries, can be structured into three lev-
els: (1) Operational rules for resource use; (2) Collective choice
rules which determine how operational rules can be made by
stakeholders; and (3) External arrangements. Institutional ar-
rangements may be formal or informal.

Operational Interactions

Institutional arrangements should provide a means for coor-
dinating the different parts of the enhancement fisheries system
such that each part operates in a way that contributes to a posi-
tive overall outcome. Unfortunately, many enhancements oper-
ate without arrangements that allow for such coordination, and
rules pertaining to individual parts of the operation may conflict
with practices that are deemed desirable in enhancements. For
example, the practice of replenishing captive broodstock with
wild fish on a regular basis to minimize domestication effects
may conflict with bio-security protocols aimed at establishing
disease-free broodstock. Rules and regulations regarding aqua-
culture production may be extensive and cover inter alia facility
design and operation, stock management and movement, disease
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control, and welfare (Pickering, 1999). Rules on fish stocking
into natural waters are becoming increasingly restrictive, as are
other environmental regulations. Rule compliance is often poor
with respect to the aquaculture production, release, and the har-
vesting side of the operation (i.e., the patterns of interaction are
very different from those intended). Particular institutional chal-
lenges arise because most fisheries enhancements are developed
in common pool resources which are used jointly by multiple
users that are difficult to exclude and regulate, and whose joint
use involves subtractability (Ostrom, 1990). In such resources,
in the absence of regulation and/or the allocation of property or
use rights, there tend to be strong incentives for users to behave
in ways that lead to unsustainable outcomes for the fishery as a
whole. Providing adequate incentives to avoid this outcome is
a core problem in fisheries management (Hilborn et al., 2005).
Enhancements are particularly vulnerable to unsustainable pat-
terns of behavior because they require investment into the re-
source. Institutional analysis suggests that the collective choice
and external arrangements have a major influence on rule com-
pliance. Compliance is best where operational rules have been
made with participation from primary stakeholders and adapted
to local conditions; rule monitors are primary stakeholders or
are at least accountable to them; there are low-cost mechanisms
to resolve disputes, and the rights of stakeholders to devise insti-
tutional arrangements are not challenged by external authorities
(Ostrom, 1990, 1999).

Dynamic Interactions

Existing institutional arrangements may be transformed dra-
matically during enhancement initiatives, and indeed such trans-
formations are often essential for sustainable enhancements to
develop. Availability of enhancement technologies and invest-
ment in the resource can provide the impetus for institutional
change that can lead to improved incentive structures and re-
source user behavior. Such transformations are facilitated where
the number of decision makers is small, and their interests are
well aligned with those of the key stakeholders and by supportive
external arrangements (Ostrom, 1990). The transformed insti-
tutional arrangements can be far more effective at regulating
resource use than those previously in place, and this may play a
greater role in determining outcomes than the release of cultured
fish per se (Garaway et al., 2006; Drummond, 2004; Tomiyama
et al., 2008).

FISHERIES SYSTEM TRANSFORMATIONS
ASSOCIATED WITH SUCCESSFUL ENHANCEMENTS:
TWO CASE STUDIES

To illustrate the dynamics of enhancement fisheries systems,
I briefly review two examples of systems that have reached a
fully operational scale and broadly achieved their objectives.
In reviewing the examples, I make use of the framework set
out above and describe first the structure of the fisheries system
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before enhancement, then the transformation process involved in
developing the enhancement, and finally the resulting enhance-
ment fisheries system.

Lake Fisheries Enhancement in Laos

Pre-Enhancement Situation

Floodplain lake fisheries in Laos are very heavily exploited,
yielding around 100 kg ha™' of mostly small fish. Returns to
fishing effort are very low, but sufficient to make fish the domi-
nant source of animal protein. Several factors contribute to this
outcome. The lakes are easily accessible, shallow, and discrete
bodies of water. A plethora of fishing gear is made locally or
cheaply available to buy. Livelihoods are diversified but mostly
subsistence oriented, with a great reliance on fish for nutrition
(Smith et al., 2005). Opportunity costs of fishing are low and
access generally open to local people, so that very high fishing
intensities are sustained despite of low returns.

Transformation

Lake fisheries enhancement started in 1994, with transfor-
mations that affected most situational variables. Enhancements
were established mostly in lakes close to villages, where mon-
itoring of rule compliance is easy. Fishing techniques were
changed to focus on the efficient harvesting of large stocked
fish. Juveniles of Nile tilapia (Oreochromis niloticus niloticus)
and Indian and Chinese major carps (Cirrhinus mrigala, Labeo
rohita, Aristichthys nobilis, Hypopthalmichthys molitrix) were
obtained from the aquaculture seed market and released into
the selected lakes. The objective of primary stakeholders (the
villagers) to engage in enhancements was to raise communal in-
come for infrastructure development, as well as raising fisheries
production and strengthening collective action. Costs of stock-
ing were initially shared between villages and government. In
most stocked lakes, villages restricted access for individual fish-
ing and instead instigated communal harvesting and marketing
systems, or allocated exclusive rights to the fishery to a harvest-
ing group in return for a fee. External help with the improve-
ment of management systems was provided through spatially
replicated, participatory experiments supported by international
development projects (Garaway et al., 2006). Several factors
promoted these transformations, including the ready availabil-
ity of seed fish from the aquaculture industry, the low number
of decision makers and participants and their similarity of inter-
est, presence of skillful leaders (enhancements did not evolve
in villages where such leaders were lacking), and a changing
economic environment where village income could be used for
infrastructure development.

Enhancement Outcome

The outcomes have been an increase in total yield but, in par-
ticular, much increased catch rates (CPUE). This is the result of a
much reduced fishing intensity and the targeting of large stocked
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fish in the fishery. This exploitation pattern has created a “size
refuge,” and led to a dramatic increase in the abundance of native
wild fish populations (Lorenzen et al., 1998). Economically, the
enhancements have generated substantial income for communal
projects and benefited poorer groups disproportionately through
reduced contributions to community development (Garaway,
2006). Villages operating enhancement have also been found to
strengthen their capacity for further collective action and their
ability to access support for other initiatives. There have been no
significant conflicts over the changes in management, and the
systems have become not only self-sustaining but have spread
rapidly to other villages. The enhancements have thus gener-
ated a wide range of ecological, economic, and social benefits
in addition to an increase in resource productivity. Key reasons
for this success include the effective and economically efficient
enhancement technology itself, and institutional arrangements
that meet virtually all the design criteria described by Ostrom
(1990).

The Southern Scallop Fisheries Enhancement
in New Zealand

Pre-Enhancement Situation

The Southern Scallop Fishery developed from 1959. A dra-
matic expansion in fishing effort occurred in the 1970s, with
yield peaking at over 1200 t in 1975 and rapidly declining there-
after. The sedentary nature of the resource, its highly variable
recruitment, the availability of effective harvesting methods, and
high marked demand all contributed to a rapid build-up of fish-
ing effort. Most importantly, although various spatial and gear
restrictions had applied, entry to the fishery was unrestricted
until 1977 (Drummond, 2004).

Transformation

The fishery was closed in 1981 and re-opened in 1982 with
a radically revised management framework of which enhance-
ment formed an important cornerstone. Fishing effort was re-
duced by about 75%, and rotational harvesting was introduced
as the enhancement program developed. The Japanese technol-
ogy for scallop enhancement was adapted (from on-growing
of spat in lantern nets to shorter on-growing in seed collec-
tors) and introduced on an operational scale. Individual trans-
ferable quotas (ITQ) were introduced in the 1990s, and at the
same time provision was made for a compulsory levy to re-
cover the costs of enhancement from the quota holders. Use of
enhancement technology played a key role in institutional de-
velopment because it exempted the Southern Scallop Fishery
from the prescriptive management objective of maximum sus-
tainable yield (Arbuckle, 2000). A dedicated company (the
Challenger Scallop Enhancement Company) was set up by
ITQ holders to manage the enhancement operation, and this
company has since taken a much more wide-ranging role in
management. Other stakeholders, including recreational fishers
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and community groups, have since joined the management pro-
cess. The enhancement initiative played a major role in facilitat-
ing and motivating the innovation in the management system of
this fishery. Other contributing factors included a flexible leg-
islative environment, a non-coercive government approach, and
the development of a collective and accountable management
capacity (Arbuckle, 2000).

Enhancement Outcome

Scallop catches rebounded, and seeded scallops accounted
for the dominant share of the catch during the period of re-
covery in the early-mid 1990s (Drummond, 2004). Econom-
ically, the enhancement fishery has been successful. Institu-
tional arrangements have proved sustainable and resilient, and
are being continuously developed and adapted. At the time
of writing, oceanographic conditions have led to low overall
yields, and the economic viability of enhancement is being ques-
tioned, but the innovative fisheries system transformations mo-
tivated by enhancement are likely to remain (Arbuckle, personal
communication).

General Lessons

Both of the above enhancements have been successful in gen-
erating a wide range of ecological, economic, social, and insti-
tutional benefits. Despite the very different settings, there are
striking similarities in the way these enhancements have affected
the existing fisheries systems. Both involved major transforma-
tions of the fisheries system: development of culture and release
techniques, radical changes in harvesting regimes, and new in-
stitutional arrangements. Innovation was required in multiple ar-
eas, often achieved through interaction between entrepreneurial
practitioners and technical experts. Releases of cultured organ-
isms (the defining feature of enhancement) were instrumental
in initiating or facilitating system transformations, but not nec-
essarily the most important factor contributing to the ultimate
outcomes. Changes in the harvesting regime in the light of en-
hancement, informed by quantitative fisheries assessments, were
important contributing factors to success. Institutional arrange-
ments were modified to allow a high level of control through
effective communal governance and/or the allocation of indi-
vidual access rights. Both initiatives involved constructive en-
gagement of fishers, government, and other stakeholders over
extended periods.

ANALYZING ENHANCEMENT FISHERIES SYSTEMS
IN PRACTICE

Gaining a Broad Understanding

The framework outlined above, together with the more de-
tailed survey of situational variables and interaction pathways,
can be used to structure and guide the integrated analysis of par-
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ticular enhancement fisheries systems. While not a fully speci-
fied model, the framework provides an aid for thinking through
the logic of enhancement fisheries systems and exploring options
for their further development. This is best done in two steps: (1)
establishing how situational variables affect current outcomes of
the fishery or enhancement, and (2) assessing how modifications
in situational variables are likely to influence outcomes. Causes
of current outcome are best understood by synthesizing the in-
formation on the system attributes within the framework, and
then working backwards from the known outcomes to identify
how these are determined by situational variables directly and
through the patterns of interaction. To predict likely outcomes of
future development or modification of situational variables, it is
best to work forwards through the framework while drawing on
the understanding gained in the first step. This should be done
considering both operational and dynamic interactions.

The analysis of particular interactions draws on relevant dis-
ciplinary knowledge of resource ecology and population dy-
namics (Walters and Martell, 2004; Lorenzen, 2005), popula-
tion genetics (Utter and Epifanio, 2002; Miller and Kapuscinski,
2003), hatchery production and release strategies (Blankenship
and Leber, 1995; Olla et al., 1998; Brown and Dey, 2002), fish-
ing practices, human sciences, economics (Arnason, 2001), and
institutional analysis (Ostrom, 1990; Garaway et al., 2006). In-
tegrated analysis is thus fundamentally an interdisciplinary task,
best conducted by multidisciplinary teams with a strong ethic of
combining disciplinary rigor with the integration of perspectives
and results across disciplines.

Linking to Quantitative Assessment

Quantitative assessment of outcomes and their responses to
changes in situational variables is important for several reasons.
First, quantitative benefits such as increased target population
abundance, yield, or economic rent are often the motivation for
enhancements and thus crucial indicators of success. Second,
quantitative tradeoffs between enhancement, effort, and habi-
tat management determine whether enhancement adds value to
other forms of management. Third, quantitative analysis, even if
carried out under conditions of large uncertainty, provides a “re-
ality check” for often exaggerated expectations by, or promises
to, stakeholders.

There has been considerable development of population dy-
namics theory and assessment methods for enhancements in the
very recent past (Walters and Martell, 2004; Lorenzen, 2005;
Sharma et al., 2005). An assessment tool based on a general
population model for enhancements (Lorenzen, 2005) is now
available in the freeware package EnhanceFish (Medley and
Lorenzen, 2006). There are also a number of more fishery-
specific models, such as the AHA model now used to assess
many Pacific salmon hatchery operations in the U.S. (Mobrand,
Jones, and Stokes Associates, 2006). Such models provide pow-
erful and general tools for evaluation of enhancement programs
from early planning to full-scale operation. The required model
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Table 2 Qualitative design criteria for biological-technical components of enhancement fisheries systems serving different objectives

Sea ranching or culture-based fisheries

Stock enhancement

Restocking

Re-introduction

Objective of management Increase yield or
opportunity to catch

Management release Early stages/juveniles, high

Increase stock and yield or
opportunity to catch
Juveniles, high density

Increase stock and avert
loss of genetic diversity
Any life stage, low density

Re-establish populations in
historical range
Any life stage, low density

density

Fishing intensity High

Genetic management Possibly selection for high
return to fishing gear

High or low Low Low

Selection for high return or ~ Preserve wild population
preservation of wild
population characteristics

Assemble diversity of
adaptations or use stocks
adapted to similar

genetic characteristics

habitats

Developmental Sterility, conditioning for Conditioning for natural Conditioning for natural Conditioning for natural
manipulations in natural environment and environment and environment environment
aquaculture return/recapture return/recapture, possibly

sterility

Auxiliary habitat and Habitat enhancement Habitat enhancement or Habitat restoration, control ~ Habitat restoration, control
environmental restoration of non-native species of non-native species
modifications

parameters may be estimated from three principal sources: (1)
quantitative assessments of the wild stock, (2) release experi-
ments with marked fish, and (3) comparative empirical studies
and meta-analyses. The latter are now available for virtually
all parameters of interest, so that it is possible to conduct ex-
ploratory analyses even when there are virtually no stock specific
data (see Lorenzen, 2005, 2006, for references).

Design Criteria for Successful Enhancement
Fisheries Systems

Enhancement fisheries systems are highly diverse, and suc-
cessful outcomes tend to arise under quite specific circum-
stances: when conducive pre-existing situational variables com-
bine with appropriate transformations of others. While this
makes it difficult to identify general design criteria for successful
enhancements, the following two considerations may be helpful
in the analysis and design process.

First, the biological-technical components of the enhance-
ment fisheries systems (aquaculture production and release, har-
vest technology and regulations, habitat manipulations) should
be designed, individually and in combination, to meet the spe-
cific objectives of the intervention. Different objectives (Bell
et al., 2008) call for very different designs. Restocking to re-
store depleted spawning stock biomass, for example, requires
genetic management to preserve wild population characteristics
and a low fishing intensity to allow spawning biomass to recover.
Sea ranching, on the other hand, can benefit from genetic selec-
tion for traits that improve return rates and intensive fishing to
maximize recapture of release fish. An outline of design criteria
for different objectives is given in Table 2.

Second, effective institutional arrangements are required to
control exploitation and promote investment in the resource.
These may take a variety of forms, from effective common-
pool resource management institutions (Ostrom, 1990) to vari-
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ous forms of property rights, including full private ownership.
The key is to provide incentives to individual operators in the
fishery to show behavior that contributes to positive outcomes
(Hilborn et al., 2005). It should be noted that the way in which de-
cisions about the enhancement fisheries system are made (i.e.,
the collective choice and external institutional arrangements)
is as important as the decisions themselves when it comes to
promoting appropriate behavior of stakeholders (Ostrom, 1990,
Hilborn et al., 2005).

A PROCESS FOR DEVELOPING ENHANCEMENT
FISHERIES SYSTEMS

It is clear from the above considerations that enhancement
initiatives are most likely to contribute positively to manage-
ment goals if their development is guided by a broad-based,
integrated, and quantitative analysis of their role in the fisheries
system. Even though approaches to integrative analysis (such
as the one described here) and tools for quantitative assessment
of enhancements (Walters and Martell, 2004; Lorenzen, 2005;
Sharma et al., 2005) are becoming available, it will never be
possible to design successful enhancements a priori or in an
entirely top-down manner. Most successful enhancement initia-
tives involve leaps of faith as well as technical and institutional
innovation, often driven by stakeholders other than scientists.
The challenge is to bring rigorous analysis and the best avail-
able science into the development process. This section outlines
a participatory, integrated process for developing enhancement
fisheries systems (Figure 2). The process may be initiated and
facilitated by any stakeholder or even an outsider, but it must
draw in all key stakeholders to gain legitimacy. The suggested
process has five steps:

Step 1: Engage stakeholders. Engagement of stakeholders is
critical for several reasons. Stakeholders can make invaluable
contributions to the analysis due to their intimate knowledge of
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(4b) Discontinue
initiative

(4a) Initiate
management
action and
monitoring \/'
(5) Evaluate (3) Conduct
outcomes quantitative
analysis
(1) Engage \ (2) Understand /
stakeholders - > the enhancement
fisheries system

Figure 2 Suggested process for developing or improving enhancement fisheries systems.

the system and, not least, their own motivations and behavior un-
der a variety of circumstances. Stakeholders, not analysts, should
make development and management decisions—a democratic
imperative and, in itself, a strong incentive for abiding by the
decisions made. Finally, it must be remembered that stakeholder
actions drive the development of the enhancement fisheries sys-
tem, and that such actions are informed by perceptions of the
system’s status and potential. Close involvement of stakeholders
in the analysis helps to ensure that perceptions reflect the actual
state of the system. In the initial step, stakeholder analysis may
be used to identify stakeholders and establish the nature and
strength of their interests and interactions (Grimble and Chan,
1995). Stakeholder analysis in itself may kick-start a participa-
tory process, which may be further invigorated by some form of
participatory problem analysis such as Participatory Rural Ap-
praisal or Participatory Learning and Action (Chambers, 1992;
Pretty, 1995). This will help to create institutional arrangements
(formal or informal) that allow effective two-way interaction
between various stakeholders and analysts, i.e., co-management
arrangements (Pomeroy and Berkes, 1997). Many participatory
approaches have their origin in international development, but
are easily adapted for use in the developed world.

Step 2: Understand the enhancement fisheries system. A
broad, integrated analysis of the enhancement fisheries system
is conducted using a suitable framework such as the one outlined
above. The information required is obtained from a variety of
sources including stakeholders and published information. A
key element of this step is to identify development objectives
and possible courses of action including, but not limited to, en-
hancements. The analysis is best done by an interdisciplinary
team in direct interaction with stakeholders. It may draw on
a variety of disciplinary frameworks such as in Cowx (1994),
but the participatory process should not be reduced to working
through decision aids.

Step 3: Conduct quantitative analysis. Quantitative analy-
sis draws on the fisheries system attributes, interactions, devel-
opment options, and objectives identified in Step 2. Key rela-
tionships are described and analyzed quantitatively, using mod-
els and assessment tools (Walters and Martell, 2004; Lorenzen,
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2005; Medley and Lorenzen, 2006). It is particularly important
at this stage to evaluate the potential for enhancement technolo-
gies relative to and in combination with fishing regulations and
habitat management.

Step 4: Initiate management action and monitoring or dis-
continue the initiative. Clearly, this is the most difficult step in
the development process and one that may require years of in-
novation and negotiation in any real fisheries system. Outcomes
of Steps 2 and 3 are communicated to stakeholders. This may
involve defining specific communication objectives and means
for each group of stakeholders, based on the group’s current
knowledge and practice, and the desired effect of communi-
cation (Norrish et al., 2001). Decision-making by stakeholders
about management and development options may be facilitated
by techniques of multi-objective decision-making such as trade-
off analysis (Janssen, 1994). At this stage, the initiative may be
discontinued if Steps 2 and 3 indicate that the benefits of en-
hancement are likely to be lower than those of alternative op-
tions, or very uncertain. Depending on the level of uncertainty
in predicted outcomes, explicitly experimental management ac-
tions may be implemented and their outcomes monitored to gain
crucial information (McAllister and Peterman, 1992; Walters,
1997; Garaway and Arthur, 2002).

Step 5: Evaluate outcomes. Outcomes are evaluated jointly
by analysts and other stakeholders. If outcomes are judged to be
unsatisfactory or sub-optimal, the analysis and development cy-
cle may be reiterated. The knowledge gained is incorporated into
the understanding of the enhancement fisheries system (Step 2),
the quantitative analysis refined (Step 3), and new management
actions initiated.

DISCUSSION

The framework and process suggested here are defined in very
broad terms to allow application to a wide range of enhancement
fisheries systems and promote creativity as well as rigor in de-
velopment. In practical application, some ambiguity can arise
as to where and how particular attributes or interactions “fit”
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into the framework, but this is not important. The purpose of
the framework is to encourage and facilitate rigorous integrated
thinking about the enhancement fisheries system, not provide a
fully specified model or assessment scheme.

The framework outlined here differs from others that have
been proposed and used (e.g., Cowx, 1994; Blankenship and
Leber, 1995) in that it takes a broad systems view of enhance-
ments and accords equal weight to the dynamics of their bi-
ological and human components. I argue that an integrated,
quantitative, and participatory analysis of the contribution en-
hancement could make to fisheries management goals can and
should be conducted at the very beginning of any enhancement
initiative. This differs from some previous frameworks that em-
phasize development of culture and release techniques before
engaging with fisheries management issues. Finally, the process
suggested here places as much emphasis on stakeholder action
and innovation as on rigorous assessment and evaluation; both
aspects are important because no successful enhancement, or in-
deed fisheries management system, is likely to emerge without
the former, no matter how well we deal with the latter. De-
spite some differences in scope, approach, or spirit, by and large
the earlier frameworks are easily integrated into the one out-
lined here and continue to provide essential guidance on spe-
cific analyses and procedures. Blankenship and Leber’s (1995)
responsible approach can guide development of an enhance-
ment initiative following the initial Steps 1 to 3 of the process
outlined here. Cowx (1994) provides guidance on ecological as-
sessments that are required to evaluate enhancement potential.
Genetic management issues can be evaluated following Miller
and Kapuszinski (2003). Where very specific and detailed plan-
ning procedures exist, for example, in certain inland enhance-
ment, the broad framework outlined here may be used to conduct
an open-minded review of procedures with a view to identifying
possible innovations.

ACKNOWLEDGEMENTS

I am grateful to the scientific committee of the 3rd Inter-
national Symposium on Stock Enhancement and Sea Ranch-
ing for inviting this keynote paper, and to NOAA Fisheries for
travel support. Discussions during the Symposium have helped
to sharpen some of the arguments presented here. Comments
from Ken Leber, Geraldine Vander Haegen, and two anonymous
referees improved the manuscript. Writing of the paper was par-
tially supported by the William R. and Lenore Mote Eminent
Scholar Chair in Fisheries Ecology at Florida State University
and Mote Marine Laboratory.

REFERENCES

Allison, E. H., and F. Ellis. The livelihoods approach and management
of small-scale fisheries. Mar. Pol., 25: 377-388 (2001).

Anderson, J. L. Aquaculture and the future: Why fisheries economists
should care. Mar. Resour. Econ., 17: 133-151 (2002).

reviews in fisheries science

Arbuckle, M. Fisheries Management under ITQs: Innovations in
New Zealand’s Southern Scallop Fishery. Paper presented at
the 2000 Conference of the International Institute of Fish-
eries Economics and Trade (IIFET). (http://oregonstate.edu/
Dept/IIFET/2000/papers/arbuckle.pdf) (2000); Retrieved, August
18, 2007.

Arnason, R. The economics of ocean ranching: Experiences, outlook
and theory. FAO Fisheries Technical Paper No. 413 (2001).

Balchen, J. G. Thirty years of research on the application of cyber-
netic methods in fisheries and aquaculture technology. Model. Ident.
Control, 21: 3—64 (2001).

Barthelmes, D. and U. Braemick. Variability of a cyprinid lake ecosys-
tem with special emphasis on the native fish fauna under intensive
fisheries management including common carp (Cyprinus carpio) and
silver carp (Hypophthalmichthys molitrix). Limnologica, 33: 10-28
(2003).

Bell, J. D., P. C. Rothlisberg, J. L. Munro, N. R. Loneragan, W. J.
Nash, R. D. Ward, and N. L. Andrew. Restocking and stock enhance-
ment of marine invertebrate fisheries. Adv. Mar. Biol., 49: 1-370
(2005).

Bell, J. D., K. M. Leber, H. L. Blankenship, N. R. Loneragan, and
R. Masuda. A new era for restocking, stock enhancement and sea
ranching of coastal fisheries resources. Rev. Fish. Sci., 16: 1-9
(2008).

Blankenship, H. L., and K. M. Leber. A responsible approach to marine
stock enhancement. Am. Fish. Soc. Symp., 15: 67-175 (1995).

Brown, C., and R. L. Dey. The future of enhancements: Lessons for
hatchery practice from conservation biology. Fish Fish., 3: 79-94
(2002).

Caddy, J. F, and O. Defeo. Enhancing or restoring the productivity
of natural populations of shellfish and other marine invertebrate re-
sources. FAO Fisheries Technical Paper No. 448. Rome (2003).

Chambers, R. Rural appraisal: Rapid, relaxed and participatory. IDS
Discussion Paper No. 311. (1992).

Charles, A. T. Sustainable Fishery Systems. Oxford: Blackwell Science
(2001).

Cowx, I. G. Stocking strategies. Fish. Manage. Ecol., 1: 15-31. (1994)

Delgado, C. L., N. Wada, M. W. Rosegrant, S. Meijer, and M. Ahmed.
Fish to 2020: Supply and demand in changing global markets. Wash-
ington DC: International Food Policy Research Institute (2003).

De Silva, S. S. Culture-based fisheries: An underutilised opportunity in
aquaculture development. Aquaculture, 221: 221-243 (2003).

Drummond, K. The role of stock enhancement in the management
framework for New Zealand’s southern scallop fishery. In: Srock
Enhancement and Sea Ranching: Developments, Pitfalls and Op-
portunities, pp. 397-411 (K. M. Leber, S. Kitada, H. L. Blankenship,
and T. Svasand, Eds.). Oxford: Blackwell Publishing (2004).

FAO. Global characterization of inland fisheries enhancements and as-
sociated environmental impacts. FAO Fisheries Circular No. 945
(1999).

Fleming, I. A., and E. Petersson. The ability of released, hatchery
salmonids to breed and contribute to the natural productivity of wild
populations. Nordic J. Freshw. Res., 75: 71-98 (2001).

Ford, M. J. Selection in captivity during supportive breeding may reduce
fitness in the wild. Cons. Biol., 16: 815-825 (2002).

Frankham, R., J. D. Ballou, and D. A. Briscoe. Introduction to Conser-
vation Genetics. Cambridge: Cambridge University Press (2002).
Garaway, C. J. Enhancement and entitlement—the impact of stocking
on rural household’s command over living aquatic resources: A case

study from the Lao PDR. Human Ecol., 34: 655-676 (2006).

vol. 16 nos. 1-3 2008



=N

-

PN BT

i = LTIl oYY O

e

22 K. LORENZEN

Garaway, C.J.,and R. Arthur. Adaptive learning: A practical framework
for the implementation of adaptive co-management. London: MRAG
Ltd. (2002).

Garaway, C. J., R. . Arthur, B. Chamsingh, P. Homekingkeo, K.
Lorenzen, B. Saengvilaikham, and K. Sidavong. A social sci-
ence perspective on stock enhancement outcomes: Lessons learned
from Inland fisheries in southern Lao PDR. Fish. Res., 80: 37-45
(2006).

Garcia, S. M., and A. T. Charles. Fishery systems and linkages: From
clockwork to soft watches. ICES J. Mar. Sci., 64: 580-587 (2007).

Grimble, R., and M. K. Chan. Stakeholder analysis for natural resource
management in developing countries. Nat. Resour. Forum, 19: 113—
124 (1995).

Heard, W. R. Alaska salmon enhancement: A successful program for
hatchery and wild stocks. In: Ecology of Aquaculture Species and
Enhancement of Stocks (Y. Nakamura, J. P. McVey, K. Leber, C.
Neidig, S. Fox, and K. Churchill Eds.). Proceedings of the 30th
U.S.-Japan Meeting on Aquaculture. Sarasota, Florida, December,
3—4,2001. UINR Technical Report No. 30. Sarasota: Mote Marine
Laboratory (2003).

Hedrick, P. W., D. Hedgecock, S. Hamelberg, and S. J. Croci. The
impact of supplementation in winter-run chinook salmon on effective
population size. J. Heredity, 91: 112—-116 (2000).

Hilborn, R., T. A. Branch, B. Ernst, A. Magnusson, C. V. Minte-Vera,
M. D. Scheuerell, and J. L. Valero. State of the world’s fisheries.
Ann. Rev. Env. Resour., 28: 359-399 (2003).

Hilborn, R., J. M. Orensanz, and A. M. Parma. Institutions, incentives
and the future of fisheries. Phil. Trans. Royal Soc. B, 360: 47-57
(2005).

Hilborn, R. Defining success in fisheries and conflicts in objectives.
Mar. Policy, 31: 153-158 (2007a).

Hilborn, R. Moving to sustainability by learning from successful fish-
eries. Ambio, 36: 296-303 (2007b).

Holmlund, C. M., and M. Hammer. Effects of fish stocking on ecosys-
tem services: An overview and case study using the Stockholm
archipelago. Env. Manage., 33: 799-820 (2004).

Hutchings, J. A. Collapse and recovery of marine fishes. Nature, 406:
882-885 (2000).

Janssen, R. Multiobjective Decision Support for Environmental Man-
agement. Dordrecht: Kluwer Academic (1994).

Jonasson, J., B. Gjerde, and T. Gjedrem. Genetic parameters for return
rate and body weight in sea-ranched Atlantic salmon. Aquaculture,
154: 219-231 (1997).

Leber, K. M. Rationale for an experimental approach to stock enhance-
ment. In Stock Enhancement and Sea Ranching, pp. 63-75 (B. R.
Howell, E. Moksness, and T. Svasand, Eds.). Oxford: Blackwell
Scientific (1999).

Leber, K. M., S. Kitada, H. L. Blankenship, and T. Svasand (Eds.).
Stock Enhancement and Sea Ranching: Developments, Pitfalls and
Opportunities. Oxford: Blackwell (2004).

Loomis, J., and P. Fix. Testing the importance of fish stocking as a
determinant of fishing effort and license sales in Colorado. Human
Dimensions of Wildlife 3: 46-61 (1998).

Lorenzen, K. Allometry of natural mortality as a basis for assessing
optimal release size in fish stocking programmes. Can. J. Fish. Aquat.
Sci., 57: 2374-2381 (2000).

Lorenzen, K. Population dynamics and potential of fisheries stock en-
hancement: Practical theory for assessment and policy analysis. Phil.
Trans. Royal Soc. B, 360: 171-189 (2005).

reviews in fisheries science

Lorenzen, K. Population management in fisheries enhancement: Gain-
ing key information from release experiments through use of a size-
dependent mortality model. Fish. Res., 80: 19-27 (2006).

Lorenzen, K., and C. J. Garaway. How predictable is the outcome of
stocking?FAO Fish. Tech. Paper No. 374, pp. 133-152 (1998).

Lorenzen, K., C. J. Garaway, B. Chamsingh, and T. J. Warren. Effects
of access restrictions and stocking on small water body fisheries in
Laos. J. Fish Biol., 53(S1): 345-357 (1998).

Lorenzen, K., U. S. Amarasinghe, D. M. Bartley, J. D. Bell, M. Bilio,
S. S. de Silva, C. J. Garaway, W. D. Hartmann, J. M. Kapetsky, P.
Laleye, J. Moreau, V. V. Sugunan, and D. B. Swar. Strategic review
of enhancements and culture-based fisheries. In: Aquaculture in the
Third Millennium, pp. 221-237 (R. P. Subasinghe, P. Bueno, M. J.
Phillips, C. Hugh, and S. E. McGladdery, Eds.). Rome: FAO. (2001).

Mackey, G., J. E. McLean, and T. P. Quinn. Comparisons of run timing,
spatial distribution, and length of wild and newly established hatch-
ery populations of steelhead in Forks Creek, Washington. N. Am. J.
Fish. Manage., 21: 717-724 (2001).

McAllister, M. K., and R. M. Peterman. Experimental design in the
management of fisheries: A review. N. Am. J. Fish. Manage., 12:
1-18 (1992).

Medley, P. A. H., and K. Lorenzen. EnhanceFish: A decision sup-
port tool for aquaculture-based fisheries enhancement. London:
Imperial College. Available from: http://www.aquaticresources.
org/enhancefish.html (2006).

Meffe, G. K. Technoarrogance and halfway technologies—salmon
hatcheries on the Pacific coast of North America. Cons. Biol., 6:
350-354 (1992).

Miller, L. M., and A. R. Kapuscinski. Genetic guidelines for hatchery
supplementation programs. In: Population Genetics: Principles and
Applications for Fisheries Scientists, pp. 329-355 (E. M. Hallerman,
Ed.). Bethesda, MD: American Fisheries Society (2003).

Mobrand, Jones and Stokes Associates. The All-H Analyser (AHA)
User Guide. Mobrand, Jones and Stokes Associates, PO Box 724,
Vashon, WA 98070, USA (2006).

Munro, J. L., and J. D. Bell. Enhancement of marine fisheries resources.
Rev. Fish. Sci., 5: 185-222 (1997).

Norrish, P., K. L. Morgan, and M. Myers. Improved communication
strategies for renewable natural resources research. Natural Re-
sources Institute, Chatham, U.K. (2001).

Oakerson, R. Analyzing the commons: A framework. In: Making the
Commons Work: Theory, Practice and Policy (D. W. Bromley and
R. Feeny, Eds.). San Francisco, CA: ICS, pp. 41-59 (1992).

Olla, B. L., M. W. Davis, and C. H. Ryer. Understanding how the
hatchery environment represses or promotes the development of be-
havioral survival skills. Bull. Mar. Sci., 62: 531-550 (1998).

Ostrom, E. Governing the Commons: The Evolution of Institutions for
Collective Action. Cambridge, Cambridge University Press (1990).

Ostrom, E. Coping with tragedies of the commons. Ann. Rev. Polit. Sci.,
2:493-535 (1999).

Pauly D, V. Christensen, S. Guenette, T. J. Pitcher, U. R. Sumaila, C. J.
Walters, R. Watson, and D. Zeller. Towards sustainability in world
fisheries. Nature, 418: 689-695 (2002).

Petr, T. Inland fisheries enhancements. FAO Fisheries Technical Paper
No. 374 (1998).

Philippart, J. C. Is captive breeding an effective solution for the preser-
vation of endemic species? Biol. Conserv., 72: 281-295 (1995).
Pickering, H. Marine ranching: A legal perspective. Ocean Dev. Int.

Law, 30: 161-190 (1999).

vol. 16 nos. 1-3 2008



=N

-

PN BT

i = LTIl oYY O

e

UNDERSTANDING AND MANAGING ENHANCEMENT FISHERIES SYSTEMS 23

Pido, M. D., R. S. Pomeroy, L. R. Garces, and M. B. Carlos. A Hand-
book for Rapid Appraisal of Fisheries Management Systems. Manila:
ICLARM (1996).

Pinkerton, E. Economic and management benefits from the coordina-
tion of capture and culture fisheries: The case of Prince William
Sound pink salmon. N. Am. J. Fish. Manage., 14: 262-277 (1994).

Pomeroy, R. S., and F. Berkes. Two to tango: The role of government
in fisheries co-management. Mar. Pol., 21: 465—480 (1997).

Pretty, J. N., I. Guijt, J. Thompson, and I. Scoones. Participatory Learn-
ing and Action: A Trainers Guide. London: International Institute for
Environment and Development (1995).

Prignon, C., J. C. Micha, G. Rimbaud, and J. C. Philippart. Rehabilita-
tion efforts for Atlantic salmon in the Meuse basin area: Synthesis
1983-1998. Hydrobiologia, 410: 69-77 (1999).

Schwach, V. The impact of artificial hatching of cod on marine research.
In: Historisch-Meereskundliches Jahrbuch (Vol. 5), pp. 27-47 (W.
Lenz and S. Streicher, Eds.). Stralsund: Deutsches Meeresmuseum
(1998).

Sharma, R., A. B. Cooper, and R. Hilborn. A quantitative framework
for the analysis of habitat and hatchery practices on Pacific salmon.
Ecol. Mod., 183: 231-250 (2005).

Smith L. E. D., S. Nguyen-Khoa, and K. Lorenzen. Livelihood func-
tions of inland fisheries: Policy implications in developing countries.
Water Pol., T: 359-383 (2005).

reviews in fisheries science

Taylor, J. E. (1999) Making Salmon. Seattle: University of Washington
Press.

Tomiyama, T., M. Watanabe, and T. Fujita. Community-based stock
enhancement and fisheries management of the Japanese flounder in
Fukushima, Japan. Rev. Fish. Sci., 16: 146—153 (2008).

Travis, J., F. C. Coleman, C. B. Grimes, D. Conover, T. M. Bert,
and M. Tringali. Critically assessing stock enhancement: An in-
troduction to the Mote Symposium. Bull. Mar. Sci., 62: 305-311
(1998).

Uki, N. Stock enhancement of the Japanese scallop Patinopecten
yessoensis in Hokkaido, Fish. Res., 80: 62—66 (2006).

Utter, F., and J. Epifanio. Marine aquaculture: Genetic potentials and
pitfalls. Rev. Fish Biol. Fish., 12: 59-77 (2002).

Walrut, B. P. Sea ranching and aspects of the common law: A pro-
posal for a legislative framework. PhD Thesis, University of British
Columbia, Vancouver, Canada (2002).

Walters, C. Challenges in adaptive management of riparian and coastal
ecosystems. Conservation Ecology 1(2). Available from the Internet.
URL.: http://www.consecol.org/voll/iss2/art1/ (1997).

Walters, C. J., and S. J. D. Martell. Fisheries Ecology and Management.
Princeton: Princeton University Press (2004).

Welcomme, R. L., and D. M. Bartley. Current approaches to
the enhancement of fisheries. Fish. Manage. Ecol., 5: 351-382
(1998).

vol. 16 nos. 1-3 2008



