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Fisheries enhancements are a set of management approaches involving the use of aquaculture
technologies to enhance or restore fisheries in natural ecosystems. Enhancements are widely used
in inland and coastal fisheries, but have received limited attention from fisheries scientists. This
paper sets out 10 reasons why fisheries scientists should care about understanding and managing
enhancements. (1) Enhancements happen, driven mostly by resource users and managers rather than
scientists. (2) Enhancements create complex fisheries systems that encompass and integrate everything
fisheries stakeholders can practically manage. (3) Enhancements emerge in fisheries where the scope
for technical and governance control is high, and they synergistically reinforce both. (4) Successful
enhancements expand management options and achievable outcomes. (5) Many enhancements fail or
do ecological harm but persist regardless. (6) Effective science engagement is crucial to developing
beneficial enhancements and preventing harmful ones. (7) Good scientific guidance is available to
aid development or reform of enhancements but is not widely applied. (8) Enhancement research
advances, integrates and unifies the fisheries sciences. (9) Enhancements provide unique opportunities
for learning about natural fish populations and fisheries. (10) Needs, opportunities and incentives for
enhancements are bound to increase.
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INTRODUCTION
Fisheries enhancements are a set of management approaches involving the use of aquaculture technologies to enhance or restore fisheries in natural ecosystems. Aquaculture
technologies include hatchery rearing and release of aquatic animals (Bell et al., 2008;
Lorenzen et al., 2012), provision of artificial habitat (Baine, 2001; Welcomme, 2002),
feeding (Halldórsson et al., 2012), fertilization (Hyatt & Stockner, 1985) and predator
control (Zimmerman & Ward, 1999). Fisheries refer to the harvesting of aquatic organisms as a common-pool resource, and natural ecosystems are ecosystems not primarily
controlled by humans, whether truly natural or modified by human activity. Releases of
hatchery-reared aquatic animals are the most common form of enhancement, followed
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by provision of artificial habitat such as artificial reefs, while the other measures are
rare and used mostly in connection with the release of hatchery-reared fish. The present
paper focuses primarily on enhancements involving hatchery-reared fish, but many of
the arguments presented also apply to other forms of enhancements, such as provision
of artificial habitat.
Some fisheries enhancements, such as translocations of juveniles or the construction
of brush parks to aggregate fish, have been practised for centuries (Welcomme, 1985).
The rapid development of aquaculture technologies over the past 150 years, however,
changed the nature of fisheries enhancements and greatly expanded their scope. This
trend has been further strengthened by the advent of fisheries governance regimes that
permit greater control of exploitation and recovery of costs associated with enhancements (Lorenzen et al., 2013).
Despite their long history, widespread use and expanding scope, enhancements have
received limited interest from fisheries scientists. Questions about the effectiveness
of fish hatcheries played an important role in the early development of fisheries science (Schwach, 1998; Secor, 2002). Subsequently, however, fisheries science split into
separate disciplines with divergent concerns and frames of enquiry, including fisheries ecology and aquaculture science. Fisheries ecology has concerned itself principally with protecting natural fish populations and communities by limiting harvests
and environmental modifications to levels that maintain biodiversity, ecological and
evolutionary processes (Pikitch et al., 2004; Jørgensen et al., 2007). This orientation,
together with a widening of the fishing effects being taken into consideration, has led
to a progressive lowering of harvest rates considered sustainable and rejection of interventionist approaches including many traditional fisheries management tools, such
as selective fishing (Zhou et al., 2010). Meanwhile, aquaculture science has pushed
towards ever increasing levels of control over all aspects of the production cycle and
separation of culture systems from natural systems in order to reduce environmental effects on and from aquaculture (Bostock et al., 2010). These paradigms are not
only different but they are also diametrically opposed and defined, in part, by rejection of the other. Enhancements, interventionist approaches applied in natural aquatic
resources where many attributes are beyond management control, run contrary to both
dominant paradigms and are largely ignored, if not are regarded as renegade elements
by each.
The limited interest afforded to enhancements by scientists has done little to stop
practitioners from conceiving and implementing them, but it has limited the effectiveness of many and allowed considerable ecological and economic damage to be done by
some. Equally as important, it may have impeded progress in the fisheries and aquaculture sciences by preventing researchers from taking advantage of the rich insights
the study of these systems provides.
There are signs that this situation is changing. Over the past two decades, scientists
from a wide variety of disciplines have conducted path-breaking research on key issues
relevant to enhancements, and slowly this research is galvanizing a coherent scientific
field. Leber (2013) chronicles the emergence of marine fisheries enhancement as a
scientific field and points to rapid advances but also to indicators such as limited
representation in textbooks and curricula, suggesting that the field is still immature
and not widely recognized by the mainstream fisheries sciences. It is noteworthy,
nonetheless, that recent papers have called for greater recognition of the full range
of aquatic resource systems (Klinger et al., 2012) and that enhancement science has
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been accorded a distinct section in a compilation of seminal papers in fisheries science
(Sass & Allen, 2014).
In a visionary perspective, Anderson (2002) admonished fellow fisheries economists
for neglecting to engage with the implications of the rise of aquaculture and
rights-based governance arrangements in fisheries, instead continuing to focus
on open-access problems and other well-honed ‘issues of the soon-to-be past’. His
perspective remains pertinent and arguably extends beyond the economics discipline
into the biological and wider human dimensions of fisheries science. The emergence
and proliferation of fisheries enhancements is a direct consequence of the rise of aquaculture, and one that has profound implications for the management and conservation
of fisheries. Yet, it has been largely neglected by mainstream fisheries science.
Inspired by Anderson’s (2002) perspective, and paraphrasing his title, the present
paper sets out why fisheries scientists should care about understanding and managing
enhancements. The argument is presented in 10 reasons that relate to the current and
future extent of enhancements, their central and integrating position in the realm of
aquatic resource systems, the opportunities and risks they pose for sustainable use of
aquatic resources, the crucial role of science engagement in promoting sustainability in
enhancements and the advances that enhancement research can bring for the fisheries
sciences.

TEN REASONS WHY FISHERIES SCIENTISTS SHOULD CARE
I. ENHANCEMENTS HAPPEN

In the U.S.A., state fisheries management agencies release over 1⋅7 × 109
hatchery-reared fish of over 100 types annually (Halverson, 2008, 2010). On an
average, the same agencies expend 21% of their budgets on practical enhancement
activities (Ross & Loomis, 1999). Additional stocking is carried out by private entities
and individuals, sometimes illegally (Johnson et al., 2009). In China, state and private
entities operate fisheries enhancements in over 80% of the country’s vast acreage of
reservoirs, yielding over 2⋅5 Mt of fish annually (Li, 1999; Miao, 2009). In the Nordic
countries, 126 482 lakes managed mostly by local fishing associations are estimated
to contain 52 000 fish stocks manipulated by stocking (Olsson & Folke, 2001; Tammi
et al., 2003). In Japan, 76 million juveniles of 37 finfish species and over 3 × 109
juveniles of 46 invertebrate species are released annually into the coastal oceans by
partnerships of national and prefectural governments and fishing cooperatives (Imamura, 1999; Kitada & Kishino, 2006). Around one third of the harvest of notionally
wild Alaska salmon Oncorhynchus spp. is actually of hatchery origin, released by
community-based aquaculture associations (Pinkerton, 1994; Knapp et al., 2007).
Rural people in the rice-farming landscapes of south-east Asia implement a plethora of
fisheries enhancement measures in public, communal or private water bodies (Garaway
et al., 2006; Amilhat et al., 2009a, b). Fish conservation and restoration programmes
worldwide make extensive use of supportive and captive breeding in hatcheries
(Philippart, 1995; Lintermans, 2013; Anderson et al., 2014). In addition to stocking
of hatchery fish, provision of artificial habitat is widely used in the enhancement
of freshwater (Tugend et al., 2002; Welcomme, 2002) and marine fisheries (Baine,
2001).
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Fig. 1. Components of an enhancement fishery system and their interactions.
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Even this casual survey suggests that enhancements are common and are pursued
with considerable effort by diverse stakeholders including fishers, fisheries managers
and conservationists. It also suggests that many stakeholders do not view capture fisheries and aquaculture as fundamentally separate activities but rather, as complementary
activities that can be combined as needed in the quest to achieve desired outcomes.
This important facet of management practice appears to have been largely lost to the
disciplinary fisheries sciences.
I I . E N H A N C E M E N T S C R E AT E C O M P L E X F I S H E R I E S S Y S T E M S
T H AT E N C O M PA S S A N D I N T E G R AT E E V E RY T H I N G F I S H E R I E S
S TA K E H O L D E R S C A N P R A C T I C A L LY M A N A G E

Stakeholders such as fishers or fishery managers establish enhancements by making
use of supply-side fisheries management measures that are within their power to use,
principally production and stocking of cultured fish or provision of artificial habitat on
a limited scale. In doing so, they create fisheries systems that encompass and integrate
all attributes fisheries stakeholders can practically manage. The resulting enhancement
fisheries systems can be considerably more complex than pure capture fisheries or
aquaculture systems. An enhancement fisheries system involving the production and
release of hatchery-reared fish is visualized in Fig. 1. At a minimum, the system comprises the target fish stock (biological resource), the supporting habitat and ecosystem,
the aquaculture operation, stakeholders (including fishers, aquaculture producers and
resource managers), markets for inputs and outputs, governance arrangements and the
linkages between these components. Note that only some of the linkages are under
management control. In practice, enhancement systems are often compartmentalized
so that certain aspects (e.g. aquaculture production) are carried out without explicitly considering system-level linkages, but that does not mean that such linkages are
absent.
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Fig. 2. Framework for analysing enhancement fisheries systems [Lorenzen (2008a), modified from Oakerson
(1992) and Pido et al. (1996)].

In enhancement fisheries systems, outcomes are influenced by multiple system
attributes through biological-technical pathways and the actions of stakeholders
(Fig. 2; Lorenzen, 2008a; modified from Oakerson, 1992 and Pido et al., 1996). In
common pool resources such as fisheries, stakeholders influence outcomes through the
aggregate of their individual actions (‘patterns of interaction’ in Fig. 2), which in turn
are influenced by the incentives that situational variables provide for individuals to
cooperate and contribute towards a positive outcome for the shared resource. Nowhere
in fisheries is this pathway as critical as in enhancement systems, which can only be
initiated and sustained through investment into the shared resource. The situational
variables influence outcomes through direct, operational interactions but may in
turn be modified in the light of outcomes through dynamic interaction (essentially
feedback loops). Much of the scientific literature on enhancements focuses on exploring operational interactions through the biological-technical pathway (Cowx, 1994;
Lorenzen, 2005; Araki& Schmid, 2010). Operational interactions though stakeholder
action and dynamic interactions at system level have received far less attention in the
literature (Lorenzen, 2008a; van Poorten et al., 2011; Hunt et al., 2013), but are likely
to be important for understanding the persistence of both successful and unsuccessful
enhancements.
The complex and interconnected nature of enhancement fisheries systems implies
that understanding and managing them will often require consideration of multiple
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Fig. 3. Relationship between strength of property rights (PR index) and intensity of management in aquatic
resource systems: capture fisheries ( ), fisheries enhancements ( ) and aquaculture ( ). The fisheries
enhancements shown are (1) stocked (culture-based) recreational trout Oncorhynchus mykiss and Salmo
trutta fisheries, U.S.A., (2) scallop Patinopecten yessoensis ranching in Hokkaido, Japan, (3) salmon
Oncorhynchus spp. ranching in Hokkaido, Japan and (4) salmon Oncorhynchus spp. stock enhancement in
Alaska, U.S.A. [modified from Anderson (2002)]. PR, property rights; ARF, aquaculture–ranching–fishery.

attributes and linkages, as well as a diverse set of biological, socio-economic and institutional outcome measures (Lorenzen, 2008a).
III. ENHANCEMENTS EMERGE IN FISHERIES WHERE THE
S C O P E F O R T E C H N I C A L A N D G OV E R NA N C E C O N T RO L I S
H I G H , A N D T H E Y S Y N E R G I S T I C A L LY R E I N F O R C E B O T H

Enhancements are likely to emerge in fisheries where available aquaculture technologies and characteristics of the resource are conducive in achieving a high degree
of technical control, and where the governance system provides sufficient control
over resource use and incentives for investing into the resource. Empirical support for this argument can be found in Anderson (2002) observation that levels of
biological-technical control and the strengths of property rights in the resources are
closely correlated across aquatic resource systems, and that enhancement systems
occupy an intermediate position between capture fisheries and aquaculture (Fig. 3).
The influence attributed to property rights in Anderson (2002) study can probably be
extended to other forms of strong governance control, including state management
of public resources [which would make U.S. recreational trout, principally steelhead
trout Oncorhynchus mykiss (Walbaum 1792) and brown trout Salmo trutta L. 1758,
fisheries less of an outlier than they appear to be in Fig. 3]. Further support for this
argument is provided by a closer examination of the examples of enhancements
discussed in I, all of which involve strong governance arrangements.
Incentives for stakeholders to engage in enhancements exist under all common
types of governance arrangements: in government-managed fisheries where agencies
need to show their worth through proactive management beyond restricting harvest;
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in market-based systems (such as individual transferable quotas, ITQ) where those
owning rights to the resource stand to benefit from increased harvest or harvest potential; in communal systems where the same is true but in addition, the opportunity for
proactively enhancing the resource may be important for galvanizing collective action.
In all cases, engaging in enhancement activities is a rational choice for stakeholders.
It should also be noted that this is true regardless of whether a direct biological benefit
of enhancement is apparent because the perception of proactive management alone
may confer benefits such as approval for governance or increased value of rights to the
resource. Enhancements as proactive initiatives also meet stakeholder’s psychological
needs to be effective and engage in meaningful action (Kaplan & Kaplan, 2009).
Technical and governance control often act synergistically in the emergence of
enhancements, with effective governance providing incentives for investment in the
shared resources and this investment in turn legitimizing governance control and
allocation of property rights (Anderson, 2002; Lorenzen, 2008a). Such synergistic
effects leading to major fisheries system transformations have been documented,
for example, in the development of new management structures in the wake of
Alaska Oncorhynchus spp. enhancements (Pinkerton, 1994), the transformation of
the New Zealand southern scallop fishery (Drummond, 2004) and the emergence of
culture-based community fisheries in south-east Asia (Garaway et al., 2006; Lorenzen,
2008a).
I V. S U C C E S S F U L E N H A N C E M E N T S E X PA N D M A N A G E M E N T
O P T I O N S A N D A C H I E VA B L E O U T C O M E S

Enhancements expand the options available to fisheries resource users and managers.
Such approaches may simply offer alternative routes to a particular outcome (e.g. accelerating recovery of a stock that would also recover naturally), or they may support
outcomes that cannot be achieved by other fisheries management measures or through
aquaculture (e.g. a high-value recreational fishery in a highly modified habitat).
Many of the situational variables that influence outcomes of enhancements (Fig. 2)
are set by natural and social conditions outside of management control. Only under
certain conditions can enhancements contribute to achieving better fisheries outcomes even in principle and even this is likely to require careful tuning of those
variables that can be controlled in relation to those that cannot. With respect to the
biological-technical attributes of enhancements, Cowx (1994) sets out a typology of
fisheries situations in which enhancements may be effectively used, while Utter &
Epifanio (2002), Naish et al. (2007) and Lorenzen et al. (2012) outline enhancement
system designs suitable for achieving desirable outcomes in such different situations. The most recent typology by Lorenzen et al. (2012) recognizes five different
enhancement system types: culture-based fisheries and ranching, stock enhancement,
restocking, supplementation and re-introduction. Each of these systems is geared
towards achieving different objectives and crucially involves quite different management practices (Table I). Culture-based fisheries and ranching systems are successfully
used in many ecosystems to maintain stocks that do not recruit naturally for purposes
ranging from supporting commercial or recreational fisheries to bio-manipulation
(Cassani, 1995; Li, 1999; Askey et al., 2013). Because sustaining natural recruitment
is not a consideration in culture-based fisheries, aquaculture production, stocking and
harvesting regimes can be designed to maximize somatic production or abundance
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of catchable-sized fish (Lorenzen, 1995; Askey et al., 2013). Stock enhancement
involves the continued release of hatchery fish into naturally recruiting populations, a
practice that typically leads to trade-offs between overall production enhancement and
the productivity and genetic integrity of the wild stock component (Hilborn & Eggers,
2000; Lorenzen, 2005). Such trade-offs can be partially mitigated by separating hatchery and wild components genetically, ecologically and at harvest (Lorenzen, 2005;
Mobrand et al., 2005; Naish et al., 2007). Restocking involves temporary releases of
hatchery fish aimed at rebuilding depleted populations quickly following overfishing,
pollution events or habitat restoration (Philippart, 1995; Richards & Rago, 1999;
Lorenzen, 2005). Supplementation can address threat processes in small and declining
populations, increasing abundance to counteract demographic stochasticity and Allee
effects and employing genetic management to maintain diversity (Hedrick et al., 2000;
Hildebrand, 2002). Supplementation may, however, carry short and medium-term fitness costs (Fraser, 2008; McClure et al., 2008). Re-introduction involves temporary
releases of cultured fish with the aim of re-establishing a locally extinct population
(Philippart, 1995; Harig et al., 2000; Reisenbichler et al., 2003).
Economic and social benefits of enhancements may arise from the biological outcomes described above, e.g. increased catches (Arnason, 2001; Askey et al., 2013),
the creation or maintenance of fisheries and other ecosystem services in highly
modified environments (Cowx & Portocarrero Aya, 2011; Brummett et al., 2013)
or the re-establishment of locally extinct stocks following ecosystem restoration
(Philippart, 1995). Successful enhancements, however, often have further, more subtle
and higher-order benefits. Pinkerton (1994), for example, describes economic benefits
of Alaska Oncorhynchus spp. enhancements that result from greater consistency
and quality of harvests as well as greater volume. Community-based lake fisheries
enhancements in Laos led to substantial catch and efficiency gains in the fisheries
and to communal cash income that was used to fund infrastructure projects while
reducing the level of individual household contributions to such projects (Garaway,
2006). Governance arrangements for fisheries may be strengthened and transformed
in the wake of enhancements as discussed in II, and this may have wider benefits
for resource conservation as well as social development (Pinkerton, 1994; Garaway
et al., 2006; Lorenzen, 2008a). Enhancements also expand the tactical management
tool box and provide opportunities for trading off different management interventions.
For example, in spatially zoned management systems, enhancement in one zone may
be traded against closing the fishery in another (Lorenzen et al., 2010a; Sale et al.,
2014). Finally, aquaculture-based supplementation or re-introduction programmes
may provide the impetus for large-scale habitat restoration initiatives by maintaining
or restoring charismatic or legally protected species (Cowx & Portocarrero Aya,
2011).
These examples show that under certain conditions, enhancements can make positive
contributions to the management and conservation of natural aquatic resources. There
is some life in between the opposing paradigms of fisheries ecology and aquaculture.
V. M A N Y E N H A N C E M E N T S FA I L O R D O E C O L O G I C A L H A R M
BUT PERSIST REGARDLESS

Many enhancements fail to meet their objectives and some do considerable ecological or genetic harm, yet such enhancements often persist. Hilborn (1998) and Arnason
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Table I. Biological-technical typology of enhancement fisheries systems (simplified from Lorenzen et al., 2012)
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(2001) examined the economic viability of marine enhancements using hatchery-reared
fish and concluded that only a small proportion was demonstrably viable. For many
marine enhancements, the outcomes were not sufficiently quantified to allow an economic assessment. No comparable synthesis has been attempted for freshwater fisheries enhancements but the situation there is likely to be slightly better owing to more
confined resources and therefore greater scope for control, and to generally lower production costs for freshwater organisms. Enhancements based on artificial structures
have likewise shown mixed effectiveness (Bohnsack, 1989; Baine, 2001). The variable and, on average, moderate success rate of enhancements is also evident from
the fact that the overall contributions of these systems to fisheries production have
remained limited, most likely accounting for only a few per cent of global capture fisheries production and around 10–20% of freshwater fisheries production in areas where
enhancements are well developed (Lorenzen et al., 2001).
Enhancements may fail for many different reasons. Released organisms may perform very poorly in the wild because of domestication effects of hatchery rearing and
may essentially vanish without trace (Olla et al., 1998; Lorenzen, 2006; Araki et al.,
2008). Where released organisms survive, they may elicit compensatory mortality or
growth responses that adversely affect the wild population component and reduce or
completely invalidate net production benefits (Hilborn & Eggers, 2000; Lorenzen,
2005). Released hatchery fish can disrupt genetic population structure and diversity of
wild stocks unless careful genetic resource management is in place and even then, may
adversely affect fitness because of domestication effects (Utter, 2004; Araki et al.,
2007, 2008). Interspecific interactions of released hatchery fish may be significant
or severe, particularly in the case of predator stocking (Levin & Williams, 2002;
Eby et al., 2006), but have been found to be minimal in other cases (Arthur, R. I.
et al., 2010).
Failed enhancements carry social and economic costs because returns on investments are not realized and in some cases, significant externalities are imposed through
ecological damage (Arnason, 2001). In addition to such fairly direct costs of failed
enhancements, there may be indirect and subtle costs. The literature on such indirect costs has focused on two related areas: the role of enhancements in mitigating
the effects of habitat loss and degradation and of unsustainable exploitation on fisheries, thereby hiding these effects (Meffe, 1992; Holmlund & Hammer, 2004), and the
idea that this has allowed affecting developments to proceed that may otherwise not
have occurred (Taylor, 1999).
Given the complexity of enhancements (II), the fact that they are likely to perform
well only under certain conditions and with appropriate designs (IV), and often poor
knowledge of conditions in the target fishery, it is not surprising that many enhancements fail or do harm. The more intriguing question is why such enhancements tend to
persist regardless. There are several possible reasons. First, as discussed in III, incentives for maintaining enhancements are not necessarily dependent on them achieving
biological objectives. Secondly, enhancements implemented at small scale need not
be expensive, and stakeholder may simply take the chance. Thirdly, stakeholders may
rely on mental models of the fishery that are unrealistic but have not been confronted
with evidence. For example, anglers may assume that stocked fish simply add to existing wild stocks rather than eliciting compensatory responses that might diminish or
completely obliterate a positive effect (von Lindern, 2010).
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V I . E F F E C T I V E S C I E N C E E N G AG E M E N T I S C RU C I A L TO
DEVELOPING BENEFICIAL ENHANCEMENTS AND
PREVENTING HARMFUL ONES

Because enhancements tend to emerge in fisheries where stakeholders are proactive
and governance arrangements are strong (III), the prospects for scientists to engage
with enhancements and influence their outcomes are excellent (or at least, better than
in fisheries that do not share these characteristics). To be effective in this situation,
however, science engagement must go beyond research on biological processes or outcomes. It must take account of the motivations, knowledge, attitudes and behaviours
of the stakeholders driving the enhancement, and of the governance arrangements that
influence their actions. Not only that, scientists must constructively interact with stakeholders and governance systems in order to effect change and often, this will require
making stakeholder perspectives explicit before biological research outputs can be
constructively used (Sarewitz, 2004). In a nutshell, scientists must engage with the
enhancement fisheries system and find ways to steer it towards better outcomes (Lorenzen, 2008a).
Several examples show the power of effective science engagement in improving
enhancement systems. The hatchery reform process in the Pacific Northwest of the
U.S.A. is perhaps the most systematic and large-scale use of science to improve
enhancements (Blankenship & Daniels, 2004; Mobrand et al., 2005; Paquet et al.,
2011). Working cooperatively with fisheries and hatchery managers, a team of scientists has reviewed hundreds of salmonid hatchery programmes. Modelling was used
to determine the best system design for each programme, using an approach based
on best available science, goal identification, scientific defensibility and adaptive
management to refocus from an aquaculture paradigm to a renewable natural resource
paradigm. In a recent application to the Columbia River basin, hatchery reform
solutions improved the conservation status of many populations [25% for O. mykiss
and >70% for Chinook salmon Oncorhynchus tshawytscha (Walbaum 1792) and
coho salmon Oncorhynchus kisutch (Walbaum 1792)] while also providing increased
harvest (Paquet et al., 2011). On a much smaller scale and in a developing country
context, a programme of science engagement with community-led lake fisheries
enhancements in rural Laos has yielded equally impressive results (Garaway et al.,
2006; Arthur, R. et al., 2010). Working cooperatively with local communities in
research design, execution and analysis, the team used comparative observational
studies and adaptive learning experiments to improve management approaches to
better meet local community’ aims for the enhanced fisheries while safeguarding wild
fish stocks (Garaway & Arthur, 2004a, b). This has resulted in substantial gains of
fishery yield, economic and social benefits ranging from fishing efficiency increases to
infrastructure development and strengthening the capacity of communities to manage
their resources (Garaway, 2006; Garaway et al., 2006; Arthur, R. et al., 2010). At the
same time, stocking and harvesting practices of the enhanced fisheries were associated
with an increase in natural stock abundance and no loss of wild fish diversity (Lorenzen
et al., 1998; Arthur, R. I. et al., 2010).
Science engagement does not necessarily lead to successful enhancements because
in many cases, ‘no enhancement’ may emerge as the best option for a given fishery
and available technology. In the science engagement case studies described above,
for example, enhancements were downscaled or discontinued in some of the systems
examined. In the 1980s and 1990s, Norwegian scientists undertook a large-scale,
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multidisciplinary study on the performance of cod Gadus morhua L. 1758 fisheries
enhancements and concluded that although a moderate level of biological production
enhancement could be realized, this would not be economically viable (Svåsand
et al., 2000). As a result, no further G. morhua enhancements are being undertaken. Prevention or discontinuation of ineffective or harmful enhancements is as
important an outcome of science engagement as is the development of successful
initiatives.
Science engagement with enhancements need not come at a big cost to other science
priorities, such as the study of wild fish stocks and natural ecosystems. Many of the
questions that need to be answered to assess the potential or actual utility of enhancements are about the dynamics and status of the wild stocks and supporting ecosystems.
Moreover, enhancements provide unique opportunities for experimental research in
with natural systems.
V I I . G O O D S C I E N T I F I C G U I D A N C E I S AVA I L A B L E T O A I D
DEVELOPMENT AND REFORM OF ENHANCEMENTS BUT IS
N O T W I D E LY A P P L I E D

Scientific knowledge and assessment tools have matured to the extent that they can be
used in an effective and timely manner to improve emerging and established enhancements. The strategic and responsible approaches to enhancements as set out by Cowx
(1994) and Blankenship & Leber (1995) provide overall conceptual frameworks as
well as substantive and some procedural guidance. This responsible approach has been
recently updated and restructured to better guide development and reform of enhancement systems from a fisheries management perspective (Lorenzen et al., 2010b); while
Cowx’s (1994) strategic framework has been further operationalized with a set of more
detailed decision rules (Cowx et al., 2012). Synthesis papers, guidelines and tools provide further guidance in specific areas including: broad-based analysis of enhancement
systems (Lorenzen, 2008a), biological-technical system designs for particular situations and objectives (Utter & Epifanio, 2002; Naish et al., 2007; Lorenzen et al.,
2012), domestication processes and their management (Thorpe, 2004; Araki et al.,
2008; Fraser, 2008), promoting wild behavioural traits in hatchery fish (Olla et al.,
1998; Brown & Dey, 2002), ecological differences and interactions between wild and
released hatchery fish (Fleming & Petersson, 2001; Jonsson & Jonsson, 2006), population modelling and assessment (Walters & Martell, 2004; Lorenzen, 2005; Mobrand,
Jones and Stokes Associates, 2006), genetic management (Miller & Kapuscinski, 2003;
Tringali et al., 2007), bio-economic modelling (Askey et al., 2013; Camp et al., 2014),
disease risk assessment and management (Bartley et al., 2006), interspecific interactions and ecosystem effects (FAO, 1999; Eby et al., 2006) and stakeholders engagement
(Miller et al., 2010; Gregory et al., 2012).
A crucial development in enhancement science is that, due in particular to the
development of population dynamics models for enhancements and meta-analyses of
key biological parameters, it is becoming increasingly possible to predict the outcomes
of enhancements and evaluate the likely utility of such approaches vis-à-vis alternative
fisheries management measures (Lorenzen, 2005, 2006; Michael et al., 2009). This
means that enhancements can be realistically appraised prior to major investments
being undertaken. Experimental studies will typically be required to develop enhancements that appear promising in the prognostic evaluation and optimize operational
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enhancements, and such studies can greatly benefit from modern telemetry and tagging
technologies (MacGregor et al., 2002; Leber & Blankenship, 2011). Experimental
releases provide powerful means of identifying optimal release strategies (Leber et al.,
1996) or assessing effect of enhancements on wild conspecifics and fish communities
(Brennan et al., 2008; Arthur, R. I. et al., 2010).
Unfortunately, this body of knowledge has not been widely applied and it is pertinent to ask why. Failure to mainstream enhancement knowledge within the fisheries
and aquaculture professions is likely to be a major factor. Sandström (2010, 2011)
and Sevä’s (2013) found access to adequate implementation resources (individuals and
organizations that help managers learn about policies and best practice) to be a key
factor explaining variation in the consistency and quality of decision making in implementation of fish stocking policies in Scandinavia.

V I I I . E N H A N C E M E N T R E S E A R C H A D VA N C E S , I N T E G R AT E S
AND UNIFIES THE FISHERIES SCIENCES

Enhancements inspire and require various types of research. On one hand, there
is disciplinary research dealing with problems such as behavioural conditioning of
fish for release into the wild. On the other hand, there is integrative interdisciplinary
research aimed at understanding interactions for example between demography and
genetics, or between stock dynamics and fisher behaviour. Perhaps unsurprisingly,
the greatest research activity and scientific progress to date has occurred in areas
where enhancement issues intersect with disciplinary research questions, and where
results can be obtained by analysing existing data or experimenting on a relatively
small physical and temporal scale. The fruits of these endeavours have been described
above (VIII).
Further progress in enhancement science is likely to rely increasingly on interdisciplinary studies that combine theory development with experimental tests of
key assumptions and long-term manipulative experiments with whole enhancement
systems. For example, the development of quantitative evolutionary-ecological theory
of domestication and of hatchery-wild fish interactions will help to systematize and
operationalize the body of empirical knowledge in this area. So far, there has been
limited integration and theory development beyond population models that are primarily either ecological or genetic in focus and have not been confronted with data (Ford,
2002; Goodman, 2005; Lorenzen, 2005; Baskett & Waples, 2013). Further analysis of
the role of enhancements in the dynamics of whole aquatic resource (social-ecological)
systems will test the generality of the interactions between technical and governance
control surmised here. This area is of critical importance for understanding and promoting social-ecological resiliency in aquatic resource systems that will increasingly
combine fisheries, aquaculture and enhancements (Lorenzen, 2008a; van Poorten
et al., 2011; Camp et al., 2013).
Research in these areas will not only advance the science bases of fisheries enhancements, but also harness the intellectual challenges and experimental opportunities
of enhancement research to advance both fisheries ecology and aquaculture science.
Eventually, this may lead to the re-emergence of a more unified fisheries science, one
that is fit for addressing the challenges of aquatic resource management in a future
where aquaculture and environmental changes are likely to be important drivers.
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I X . E N H A N C E M E N T S P R O V I D E U N I Q U E O P P O RT U N I T I E S F O R
L E A R N I N G A B O U T N AT U R A L F I S H P O P U L AT I O N S A N D
FISHERIES

Engaging with enhancements forces scientists to ask new questions about fundamental aspects of fish biology. The question whether releases of hatchery-reared larvae
could enhance G. morhua abundance in local fjords is believed to have motivated J.
Hjort’s ground-breaking research on fish migrations and the critical period concept
of juvenile survival (Schwach, 1998; Secor, 2002). The question to what extent
Pacific salmon Oncorhynchus spp. fry could be transferred between natal streams for
enhancement and restoration purposes motivated and enabled experimental research
on local adaptations (Reisenbichler, 1988). The quest to extend fisheries assessment
models for the analysis of enhancements led to new generalizations about size and
density-dependent processes in fish populations, some of which are now widely used
in the assessment of wild stocks (Lorenzen, 2000, 2005, 2008b).
Enhancements also provide new opportunities to observe target organisms, often at
a much greater level of detail than would be possible otherwise. A great deal of basic
biological information on numerous fish species has been derived from observations
in aquaculture facilities, in the course of learning how to culture the organisms. By
enabling mass production and release of organisms at any life stage that have defined
characteristics and can be marked visibly or identified genetically, enhancements also
provide new opportunities for observing organisms in natural ecosystems (Leber &
Blankenship, 2011). Possibilities range from, for example, measuring survival, growth
and dispersal of fish released at a defined location and life stage to releasing fish of
known disease or toxicological state to assess exposure to pathogens or toxicants.
Beyond mere observation, enhancements provide unique means for experimenting
with natural populations and with capture fisheries (Miller & Walters, 2004; Hutchings,
2014). The ability to add fish of various life stages to natural populations, potentially in
large numbers, can be used to push organisms and populations outside their natural limits in the quest to establish those limits and the mechanisms underlying their existence
(Table II). Releases may also be used to decouple feedback mechanisms that would
render certain processes difficult to observe in natural systems. For example, fishing
effort responses to variation in fish abundance can be difficult to observe because a
strong effort response also causes a quick reduction in abundance. Enhancements allow
maintaining high fish abundance even when effort responses are strong, and it may not
be coincidence that some of the best documented effort responses have indeed been
measured in enhanced fisheries (Cox et al., 2002). Enhancement through provision of
artificial habitat also offers many opportunities for experimental studies on natural fish
populations and fisheries (Lindberg et al., 2006).
The greatest fundamental caveat to using hatchery fishes in experimental manipulations of natural populations is the fact that hatchery rearing tends to induce domestication effects that can modify morphological, physiological, behavioural, ecological and
genetic traits of hatchery fish relative to those found in the wild population (Lorenzen
et al., 2012). Many domestication effects show a level of qualitative consistency across
studies and species but are not as yet quantitatively predictable (Fleming & Petersson,
2001; Thorpe, 2004; Jonsson & Jonsson, 2006). The implications of domestication
effects must be considered when designing experiments, and may well make certain
experiments unfeasible.
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Table II. Some suggested or implemented experiments enabled by enhancements that provide
insights of relevance to fisheries science in general
Experiment

Principle

Implementation

Test for fitness
consequences of adaptive
genetic variation
Marginal habitat value and
the ideal free distribution
(Miller & Walters, 2004)

Transfer of hatchery fish away
from region of broodstock
origin
Monitoring habitat selection of
stocked fish in relation to
habitat quality and fish
abundance
Manipulating density at
different life stages

Reisenbichler (1988);
Mehner et al. (2009)

Nature and strength of
density-dependent
processes (Miller &
Walters, 2004)
Angler effort response to
fish abundance and catch
rates (Camp et al., 2013)

Stocking to maintain contrast
in abundance and catch rates
(effort responses would
naturally reduce contrast)

Taylor et al. (2013)

Post et al. (1999)
Nislow et al. (2004)
Brennan et al. (2008)
Loomis & Fix (1998); Cox
et al. (2002)
(observational studies, not
actively experimental)

X . N E E D S , O P P O RT U N I T I E S A N D I N C E N T I V E S F O R
ENHANCEMENTS ARE BOUND TO INCREASE

Needs, opportunities and incentives for enhancements are likely to increase substantially over the next decades. Population growth and economic development will
put great pressure on the habitats and ecosystems supporting inland and coastal fisheries(Wilson et al., 2006; Vorosmarty et al., 2010; Sale et al., 2014) while at the same
time increasing demand for aquatic food products and recreational fishing opportunities
(Duarte et al., 2009; Merino et al., 2012). Traditional management and conservation
measures will have an important role in helping to sustain fisheries, but will probably
be insufficient (Hollowed et al., 2013). Enhancements are likely to expand their role
in sustaining food and recreational fisheries and in restoring biodiversity and ecosystem functioning in increasingly modified ecosystems (Brummett et al., 2013; Lorenzen
et al., 2013). In the context of climate change adaptation, enhancement approaches
have a useful role to play in assisted migration of freshwater species (Rahel et al., 2008;
Lawler & Olden, 2011). Early life stages of fish may also be more sensitive to temperature than later life stages (Rijnsdorp et al., 2009) and enhancements could be used to
maintain valuable fish populations where temperatures are suitable for later, but not
early stages. New enhancement opportunities will emerge as more and more aquatic
species are likely to be taken into culture (Duarte et al., 2007), thereby enabling fishing
stakeholders to obtain animals for stocking easily and relatively cheaply (Bell, 1999;
Lorenzen, 2008a). The trend towards rights-based access to fisheries, mediated by individual quotas, licences, territorial use rights fisheries (TURF) is set to continue and will
provide further incentives for stakeholders to pursue enhancements (Chu, 2009; Lorenzen et al., 2010b). Effective science engagement will be more important than ever to
ensure that enhancements are used effectively and responsibly in what is likely to be a
perfect storm of needs, opportunities and incentives.
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CONCLUDING THOUGHTS
There are compelling reasons, rooted in applied aquatic resource management and
conservation needs as well as in fundamental scientific advancement, for fisheries scientists to care more about understanding and managing enhancements. In addition to
outlining such reasons, the arguments presented above suggest several avenues towards
increasing the engagement of the fisheries sciences with enhancements. Most fundamental, perhaps, is for fisheries scientists to recognize the unique nature of enhancements as fisheries systems that combine attributes of capture fisheries and aquaculture,
and the fact that such systems are more common in management practice than may
be apparent from a disciplinary vantage point. Fisheries scientists should familiarize
themselves with the rapidly developing scientific foundations of fisheries enhancement and strive to apply this knowledge to the management, development or reform of
enhancements within their sphere of responsibility. Substantial advances to fundamental understanding of fish ecology, evolution and fisheries dynamics may be realized
from enhancement experiments, and it may be advantageous for fisheries research
and management agencies to operate some enhancement programmes specifically for
this purpose (Hutchings, 2014). Finally, fisheries scientists should realize the potential of enhancement initiatives for stakeholder engagement in fisheries management
and research and the wider benefits that this may generate even in cases where the
enhancement being pursued and evaluated is not ultimately technically successful.
I thank the convenors of the FSBI symposium 2014, I. G. Cowx and R. Arlinghaus, for inviting
me to present the J. W. Jones Lecture and thereby stimulating the reflections set out here. Funding
was provided by the Florida Fish and Wildlife Conservation Commission, Federal Aid in Sport
Fish Restoration project F-136-R. Comments from two anonymous referees helped improve the
manuscript.
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