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1. Introduction

A marine reserve may be defined as a spatial area where some, or all, species
receive long-term protection from harvesting. Reserves may exist in certain loca-
tions because of natural or physical features, but are also imposed as part of
the management of marine resources. In both cases, zero harvesting of all species
within a reserve is rare. Reserves or ‘no take’ areas often form a part of larger
marine protected areas (MPAs) that have less protection and may include areas
that allow for some consumptive use. For example, in the US a variety of activities,
but not oil or gas extraction, are allowed within some areas of ‘marine sanctuar-
ies’. In one of the world’s largest MPAs, the Great Barrier Reef Marine Park, only
about one third of its total area is now either within no entry or ‘no-take’ zones
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while the rest is divided into zones where some form of access and harvesting are
permitted.

In recent years marine reserves have received increased attention by both policy
makers and researchers. In part, this has been driven by concerns over the need to
preserve both representative marine habitat and biodiversity, and because of fears
that fisheries management has, in general, failed to adequately conserve marine
resources (Ludwig et al. 1993, Pauly et al. 2002). These issues have led some gov-
ernments to include MPAs as key components within their management of fish-
eries and led many others to agree to the implementation of networks of MPAs
within the coming decade (United Nations 2002).

Despite a burgeoning interest in marine reserves, especially in the biological
literature, the bioeconomic—the integration of biological and economic—study
of reserves is relatively limited. A cause for the lack of bioeconomic models
is that many specialists within biology and economics are relatively uninformed
about each other’s disciplines. We take a step in ‘bridging the divides’ by provid-
ing a selected review of the literature that incorporates both biological and eco-
nomic features of marine reserves. Given that the bioeconomics of marine reserves
depends greatly upon the positive spillovers from reserves to fished areas, the paper
also provides a selective review of the biological aspects of the potential ecologi-
cal benefits of, and spillovers from, marine reserves. The review will prove useful
to decision makers, many of whom are not fully aware of the implications of the
marine reserve literature for fisheries management.

The paper divides the marine reserve literature into several distinct, but related
parts. First, the paper provides a brief review of the early marine reserve litera-
ture. Second, it examines a selection of the theoretical and empirical studies on the
potential benefits of reserves. Third, the possible spillovers from reserves to fished
areas are reviewed. Fourth, the bioeconomics literature on reserves separated into
deterministic approaches, spatially explicit models of fisher behavior, and stochas-
tic models are discussed in detail. The paper concludes with insights for fisheries
management to make reserves a more effective fisheries management tool.

2. Early literature and traditional use of marine reserves

Marine reserves have existed in one form or another for thousands of years. In
Oceania, permanent reserves were traditionally designated ‘tapu’ or sacred sites
(Johannes 1978) and existed for many generations before the arrival of Europeans.
Such reserves were frequently located in areas identified as key population ‘sources’
for existing fisheries, such as breeding or nursery areas. In addition to permanent
reserves, fish have also been protected for particular periods of the year in almost
every fishing culture, and temporary closures still remain an important component
of fisheries management in many countries.



THE BIOECONOMICS OF MARINE RESERVES 163

By contrast to the long-standing and traditional use of marine reserves, the sci-
entific interest and study of the benefits of reserves is relatively recent. In their
classic book, On the Dynamics of Exploited Fish Populations, Beverton & Holt
(1957, pp. 147–148) develop a model where in part of the habitat there is no prey
or fishing and predict the effects on fishing yields from reserves, or what they call
‘refuges’. They also evaluate the effectiveness of reserves within fisheries regulation
and observe that if the rate of transfer of fish from a reserve to a harvested area
is too low then a reserve will reduce fish yields, while if the transfer is too high
a reserve provides few harvesting benefits (Beverton & Holt 1957, p. 393). They
conclude that for a reserve to increase yields an intermediate case of fish trans-
fer is required, and emphasize the difficulties of using reserves to manage fisheries
because of the complexity in calculating the transfer of fish.

Two contributions from 1990 in terms of theory (Polachek 1990) and empiri-
cal measures of reserve benefits (Alcala & Russ 1990) became the starting point
for what has now become a huge literature. Indeed, the literature has expanded
to such an extent that there are already several comprehensive reviews of marine
reserves including Guénette et al. (1998), National Research Council (2001), Ward
et al. (2001), Gell & Roberts (2002), among others, as well as several special issues
on the subject in scholarly journals.

Polacheck (1990) lists at least three potential ecological and economic benefits of
reserves, if effectively enforced. First, by eliminating fishing mortality, he observes
‘no take’ areas can generate an ecological benefit by increasing the spawning
biomass—especially with overexploited stocks—and may even generate an eco-
nomic benefit by increasing yield per recruit and also help prevent recruitment
overfishing. Second, he notes that a reserve can provide an increased assurance
with harvesting that a given proportion of the population will persist into the
future that may have both ecological and economic benefits. Third, he speculates
that the costs of establishing and enforcing reserves are likely to be less than tradi-
tional methods of regulation although this will depend on particular circumstances
and management costs may, in fact, be higher for reserves compared to some tra-
ditional management controls.

The issue of spillovers to fished areas is addressed by Alcala & Russ (1990) in
one of the first ‘natural experiments’ of the effects of a marine reserve. In partic-
ular, they measure the impacts of the removal of a decade-long protection of an
island reef in the Philippines. They find that both abundance and yields decline
after reserve protection ceased. Their work provided a stimulus to others to empir-
ically test and measure within and beyond reserve effects in other locations. A
problem with most of these studies, with several exceptions that include Bennett
& Attwood (1991), Davidson (2001), McClanahan & Kaunda-Arara (1995) and
Edgar & Barrett (1999), among others, is that without before and after studies
where reserve locations are matched to control locations, differences attributable to
reserves may be caused by other factors (Guidetti 2002, Willis et al. 2003), such as
habitat (Garcia-Charton & Pérez-Ruzafa 1999).
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3. Potential benefits of reserves

Reserves can generate a range of potential ecological benefits, some of which may
generate spillovers in harvested areas that result in economic benefits. Thus the
existence of ecological benefits of reserves is necessary, but not sufficient to ensure
positive economic benefits from harvesting. The ecological benefits of reserves arise
from reduced mortality and/or decreased habitat or environmental damage due to
the establishment of no-take areas. Improved habitat quality for targeted species
due to a reserve (Roberts & Sargent 2002) is most evident if particular fishing
practices, such as bottom trawling, are prohibited. For example, evidence exists
that bottom trawls used to catch demersal species and dredging for shellfish can
damage marine habitats, increase mortality of fish not caught in trawls, and reduce
the rate of recruitment of some species (Turner et al. 1999).

Bohnsack (1998) extends earlier work of others from the US National Marine
Fisheries Service to list forty-one potential non-fishing benefits from reserves.
He summarizes these benefits under three headings: (1) protect ecosystem struc-
ture, function and integrity; (2) increase knowledge and understanding of marine
systems; and (3) improve non-consumptive opportunities. In terms of non-
consumptive benefits, reserves can increase economic benefits by raising aesthetic
and recreational values because of higher population densities and/or larger indi-
viduals both within no-take areas and adjoining areas (Bhat 2003).

Reserves may also generate ecological benefits by helping to ensure a minimum
viable population (Levins 1970, Shaffer 1981). Reserves can also increase the num-
ber (and possibly a greater level of abundance) of species within reserves, espe-
cially populations harvested outside of the reserve (Côté, Mosquiera & Reynolds
2001, Halpern 2003). In terms of harvesting benefits, a reserve may change the
population structure (characterized by age, gender or individual size) that, in turn,
can increase breeding success and mean recruitment into the harvested popula-
tion (Bohnsack 1998, Gell & Roberts 2002, Jennings 2001, Trippel 1995). Increased
abundance of a targeted species in reserves may also generate positive harvesting
spillovers (Roberts et al. 2001).

The potential ecological and economic benefits of reserves, however, are highly
dependent on their design. For instance, establishing reserves of an inappropriate
size (too large or too small) and number, especially without proper consideration
of larval and adult dispersal patterns (Gaines et al. 2003), will reduce their abil-
ity to increase the abundance of targeted species, and may even reduce economic
benefits from fishing. For example, reserves of a small size may impose selective
pressure for shorter dispersal distance (Botsford et al. 2001) that would, in gen-
eral, not be beneficial in terms of generating spillovers to adjacent exploited areas.
In the extreme, reserves located in population ‘sinks’ would reduce current harvests
while providing few, if any, future spillovers.

Christie et al. (2002) also point to the limitations of single, isolated marine
reserves for fishery purposes because they favor the intensive redistribution of
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effort along the reserve boundaries. Instead, they suggest that a network of areas
(nested within broader management regimes to restrict the overall amount of
effort) is more beneficial to the maintenance of abundance in areas adjacent
to marine reserves that, in turn, may lead to spillovers and harvesting benefits.
Kramer & Chapman (1999) also predict that population densities and modal sizes
of fish will directly depend on the size of the reserves, their area to edge ratios,
the number of habitat types, natural barriers, and the difference in habitat quality
between reserve and non-reserve areas.

A large number of empirical studies show reserves can increase abundance
—an ecological benefit—and some indicate that reserves generate positive
spillovers to adjacent fisheries—an economic benefit. The National Research Coun-
cil (2001) and Ward et al. (2001), among others, provide a summary of this
literature. Table 5–3 of the National Research Council (2001) lists the effects
of reserves in terms of biomass, abundance, size of fish, density, biodiversity
and effects on adjacent fisheries. Appendix 1 of Ward et al. (2001) lists their
impacts in terms of abundance, age and size, and fecundity. In a recent survey
of one hundred and twelve independent measures of marine reserves, Halpern
(2003) finds, relative to reference sites, that reserves on average appear to dou-
ble population density, nearly triple biomass and raise size and diversity by
20–30% within reserves. Where reserves generate these ecological benefits, they
appear to occur in a relatively short period of time of one to three years
(Halpern & Warner 2002), although some of this increase is likely due to redis-
tribution of fish rather than exclusively natural growth within reserves (Jennings
2001).

Empirical evidence of the ecological benefits of reserves is also supported
in various case studies synthesized by Gell & Roberts (2002), and in a meta-
analysis of 19 marine reserves where abundance of targeted fish species was 28%
higher within reserves (Côté et al. 2001). Such ecological benefits, at least for
some reserves, have spilled over to neighboring exploited areas and generated eco-
nomic benefits, as evidenced by increased catches per unit of effort and increased
population size in adjacent areas (Gell & Roberts 2003, Roberts et al. 2001),
as well as harvests of larger and often more higher valued individuals (Bhat
2003).

The empirical studies suggest that the benefits of reserves will tend to be greater
the more overexploited are fish populations. Given density dependent growth, how-
ever, it is conceivable that long-established reserves that are successful at generating
high densities may eventually reduce growth rates and, thus, spillovers to adjacent
fishing areas. For example, Béné & Tewfik (2003), in a study of a fishery reserve
off the Turks and Caicos Islands in the Caribbean, show the potential for density-
induced lower growth rates where a much higher density in the reserve has led to
significantly smaller conches. This suggests that if yield or spillover benefits are of
paramount importance, it may be worthwhile in some fisheries to periodically har-
vest target species within reserves.
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4. Fishing spillovers

A key factor in modelling the bioeconomics of reserves is the net spillovers, or
the net rate of transfer of larvae, juveniles and adult fish from reserves to har-
vested areas. Transfers represent a trade-off in the sense that the more mobile are
fish between reserves and harvested area, the less protection is provided by a no-
take area and, thus, the lower is the spawning biomass in a reserve (DeMartini
1993, Guénette & Pitcher 1999, Apostolaki et al. 2002). In other words, the greater
the net transfer out, the larger is the size of the reserve required to maintain the
same level of protection from harvesting. For ‘super mobile’ species, such as large
pelagic fish like tuna and billfish that migrate over thousands of kilometres, the
size of the reserve required to reduce fishing mortality could be very large and
would also need to account for the migration routes of the fish and where the fish
are targeted for harvesting (Hyrenbach et al. 2000). Conversely, although a low
transfer rate provides increased protection from fishing, for a given reserve size, it
also reduces the benefits to fishers as less fish spillover to harvested areas.

Gell & Roberts (2003) provide an informative review of the studies of spill-
overs from reserves to adjacent areas. Despite the difficulties of measuring changes
directly attributable to reserves, spillover studies provide empirical evidence that
reserves may raise catches of adjacent harvested areas (McClanahan & Mangi
2000), although whether they can raise overall catches is much more difficult
to determine empirically. In other words, the existence of ecological benefits of
increased abundance and size of fish within a reserve or even in adjacent areas
does not, by itself, ensure that the economic benefits from harvesting are positive.
Where they exist, the potential harvesting benefits from reserves come in two main
forms: net larval export that can increase recruitment into the fishery in the future
and net export of adults that are immediately vulnerable to harvesting (Rowley
1994). Spillovers, however, are highly dependent on reserve design especially if fish
migrate on a seasonal basis and aggregate at different places and times throughout
the year (Holland 2000). Moreover, transfers from reserves to fished areas cannot
be assumed to be a simple diffusion process without reference to currents or other
physical factors (Gaines et al. 2003), but requires an understanding of both dis-
persal distance and the number of population sources (Allison et al. 1998). Indeed,
some suggest that the dispersal pattern of larvae is the critical issue when design-
ing marine reserves (Lockwood et al. 2002).

Not surprisingly, an understanding of source-sink dynamics (Pulliam 1988) also
provides a key to understanding the benefits of marine reserves. Building on ear-
lier work by Roughgarden & Iwasa (1986), Tuck & Possingham (1994) examine
the problem of optimal harvesting strategies of a metapopulation with positive
harvesting costs. They find that local populations that are sources should incur
less harvesting than if all local populations were managed as a single population.
Brown & Roughgarden (1997) also show the value of preserving some local pop-
ulations as sources while harvesting in only one location. Bulte & van Kooten
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(1999) find that changes in the harvest of two distinct sub-populations alter the
rate of in and out flow, as can random disturbances in population abundance due
to demographic or environmental stochasticity, especially if a positive shock in
one population corresponds to a negative shock in the other. This source-sink lit-
erature emphasizes the importance of modelling transfers between protected and
exploited populations in the presence of shocks, that reserves should be placed in
source habitats rather than sink ones (Tuck & Possingham 2000), and that the spa-
tial location of reserves is critical to population enhancement when there are direc-
tional currents (Crowder et al. 2000).

5. Bioeconomics of marine reserves

Bioeconomic models of marine reserves need to consider a number of key pro-
cesses: the transfer rate and flows between reserves and harvested areas, the effect
of reserves on fisher behavior and the influence of environmental stochasticity and
shocks on both the reserve and fished populations.

5.1. Deterministic models

One of the first economic models to examine the efficacy of reserves was developed
by Holland & Brazee (1996). Using a deterministic framework they show that the
relative benefits of reserves depend on their effect on harvesting in exploited areas
and the discount rate—the greater the short-term harvest loss through reserve cre-
ation and the greater the discount rate, the smaller are the benefits of a reserve
and the smaller its optimal size. In simulations, they also find that at higher fishing
effort levels a correspondingly larger reserve size is required to generate greater dis-
counted rents. Their work is also noteworthy for stressing the value of reserves as
‘insurance’ to management failure from an inability to control either fishing effort
or harvests in exploited areas. However, they emphasize that if effort (and harvests)
can be perfectly controlled reserves may be of little value.

In subsequent work, Holland (2000) observes that reserves can, in some cases,
raise harvest and revenues if fishing effort was very high prior to their implemen-
tation, although this could also be accomplished with more direct controls on fish-
ing effort or harvest. The conclusion that reserves are essentially redundant in a
deterministic system if the total catch or harvesting effort can be directly and per-
fectly controlled, is supported by both Anderson (2002) and Hannesson (1998). In
particular, Hannesson (1998) shows that reserves would need to be in the order of
70–80% of a fishing area to yield benefits associated with an optimally controlled
fishery and, to the extent that reserves initially reduce harvests in exploited areas,
will raise fishing costs and also exacerbate problems of overcapacity.
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Pezzey et al. (2000) and Sanchirico & Wilen (2001) both prove that, with
density-dependent growth, a reserve can increase the abundance of the population
and, in some cases, may even raise the aggregate harvest in the exploited area if
stocks are overexploited. In particular, Pezzey et al. (2000) show that the equilib-
rium catch can rise if the ratio of the population to its carrying capacity before the
creation of the reserve (with open access) is less than half. This so-called ‘double
payoff’ with sub-optimal harvesting can arise where the chosen area for the reserve
is at a low population level such that the marginal benefits of closure (reduced
mortality, but with spillovers) outweigh their costs (loss of harvest in previously
exploited area). Sanchirico & Wilen (2002) also show in the case of overexploited
stocks managed by input and license controls that reserves can raise both the total
population and the lease price for fishing licences.

5.2. Spatial economic models

In an attempt to better link the biology and economics of reserves, Sanchirico
& Wilen (1999, 2001), Holland (2000) and Holland & Sutinen (2000) empha-
size that establishing reserves will invariably change the level of fishing effort in
exploited areas. Under reasonable assumptions about fisher behavior it is unlikely
that all the effort previously directed to a reserve would go elsewhere, as is com-
monly assumed. How effort redistributes with a reserve thus depends not only
the biology, but also on the costs and returns of harvesting in different loca-
tions.

Sanchirico & Wilen (1999) show that the effects of reserves on fishing are highly
dependent on how fishers reallocate effort. In particular, fishers have a tendency to
reallocate their effort to areas that generate higher relative rents. This effect gen-
erates spatial ‘economic gradients’ that may be quite different to ‘biological gradi-
ents’ generated by larval export and adult transfers. A key point of this work is
that both economic and biological factors have an important effect as to whether
a particular location becomes a population source or sink in bioeconomic equi-
librium, and that ignoring the endogenous behavior of fishers will tend to result
in predicted rises in fish stocks that are greater than actual increases following the
establishment of a reserve (Sanchirico 2004).

Applying a spatial economic model to the California sea urchin fishery, Smith
& Wilen (2003) show that a failure to incorporate fisher behavior leads to the
incorrect prediction that a reserve established in a heavily fished area will increase
discounted rents. However, with a spatial model that provides a prediction of a
spatial distribution of effort based on relative spatial profits, rather than assum-
ing a uniform distribution, the discounted rents fall. Spatial modeling of fisher
behavior also has implications for other forms of fisheries management, such as
minimum size limits (Wilen et al. 2002), and stresses that the location of reserves
requires both biological and economic understanding (Wilen 2004).
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5.3. Uncertainty and stochastic models

Without incorporating the uncertainty inherent in wild populations (Cohen 1966),
and the possible mitigating effects of reserves in the face of unexpected shocks
and management failures, deterministic models will likely understate the value of
no-take areas (Gerber et al. 2003). Moreover, models that do not explicitly con-
sider shocks (positive and negative) in fisheries will be unable to determine an
appropriate size and/or location for reserves.

In an uncertain environment, if a reserve reduces the mortality rate within its
boundaries then it can also raise the likelihood that the reserve population (and
also the entire population because of transfers out of the reserve) will not be
extirpated due to a negative shock. This is because for many negative shocks, the
smaller is the population the higher is the chance of its elimination (Shaffer 1981).
Also, by separating a population into exploited areas and reserves the nature of
the negative shocks may be different, and may even be mitigated in reserves, if the
shocks are correlated with the level of harvesting.

Reserves can also act as a hedge against irreducible uncertainty, especially those
associated with harvesting of exploited populations (Ludwig et al. 1993, Botsford
et al. 1997) where harvest rates and population stocks are measured with error,
and harvests are less than fully controllable (Clark 1996, Lauck et al. 1998). More-
over, by acting as a ‘safety net’ to overexploitation, reserves may even permit
greater levels of exploitation that would otherwise be possible while ensuring the
long-term sustainability of the resource (Lauck et al. 1998).

A key result by Lauck et al. (1998) is that reserve size should increase with the
level of uncertainty over the level of stocks so as to ensure population persistence.
In simulations, Mangel (2000a) demonstrates that the longer the desired persis-
tence of the population in the face of additional uncertainty in terms of mortality,
the larger should be the reserve. Sumalia (1998) shows that a negative shock repre-
sented by recruitment failure provides an economic justification for a reserve while
Mangel (1998) derives a ‘no-take invariant’ that implies that a higher maximum
harvest level in the presence of harvesting uncertainty requires a larger reserve
size to maintain the sustained harvest. This result is similar to that obtained by
Guénette & Pitcher (1999) who show that marine reserves increase persistence by
maintaining higher levels of the spawner biomass and by raising recruitment suc-
cess with high rates of exploitation.

Using the concept of an invariance kernel, Doyen & Béné (2003) find that the
greater the level of uncertainty (size and/or probability of a negative shock) the
greater the share of the population required in a reserve to maintain a mini-
mum viable population. Under certain conditions, they show that reserves can help
maintain a minimum viable population and also raise the ‘guaranteed’ harvests in
exploited areas. In addition to ‘persistence payoffs’ of reserves, Conrad (1999) finds
that with a constant environment a reserve reduces the economic payoff from fish-
ing if effort controls are optimal. By contrast, in a fluctuating environment Conrad
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(1999) shows that reserves can be beneficial by reducing the variation in the pop-
ulation—a result also obtained by Sladek Nowlis & Roberts (1998). In subsequent
work, Mangel (2000b) and Hannesson (2002) also show that reserves can reduce
the variation in the catch for a given size of the resource.

One of the most recent papers on reserves incorporates two forms of uncertainty:
environmental stochasticity that can be both positive and negative, and negative
shocks into a bioeconomic model (Grafton et al. 2004). They identify a ‘resilience
effect’, defined as the speed it takes for a harvested population to return to its
level before the shock (Pimm 1984), that monotonically increases in reserve size and
occurs whenever the sensitivity of a negative shock in the harvested population fish-
ery is equal to or greater than the sensitivity for the reserve population. Resilience
occurs because a greater population density in the reserve allows for a transfer of
fish to the harvested area. This is advantageous because it permits fishers to harvest
at a higher rate immediately after a negative shock than without a reserve.

Under a wide range of parameter values, Grafton et al. (2004) show that a
reserve size greater than zero, even of a small size, will generate a higher dis-
counted net return from fishing than no reserve in the presence of unexpected
negative shocks. Their result is important because, contrary to the deterministic
literature and the accepted wisdom that marine reserves can only increase yields
in fisheries with substantially reduced recruitment (Hilborn et al. 2004, p. 199),
they show that reserves can increase the cumulative harvest and generate positive
economic payoffs even if the population is persistent, harvesting is optimal and
the fishery is not overexploited. Moreover, these benefits cannot be obtained from
either input or output controls.

6. Implications for fisheries management

To what extent reserves offer benefits over existing fisheries management (such
as total harvest and effort controls) can only be judged relative to the goals of
management, and by incorporating the economics of harvesting with the biolog-
ical aspects of reserves. Policy makers must also be very clear as to what goals
reserves are intended to achieve, and must incorporate these objectives in the
design of reserves (Agardy et al. 2003, Hastings & Botsford 2003, Halpern &
Warner 2003). Thus reserves established for fisheries management purposes may
need to be designed very differently than if they were established to maintain bio-
diversity and representative habitats. For instance, in the case of biodiversity it may
be highly desirable to provide maximum protection from harvesting and so cre-
ating reserves of a large size may be desirable. By contrast, reserves designed to
buffer negative shocks to the fishery must not be so large that there are no spill-
overs of larvae, juveniles or adults from reserves to harvested areas.

Some evidence exists that a network of marine reserves, as opposed to one single
isolated closure, is more effective in yielding fisheries benefits. For example, Rakitin
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& Kramer (1996) observe a gradual decrease in trap catches with distance from
the center of the reserve and McClanahan & Mangi (2000) point to the impor-
tance of the edge to area relationship of reserves. Stamps et al. (1987) also investi-
gate edge permeability, but on a more intuitive level, and argue emigration should
be expected to be greater from patches with high ratios of perimeter to area (i.e.
elongated strips) than for blocks of habitat.

Whatever the expressed goal of reserves, their effective design, monitoring
and enforcement require stakeholder participation and co-operation (Grafton &
Kompas 2005). Such co-operation has been shown to mitigate the common-pool
resource dilemmas in fisheries (Ostrom et al. 1994, chapter 11) some of which can
be characterized as assurance games (Baland & Platteau 1996, chapter 5). In most
fisheries, fishers have a wealth of information that can improve management (Pink-
erton 1994) and that can assist in the design of marine reserves. In some cases,
fishers may even be much better informed than scientists as to relative fish densi-
ties in differing locations. Apart from their ability to inform decision-making, the
co-operation of fishers is also critical to ensure reserves are respected (Jones 1999,
Helvey 2004). For example, even in a rich country such as Australia with a long
history of marine reserves, no-take areas have been less than successful in reduc-
ing fishing mortality to zero (Russ 2002, p. 426). In developing countries, with
overexploited fisheries and little financial support for monitoring and enforcement,
community and fisher acceptance of reserves is crucial to ensure reduced fishing
mortality within reserve boundaries (Francis et al. 2002).

Key management issues when establishing reserves are the process and criteria
to be used in their design, and clarity over what reserves can achieve (Allison
et al. 1998). Inglis (1992) was one of the first to list a number of criteria that
include diversity of species, rarity of species, ecological fragility, among others,
when establishing marine reserves. More recent insights by Botsford et al. (2003),
Gerber et al. (2003), Roberts et al. (2003) and Ward et al. (2001), among oth-
ers, provide useful guides to policy makers in terms of reserve design. Roberts
et al. (2003), in particular, use 12 design criteria that incorporate the conser-
vation goals of biological and genetic diversity, restoration and maintenance of
ecosystems and protection of key life cycles. In terms of implementing reserves,
Ward et al. (2001, p. 127) describe a four-step process for the establishment and
management of reserves: selection (design, number, etc.), declaration (stakeholder
participation), management planning (strategies for successful management), and
performance assessment (whether goals have been realized, understanding of key
processes) while Grafton and Kompas (2005) propose a six-step approach for the
active adaptive management of marine reserves.

Given the lack of knowledge in fisheries about net transfers across locations,
performance assessment and on-going studies of the within and spillover effects of
reserves are critical to ensure their long-term success (Holland 2002). Such assess-
ments are also needed by stakeholders, who must be shown that reserves generate
positive payoffs so as to ensure their co-operation, and also by decision-makers to
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ensure active adaptive management (Walters & Hilborn 1978) of reserves and fish-
eries. By various means, such as tagging and acoustic surveys and experiments in
terms of larval dispersal, and with adequate resources, managers should be able to
develop a better understanding of the key issue of marine reserve design—the net
transfers of fish between reserves and harvested areas.

In terms of fisheries management, reserves are neither a panacea for current
problems nor should they be treated as superfluous management tool in the pres-
ence of input or output controls. For example, with a fluctuating environment the
result that a reserve and fixed exploitation rate are equivalent methods of control
(Hastings & Botsford 1999) in terms of fishing yields is simply not true if fish
populations face unexpected negative shocks. Instead, marine reserves should be
understood as a complementary management tool to maintain or enhance yields
rather than being used in isolation of effort and output controls (De Martini 1993,
Hannesson 1998).

Reserves alone cannot address the ‘race to fish’ problem common in input-
controlled fisheries (Kompas et al. 2004) and neither are they a substitute for
effective management strategies in harvested areas, such as minimum size lim-
its. The need to integrate reserves with other controls is also supported by evi-
dence that effort tends to redistribute along the boundaries of reserves and,
thus, potentially may outweigh some of the benefits promised by no-take areas
(Christie et al. 2002, Smith & Wilen 2003). Given unexpected environmental
shocks, reserves can also play a unique role by helping stocks to recover faster
and to mitigate management error and failure (Guénette et al. 1998, Lauck et al.
1998). In other words, in an uncertain world reserves provide payoffs that can-
not be realized by traditional management, even if such controls are implemented
optimally (Grafton et al. 2004). It would seem therefore, that the more fluctuat-
ing is the environment and the greater the vulnerability of fisheries to shocks (nat-
ural or fishing-induced), the more valuable are marine reserves as a management
tool.

Increased attention by policy makers about the benefits of marine reserves is
concomitant with a greater emphasis on ecosystem management within fisheries
(Sumaila et al. 2000). This is no coincidence. It reflects concerns over the status
of fish stocks and an appreciation that impacts in one location, or on one spe-
cies, may cascade across many different places and populations. A few authors
have combined the two approaches and have incorporated reserves within large-
scale ecosystem models (Walters et al. 1999, Walters 2000, Beattie et al. 2003).
Beattie et al. (2003), in particular, use a spatially explicit ecosystem model that
incorporates both economic and ecological factors to evaluate four policy options
for the North Sea. The value of ecosystem models is that they include key driv-
ers of marine systems and can be used to examine a range of possible scenarios
regarding the effects of marine reserves. Such an approach is required if policy
makers are to comprehend the benefits of marine reserves within the broader con-
text of fisheries management.
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7. Concluding remarks

The past few years have seen a literal explosion in interest, and also in the num-
ber of studies, on marine reserves. In part, this has been a result of dissatisfaction
over management failures and overexploitation in some developed fisheries. Despite
the increased attention and a commitment by many governments to establish a net-
work of marine protected areas, many policy makers are struggling to decide where
to establish reserves, of what size, and to reconcile short and long-term tradeoffs
and differences among stakeholders, particularly between fisher and conservation
groups.

One of the barriers to moving towards the better use of marine reserves, at least
in a policy context, is the relatively small number of studies that combine both
the biological and economic drivers of marine reserves. Moreover, a knowledge gap
exists between fisheries economists, biologists and decision makers in their under-
standing of marine reserves. To bridge this divide, the paper provides a selected
review of the key benefits and spillovers of marine reserves combined with a more
detailed description of bioeconomic models of reserves.

The paper reveals that deterministic bioeconomic models provide important
insights about reserves, but also understate the value of reserves to fishers in a
fluctuating environment. Models that explicitly include the spatial behavior of fish-
ers are of particular importance to managers as they emphasize the importance
of economic considerations when establishing reserves, and the need to explicitly
model the endogeneity of fishing effort in a decision-making framework. Bioeco-
nomic models that allow for negative shocks, management error or environmental
stochasticity have been used to show that reserves can reduce the variation in the
harvested population and harvests, and increase population persistence. Stochastic
models also demonstrate that reserves can raise the discounted net returns to fish-
ers even when stocks are not overexploited and when harvesting would be optimal
in the absence of shocks.

Insights from the literature provide broad policy implications in terms of
the establishment of marine reserves, especially for the purposes of improv-
ing the economic benefits of fishing. The key management insights include: (1)
the importance of designing reserves to meet defined objectives and the diffi-
culty of establishing reserves that meet multiple objectives; (2) the need to
include stakeholders as an integral part of the planning and monitoring pro-
cess; (3) the merits of actively and adaptively managing reserves given the lack
of knowledge of key drivers such as larval dispersion, and especially spill-
overs from reserves to harvested areas; (4) the increased payoffs from reserves
in the face of uncertainty; and (5) the value of incorporating reserve manage-
ment into broader ecosystem approaches to management. The review concludes
that only by fully incorporating the biology and economics of ‘no-take’ areas
will policy makers be able to fully realize the management potential of marine
reserves.



174 GRAFTON ET AL.

8. Acknowledgements

The authors are grateful for the very helpful comments of an anonymous referee.

References cited

Agardy, Tundi, Peter Bridgewater, Michael P. Crosby, Jon Day, Paul K. Dayton, Richard Kenchington,
Dan Laffoley, Patrick McConney, Peter A. Murray, John E. Parks & Lelei Peau. 2003. Dangerous tar-
gets? Unresolved issues and ideological clashes around marine protected areas. Aquatic Conservation:
Marine and Freshwater Ecosystems 13:353–367.

Alcala, Angel C. & Garry R. Russ. 1990. A direct test of the effects of protective management on abun-
dance and yield of tropical marine resources. ICES Journal of Marine Science/Journal du Conseil
International pour l’Exploration de la Mer. 46:40–47.

Allison, Gary W., Jane Lubchenco & Mark H. Carr. 1998. Marine reserves are necessary but not suffi-
cient for marine conservation. Ecological Applications 8(1), Supplement: S79–S92.

Anderson, Lee G. 2002. A bioeconomic analysis of marine reserves. Natural Resource Modeling
15(3):311–334.

Apostolaki, Panayiota, Eleanor J. Milner-Gulland, Murdoch K. McAllister & Geoff P. Kirkwood. 2002.
Modeling effects of establishing a marine reserve for mobile fish species. Canadian Journal of Fisher-
ies and Aquatic Sciences 59(3):405–415.

Baland, Jean-Marie & Jean-Philippe Platteau. 1996. Halting degradation of natural resources: Is there a
role for rural communities? Food and Agriculture Organization of the United Nations and Clarendon
Press, Oxford.

Beattie, Alisdair, Ussif Rashid Sumaila, Villy Christensen & Daniel Pauly. 2002. A model for the bio-
economic evaluation of marine protected area size and placement in the North Sea. Natural Resource
Modeling 15(4):414–437.

Béné, Christophe & Alexander Tewfik. 2003. Biological evaluation of a marine protected area: evidence
of crowding effect on a protected population of Queen Conch in the Caribbean. Marine Ecology
24(1):45–58.

Bennett, B.A. & C.G. Attwood. 1991. Evidence for recovery of a surf-zone fish assemblage following the
establishment of a marine reserve on the southern coast of South Africa. Marine Ecology Progress
Series 75:179–181.

Beverton, Raymond J.H. & Sidney J. Holt. 1957. On the dynamics of exploited fish populations. Her
Majesty’s Stationery Office, London.

Bhat, Mahadev G. 2003. Application of non-market valuation to the Florida Keys marine reserve man-
agement. Journal of Environmental Management 67:315–325.

Bohnsack, James A. 1998. Application of marine reserves to reef fisheries management. Australian Jour-
nal of Ecology 23:298–304.

Botsford, Louis W., Juan C. Castilla & Charles H. Peterson. 1997. The management of fisheries and
marine ecosystems. Science 277:509.

Botsford, Louis W., Alan Hastings & Steven D. Gaines. 2001. Dependence of sustainability on the con-
figuration of marine reserves and larval dispersal distance. Ecology Letters 4:144–150.

Botsford, Louis W., Fiorenza Micheli & Alan Hastings. 2003. Principles for the design of marine
reserves. Ecological Applications 13(1) Supplement: S25–S31.

Brown, Gardner & Jonathan Roughgarden. 1997. A metapopulation model with private property and a
common pool. Ecological Economics 22:65–71.

Bulte, Erwin H. & G. Cornelis van Kooten. 1999. Metapopulation dynamics and stochastic bioeconom-
ic modeling. Ecological Economics 30:293–299.

Christie, Patrick, Alan White & Evelyn Deguit. 2002. Starting point or solution? Community-based
marine protected areas in the Philippines. Journal of Environmental Management 66:441–454.



THE BIOECONOMICS OF MARINE RESERVES 175

Clark, Colin W. 1996. Marine reserves and the precautionary management of fisheries. Ecological Appli-
cations 6(2):369–370.

Cohen, Dan. 1966. Optimizing reproduction in a randomly varying environment. Journal of Theoretical
Biology 12:119–129.

Conrad, Jon M. 1999. The bioeconomics of marine sanctuaries. Journal of Bioeconomics 1:205–217.
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