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ABSTRACT
Improved management approaches are needed to reduce the rate at which humans are depleting
exploited marine populations and degrading marine ecosystems. Networks of no-take marine
reserves are promising management tools because of their potential to (1) protect coastal ecosys-
tem structure and functioning, (2) benefit exploited populations and fisheries, (3) improve scientif-
ic understanding of marine ecosystems, and (4) provide enriched opportunities for non-extractive
human activities. By protecting marine ecosystems and their populations, no-take reserve net-
works can reduce risk by providing important insurance for fishery managers against overex-
ploitation of individual populations. Replicated reserves also foster strong scientific testing of fish-
ery and conservation management strategies. Reserve networks will require social acceptance,
adequate enforcement, and effective scientific evaluation to be successful. Processes for reserve
establishment should accommodate adaptive management so boundaries and regulations can be
modified to enhance performance. However, even well-designed reserve networks will require
continued conservation efforts outside reserve boundaries to be effective. Establishing networks of
no-take reserves is a process-oriented, precautionary management strategy that protects functional
attributes of marine ecosystems. As an addition to fishery management practices and other conser-
vation efforts, no-take reserve networks may improve the status of exploited populations while
conserving marine resources for future generations.

ew of the world's
coastal regions remainF undisturbed by human
activities (GESAMP

1991; NRC 1995; Vitousek et al.
1997). During the past century,
America's coastal ecosystems
have been changed by inputs of
pollutants, modifications of
watersheds, destruction of habi-
tats, invasions of exotic species,
and extractions of living
resources (Suchanek 1994;
Lubchenco et al. 1995; NRC
1995). Despite good intentions,
existing efforts to manage and
protect marine resources fre-
quently are inadequate.

Many marine ecosystems
show reduced biodiversity and
other signs of degradation
(Suchanek 1994; Lubchenco et al.

1995; NRC 1995). Moreover, many
populations of exploited fish and
invertebrates are declining in num-
bers and average size despite the

efforts of fishery managers (FAO
1995; Roberts 1997; NRC 1999). In
the United States, the tradition of
open access and a lack of political

0

R-

A sign posted at the shore entrance near the Asilomar Conference Center in the Monterey
Bay National Marine Sanctuary indicates that fishing is allowed even though "all" marine ani-
mals and plants are protected. Regulations for national marine sanctuaries often do not limit
or restrict fishing; commercial and recreational fishing is allowed in all national marine sanc-
tuaries established in waters off California (McArdle 1997).
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will to change management strategies have inhibited imple-
mentation of effective measures to protect marine resources.
Even marine ecosystems believed to be protected strongly,
including many of those contained within U.S. marine sanc-
tuaries and national parks, allow commercial and recre-
ational fishing (Dugan and Davis 1993; McArdle 1997).
Clearly, improved management approaches are required to
sustain fisheries and effectively protect U.S. marine ecosys-
tems and the goods and services they provide. Here, we
discuss the potential of networks of no-take marine reserves
to protect fishery populations and marine ecosystems.

Fisheries
Globally, the use of marine fish stocks is at or near a sus-

tainable limit, and many populations are currently overex-
ploited (NRC 1999). More than 40% of the world's marine
fishery populations is heavily to fully exploited, and 25% is
classified as overexploited, depleted, or recovering (NRC
1999). In the last decade, this high exploitation rate has led
to the partial or complete collapse of many of the world's
fisheries, and new, unexploited populations are no longer
available to replace depleted stocks (Vitousek et al. 1997).
Even in countries with active fishery management, the reg-
ulatory process has not prevented overfishing
of many stocks. For example, in the United
States, 36% of fishery stocks with known sta-
tus under federal purview was classified as 1.00
overutilized based on 1992-1994 data, and only
20% was underutilized with the potential to be 0.75
fished more heavily (NMFS 1996).

Fishing activities also harm more than tar- 0.50
geted populations. Many individuals of nontar-
geted species are killed incidentally as bycatch 3 0.25
or discards and through the ghost-fishing of X

abandoned gear (NRC 1999). Global bycatch >
and discards between 1988 and 1990 amounted E 1.00
to approximately one-third of total landed bio- E
mass (Alverson et al. 1994), making the ecolog- 'x 075
ical consequence of bycatch and discard mor- X

tality a serious problem of modern fisheries 0.50
management (Dayton et al. 1995; NRC 1999). 0
Fishing also can change the genetic structure of r 0.250
exploited populations (Ricker 1981; Smith et al. E
1991; Law et al. 1993). The selective removal of 1.00
certain species by fishing can modify species a
interactions and result in changes that cascade . 0.75
throughout marine communities (Dayton et al.
1995; Hixon and Carr 1997; NRC 1999). Other 0.50
fishing activities such as trawling and dredging
disturb and alter seafloor habitats, and can 0.25
modify the structure and diversity of benthic
communities (Auster et al. 1996; Collie et al.
1997; Thrush et al. 1998). 1!

Examples: New England and Pacific
groundfish Figure 1.

Overfishing has been implicated in collapses during the
of fisheries off the Atlantic coasts of New Eng- cles) and
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land, Canada, and elsewhere (Safina 1995; Myers et al. 1997;
Fogarty and Murawski 1998). Overexploitation, first by dis-
tant-water fleets and then by domestic fishing, resulted in
depletion of valuable groundfish and other fishery stocks in
the Georges Bank ecosystem off New England and Nova

Rockfish fishers work in a skiff off the Point Sur, California, coast in
the late 1930s. Rockfishes and other West Coast groundfish stocks are
vulnerable to overfishing.

960 1970 1980 1990 1960 1970 1980 1990 2000

Year
Precipitous declines in seven stocks of Pacific rockfish (Sebastes spp.)
e last 20 to 30 years. Plotted are trends in exploitable biomass (open cir-
spawning output (closed circles). Redrawn from Ralston (1998).
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Scotia (Fogarty and Murawski 1998; NRC 1999). Despite
warnings from fishery scientists, groundfish exploitation
rates in the 1990s surpassed recommended levels, and the
biomass of valuable Atlantic cod (Gadus morhua), haddock
(Melanogrammus aeglefinus), yellowtail flounder (Limnadafer-
ruginea), and other species dropped sharply, eventually
resulting in the closure of once highly productive fishing
grounds (Fogarty and Murawski 1998). In addition to
depleting groundfish populations, fishing and fishing activ-
ities changed species composition, altered the food web
structure, and damaged important benthic habitats on
Georges Bank (Collie et al. 1997; Fogarty and Murawski
1998; NRC 1999). Currently, approximately 30% of Georges
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Figure 2. Sequential depletion of California abalone populations that once st
commercial fishery. Data obtained from landing records compiled by the Cali
Department of Fish and Game. Red abalone (Haliotis rufescens), pink abalor
gata), white abalone (H. sorensont), green abalone (H. fulgens), and black a
cracherodii). Data provided by Ian Taniguichi, California Department of Fish a
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Bank is closed to all fishing gear capable of catching
groundfish as part of a stock recovery plan (Fogarty and
Murawski 1998).

Similarly, many groundfish stocks are in jeopardy on
the West Coast of North America (Figure 1). Off Washing-
ton, Oregon, and California, groundfish have been intense-
ly fished, beginning with the large catches made by for-
eign fleets in the late 1960s and early 1970s (King 1990)
and continuing with high domestic removals in the 1980s
and 1990s (Pacific Fishery Management Council 1995).

Rockfishes, a large component of the West Coast
groundfish fishery, are live-bearers, and several species
mature slowly (>5-10 yr) and have long life spans (50-140

yr) (Archibald et al. 1981; Wyllie Echeverria
19QR7 Acdditinnnllvi mnt rnrlkfihipe yrnprionro
sporadic recruitment associated with variable
oceanographic conditions (Ralston and
Howard 1995; Ralston 1998). These character-
istics make rockfishes particularly vulnerable
to fishing and slow to recover from overex-
ploitation (Beverton 1992; Leaman 1991; Gun-
derson 1997a). For example, stocks of Pacific
ocean perch (Sebastes alutus) have yet to recov-
er from the mid-1960s to early 1970s, when
they were reduced to almost 10% of their
unfished biomass (Ralston 1998). More recent-
ly, bocaccio (S. paucispinis) populations have
declined to the point where they are now
regarded as critically endangered by the
World Conservation Union, and canary (S.
pinniger) and widow (S. entomelas) rockfish are
only 20%-30% of their unfished biomass
(Pacific Fishery Management Council 1995;
Ralston 1998). Several other rockfishes subsist
at dangerously low levels, and many other
populations also have been depleted (Gunder-
son 1997b). Even species that currently are
abundant or that have life histories allowing
for faster recovery are susceptible to overex-
ploitation given today's fishery practices.
Without intervention, existing management
strategies probably will lead to serial deple-
tion of the least-resilient species.

Examples: California's abalone and sea
urchin fisheries

Valuable nearshore invertebrate fisheries
also have recently collapsed. In the 1950s and
1960s, five abalone species (Haliotis spp.) sup-
ported hundreds of commercial fishers and
hundreds of thousands of sport divers in Cal-
ifornia (Cox 1962; Dugan and Davis 1993).
However, abalone stocks have been serially

jpported a depleted, and the California fishery has col-
fomia lapsed (Figure 2). Today, only the recreational
ne (H. corru- fishery for red abalone (H. rufescens) survives,
balone (H. and it is restricted to an area north of San
nd Game. Francisco where a de facto depth refugium
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has sustained an annual take of 1,000 mt (Tegner et al.
1992). The white abalone (H. sorenseni) supported a com-
mercial fishery in the early 1970s, but its numbers
declined rapidly following intense fishing pressure to lev-
els where the white abalone has now been declared a can-
didate for the federal endangered species list and may
become the first marine invertebrate known to be fished
to extinction (Davis et al. 1996; Tegner et al. 1996).

A red sea urchin (Strongylocentrotusfranciscanus) fishery
developed when abalone populations were depleted in the
1970s (Parker and Kalvass 1992), and by 1992 urchins were
California's most valuable marine fishery (Dugan and
Davis 1993; McWilliams and Goldman 1994; Kalvass and
Hendrix 1997). In the last decade, however, sea urchin
landings have fallen, recruitment has declined in some
locations, and the California urchin fishery is now consid-
ered by the NMFS (1996) to be fully exploited.

Abalones and sea urchins, like many commercially
important benthic invertebrates, are broadcast spawners
where gamete concentrations are quickly diluted upon
release and fertilization success is density-dependent. Con-
sequently, reductions in density can affect reproductive
success and lead to further population declines. Allee
effects, together with intense exploitation, have been
responsible for the extinction of giant clams (Tridacna gigas)
in Fiji, Guam, New Caledonia, and the Northern Marianas
(Wells 1997). Such issues are important considerations for
maintaining populations of exploited sea cucumbers
(Conand 1997), bivalves such as scallops (Caddy 1989), and
other invertebrates that depend on external fertilization.

Fishery management
Clearly, improved fishery management practices are

needed to prevent overfishing and the serial depletion of
exploited populations. Management of most fisheries is
still based on single-species models despite the fact that
multiple species are caught in almost every fishery (Man-
gel et al. 1996; Roberts 1997; NRC 1999). Existing single-
species population models require a reliable time series of
survey and catch-at-age data to reconstruct trends in stock
biomass and exploitation rates. However, it is seldom pos-
sible to develop accurate models because of inadequate
data, difficulties in estimating critical model parameters,

It is difficult to model exploited
populations, to evaluate the risk

involved in any fishery management
decision, and to know when

management actions are truly
working to sustain fishery stocks.

and problems in accounting for environmental variability
and uncertainty. Although increasingly promoted by fish-
ery scientists and managers, multispecies models require
even more information than single-species models and still
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are subject to problems of parameter estimation and in
accounting for large, unexpected disturbances (NRC 1999).
Thus, it is difficult to model exploited populations, to eval-
uate the risk involved in any fishery management decision,
and to know when management actions are truly working
to sustain fishery stocks. This can be true even for well-
studied fisheries with seemingly stable populations (Gor-
don and Munro 1996; Hall 1998; Lauck et al. 1998).

Consequently, fishery managers need to allow for
uncertainties and to use caution when establishing sus-
tainable catch levels to protect against overfishing (Man-
gel et al. 1996; Hall 1998; Lauck et al. 1998). Because over-
exploitation often takes years to detect, the mid-course
corrections in catch or effort needed to sustain targeted
stocks may not be implemented soon enough if landings
are set too high (Dayton 1998). Current practices usually
place the burden of proof on fishery scientists by requir-
ing overwhelming evidence of resource damage before
limitations are placed on fisheries (Garcia 1994; Mangel et
al. 1996; Botsford et al. 1997). However, even when the
scientific evidence suggests that a fishery resource is
being depleted, the political will to take a precautionary
approach and restrict fishing is often lacking. Existing
management practices also make it difficult to regulate
new fisheries such as the commercial live-fish fishery off
California, where fishing effort has increased ten-fold but
catches only four-fold in the 1990s (Hardy 1996). Without
immediate restrictions, this live-fish fishery may deplete
many shallow-water West Coast fishes. Moreover, the
removal of urchin-consuming California sheephead (Semi-
cossyphus pulcher), a principal target of the live-fish fishery
in southern California, could lead to destructive overgraz-
ing by unfished urchin species in kelp forest communities
(Dayton et al. 1998).

Other threats to marine ecosystems
Human activities other than fishing also threaten marine

ecosystems. Land-based activities of an expanding human
population harm marine ecosystems through the discharge
of sediments, pesticides, sewage, industrial pollutants, and
high concentrations of nutrients (Lubchenco et al. 1995;
Agardy 1997; Vitousek et al. 1997). Nearly 40% of the world's
population is concentrated within 100 km of the sea (Cohen
et al. 1997). In the United States, almost half of the population
can be found in coastal regions that account for only 5% of
the land, and this population is growing by more than 1%
each year (Culliton et al. 1990; NOAA 1990). The develop-
ment of U.S. waterfront property has led to extensive
destruction and modification of natural coastal habitats,
including more than 70% of the original wetlands in Mary-
land and Connecticut, and 90% in California (Dahl et al.
1991). With greater coastal population densities, more people
visit the shore for educational and recreational activities such
as fishing, tidepool exploring, swimming, diving, and collect-
ing organisms. Evidence is accumulating that these activities
can harm coastal ecosystems (Hawkins and Roberts 1992;
Keough et al. 1993; Brosnan and Crumrine 1994) and that
existing management practices need to be reconsidered.
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Marine reserves
Restricting fishing in nursery and spawning grounds or

closing areas to rebuild depleted stocks has long been part
of fishery management practices (Fogarty 1999). The estab-
lishment of no-take reserves, and specifically no-take
reserve networks, however, has not received much atten-
tion despite the potential of reserves to improve fishery
stocks and to support fisheries and fishery management.
Marine reserves encompass less than one-quarter of 1% of
the world's oceans, and only a fraction of these protected
areas has been designated no-take reserves (McAllister
1996). Few no-take marine reserves exist in the United
States. Planned networks of no-take reserves have not
been instituted in North America until recently, when a set
of no-take reserves was established in the Florida Keys
National Marine Sanctuary (Bohnsack 1998a). Even in
Florida, however, the combined area of the reserves com-
prising the network consists of less than 0.5 % of the sanc-
tuary's waters (Ogden 1997). In California, no-take
reserves protect only 0.2 % of state waters (McArdle 1997,
1998), and planned reserve networks do not exist.

Few no-take marine reserves
exist in the United States.

Knowledge of requirements for effective marine
reserves is less well-developed compared with terrestrial
reserves, where a working theoretical framework exists for
design and management (Simberloff 1988; Barrett and Bar-
rett 1997). Because marine and terrestrial systems differ
substantially, many of the management principles derived
from terrestrial experiences are not applicable to marine
reserves (Agardy 1997; Allison et al. 1998). Understanding
the factors that determine population and community
dynamics in marine systems is much more difficult than on
land (Caley et al. 1996; Hixon 1998). For example, humans
commercially exploit mostly plants and herbivores in ter-
restrial systems, whereas in the ocean predators are fre-
quently targeted (Hixon and Carr 1997; Steneck 1998).
Also, marine ecosystems are influenced to a much greater
extent by variable, unpredictable physical processes
(Agardy 1997; Botsford et al. 1997) and are more likely to
experience decadal-scale shifts in physical conditions com-
pared with their terrestrial counterparts (Steele 1991, 1998).

Moreover, because ocean currents transport organisms
and materials great distances, marine sites are exposed to
much broader regional influence than sites on land. Because
many marine populations depend on larval recruitment from
distant sources for replenishment (Roughgarden et al. 1994;
Botsford et al. 1994; Palmer et al. 1996), sites providing
sources of larvae and eggs need to be connected hydrograph-
ically to recipient sites to ensure the maintenance of local
populations (Roberts 1998). The dependence of many marine
populations on other areas for recruitment strongly under-
scores the need for multiple reserves that protect populations
over regional scales (Ballantine 1995, 1997; Roberts 1998).
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Benefits of no-take reserve networks
Protect ecosystem structure and functioning

Self-sustaining networks of marine reserves can potential-
ly protect ecosystems by protecting habitats and communi-
ties from extractive activities that can lead to significant loss
of biodiversity and changes in species interactions (Dayton
et al. 1995; Boehlert 1996; Hixon and Carr 1997). Individual
reserves can vary in design and management objectives
(Agardy 1997), but effective networks that protect ecosystem
structure and functioning should consist of a core of no-take
reserves in which extraction of all living organisms is pro-
hibited. In the absence of effective protection, many popula-
tions of predatory fish and other pelagic and continental
shelf species already have been reduced to levels so low that
they no longer perform their former ecological roles (Dayton
et al. 1995, 1998; Pauly et al. 1998). Networks of no-take
marine reserves can (1) help recover fishery populations; (2)
eliminate mortality of nontargeted species within protected
areas due to bycatch, discards, and ghost fishing; (3) protect
reserve habitats from damage by fishing gear; and (4)
increase the probability that rare and vulnerable habitats,
species, and communities are able to persist.

Increase scientific understanding
Networks of no-take marine reserves can serve as sites

for increasing scientific knowledge and understanding of
marine ecosystems and their management. Without unex-
ploited areas against which to measure change, scientists
have little ability to fully evaluate the true impacts of fish-
ing or other forms of human disturbance on marine popu-
lations and communities (Roberts 1997; Dayton et al.
1998). No-take reserve networks provide the required
benchmark sites for separating effects of extractive human
activities from those caused by natural shifts in physical
regimes. This is important because natural oceanographic
variability can significantly affect marine systems (NRC
1999) but can almost never be evaluated in the presence of
cumulative effects of anthropogenic disturbance without
benchmark sites (Dayton et al. 1995, 1998; Botsford et al.
1997). Baseline data from unfished stocks also can vastly
improve estimates of population parameters for harvested
species (Smith et al. 1999). The opportunity to improve
understanding of marine ecosystems is particularly critical
since modifications of physical, chemical, and biological
systems by human activities are proceeding in new ways,
at faster rates, and over larger spatial scales than ever
before (Lubchenco 1998).

Enhance non-extractive human activities
No-take marine reserves create social and economic

opportunities that otherwise would be impossible by sup-
porting human activities dependent on minimally dis-
turbed sites. These include activities such as wilderness
experiences, ecotourism, scientific research, and advanced
marine education. Other nonextractive activities also
might be enhanced by no-take reserves, including diving,
underwater photography, cultural and aesthetic uses, and
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environmental education. Many of these activities have
substantial social and economic benefits that in some
regions may even exceed the extractive uses of marine
reserves (Dixon and Sherman 1990; Brock 1994; U.S.
Department of Commerce 1996).

Benefit fishery populations
No-take reserve networks can directly and indirectly

benefit exploited marine populations and fisheries. It has
been repeatedly shown that the abundances, average
sizes, and spawning biomass of exploited populations
will rebound in no-take reserves (Rowley 1994; Bohnsack
1995; Roberts et al. 1995). These demographic changes
are a predicted outcome of reserve protection because
many fish and invertebrates live longer, reach greater
body size, and produce significantly more eggs and lar-
vae in the absence of fishing mortality (Bohnsack 1992,
1995; Roberts and Polunin 1993). No other form of fish-
ery management provides the opportunity for a segment
of a fishery stock to realize its full ecological and demo-
graphic potential.

No-take marine reserves have the potential to enhance
exploited populations and benefit fisheries by

(a) Dispersing larvae that replenish fishing grounds
removed from reserve source populations (Carr and
Reed 1993; Rowley 1994; Bohnsack 1998b); however,
the degree of augmentation will depend on the species,
existing oceanographic conditions, and the magnitude
of fishing mortality outside protected areas (Carr and

Reed 1993; Sladek Nowlis and Roberts 1999);
(b) Exporting biomass to adjacent fishing grounds in the

form of emigrating juveniles and adults (Russ and
Alcala 1989; Rowley 1994; Bohnsack 1998b); and

(c) Protecting portions of exploited stocks from genetic
changes, altered sex ratios, and other disruptions
caused by selective fishing mortality (Ricker 1981;
Law et al. 1993; Bohnsack 1992, 1998b).

Support fisheries and fishery management
No-take marine reserves also can support and benefit

fisheries and fishery management. Sound fisheries man-
agement must allow for effects of changing environmental
conditions and uncertainty or inaccuracies in stock assess-
ment and projected sustainable catch levels (Roberts 1997;
Dayton 1998; Lauck et al. 1998). Refugia provided by suffi-
ciently large, no-take reserve networks can

(a) Decrease the likelihood of stock collapse because
reserves can act as regional buffers against unantici-
pated fishing mortality, unforeseen management
errors, or environmental changes (Bohnsack 1998b).
Hence, reserve networks that partition targeted
species into exploited and unexploited populations
can be used as a bet-hedging strategy to reduce risk
to fishery managers over regional scales (Roberts
1997; Dayton 1998; Lauck et al. 1998);

(b) Accelerate the rate of recovery of overexploited pop-
ulations because of the increased spawning stock
located in reserves (Bohnsack 1998b);

Table 1. Guidelines for developing functional reserve networks that link ecological processes (extended from Ballantine
1995, 1997).

(1) Reserves should have clearly identified goals, objectives, and expectations.
(a) Clearly identify and describe the purposes of each reserve.
(b) Clearly identify the species, communities, and habitats to be protected.
(c) Clearly identify the projected role and contribution of each reserve to the network.

(2) Reserves should represent a wide variety of environmental conditions.
(a) Locate reserves in each biogeographic region, in the path of major currents, and in major upwelling cells.
(b) Distribute reserves across latitudinal and depth dines in each biogeographic region.
(c) Design reserves to match the scale of ecological and oceanographic processes.
(d) Include representative habitat types and biotic communities.
(e) Consider habitat quality inside and outside each reserve.
(f) Establish reserves in areas with high and low levels of human disturbance.

(3) Reserves should be replicated within each biogeographic region.
(a) Replicate reserves to protect similar habitats and biotic communities to maximize effectiveness and to guard against excessive

damage from catastrophic events.
(b) Replicate reserves to ensure effective designs for experimental and monitoring studies.

(4) Reserves should accommodate adaptive management.
(a) Develop flexible management practices to enable science-based revisions of reserve regulations and boundaries.
(b) Develop scientific research and monitoring programs to evaluate biological and social performance.
(c) Plan reserves to meet current and expected future needs.

(5) Reserves should be of sufficient size to be self-sustaining.
(a) Design reserve networks so coverage is large enough to sustain populations after local catastrophic events.
(b) Make individual reserves large enough to limit deleterious edge effects and to facilitate enforcement.
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(c) Theoretically decrease variability in annual catches
by augmenting some fishery stocks, especially when
reserves are large, and fishing mortality is high out-
side reserve boundaries (Sladek Nowlis and
Yoklavich 1998; Sladek Nowlis and Roberts 1999);

(d) Serve as sites for collecting valuable fishery-indepen-
dent data and for conducting fishery research that
cannot be carried out in exploited areas (Lindeboom
1995); and

(e) Prevent modification and degradation of critical
marine habitat caused by fishing practices (Dayton et
al. 1995; Allison et al. 1998).

Designing effective reserve networks
Certain guidelines apply to the design of any marine

reserve network regardless of its geographic location
(Table 1). First, the goals, objectives, and expectations of
each reserve in the network should be specified together
with the species, communities, and habitats targeted for
protection. Individual reserves can have different goals,
but a reserve network should form a protective system
that connects ecosystem functioning over regional scales.
Thus, reserves forming the network should be distributed
along latitudinal, depth, or other environmental gradients,
and protect representative species and habitat types found
in different biogeographic regions. For example, reserve
networks in California should include habitats such as
nearshore coastal waters, offshore islands, the edges of the
continental slope, submarine canyons, and seamounts off
the coast, whereas those in Florida should contain man-
groves, seagrass beds, and coral reefs.

The design of reserve networks should be based on
knowledge of the natural systems, species' life cycles and
habitat requirements, and existing conditions such as the

Reserve sites should be chosen
based on available historical data
and expected ecological benefits.

degree of degradation or integrity of targeted habitats and
populations. Individual reserve placement should take into
account oceanographic conditions and major currents to
maximize biological exchange among reserves and
between adult and nursery habitats (Carr and Reed 1993;
Carr and Raimondi 1998). For example, Pacific Coast
reserves should include major upwelling cells that occur
along the coast approximately every 100 km (Starr 1998)
because the proximity of spawning adults to upwelling jets
may be an important factor for dispersal and recruitment
of several fish species, including rockfishes (Yoklavich et al.
1996; Morgan and Botsford 1998). In addition, eddies or
counter currents near upwelling jets may enhance recruit-
ment of invertebrates (Wing et al. 1995; Alexander and
Roughgarden 1996; Bjorkstedt and Roughgarden 1997).

The type, distribution, and quality of habitats inside
and outside reserve boundaries should be considered
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when locating individual marine reserves. Realizing the
goal of improving fishing outside reserves requires suit-
able and sufficient habitat to support populations inside
reserve boundaries, and the availability of appropriate
habitat in adjacent fishing grounds where stocks are to be
extracted (Carr and Reed 1993; DeMartini 1993). Reserve
sites should be chosen based on available historical data
and expected ecological benefits. They can include
regions that have been subjected to both high and low

... to be self-sustaining, an effective
network must include reserves of

sufficient size and number to
protect key habitats and species'
populations regardless of what

happens outside reserve
boundaries.

levels of human disturbance. Whereas pristine areas and
lightly exploited populations often are regarded as excel-
lent candidates for protection, highly degraded systems
also offer opportunities to restore marine ecosystems
(Agardy 1997; Roberts 1998). In fact, highly exploited
areas such as those adjacent to urban population centers
may show stronger responses to reserve designation
(Sladek Nowlis and Roberts 1997), but their success will
depend on protection against other forms of human dis-
turbance (Allison et al. 1998).

Replication of reserves is important for risk manage-
ment because multiple reserves can serve as a hedge
against isolated catastrophic events that affect populations
or destroy habitat. Moreover, given the spatial and tempo-
ral variation of environmental processes that influence lar-
val survival, protection of similar habitats in multiple loca-
tions can increase the chances that reserves will improve
recruitment of individual species (Roberts 1998; Starr
1998). Reserves also must be replicated over appropriate
regional scales to facilitate the scientific research and mon-
itoring programs needed to provide accurate biological
and social feedback on performance (NRC 1995; Ballantine
1997). Replication strengthens statistical inference and is
important for rigorously testing hypotheses on reserve
functions. Hence, the availability of replicated reserves is
crucial for science-based improvement of reserve design
and for increasing knowledge of fundamental processes in
changing marine systems.

The common approach of establishing small, isolated
reserves compromises the ability to achieve most conser-
vation objectives, including enhancing fishery populations
and improving fisheries (Roberts 1998). Whereas individ-
ual reserves can differ in size depending on their purpose
(Carr et al. 1998), to be self-sustaining, an effective net-
work must include reserves of sufficient size and number
to protect key habitats and species' populations regardless
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of what happens outside reserve boundaries. Effective net-
works could include (1) large reserves that protect a sub-
stantial portion (e.g., 20%-50%) of the spawning stock of a
vulnerable species (e.g., Mangel 1998; Sladek Nowlis and
Yoklavich 1998; Sladek Nowlis and Roberts 1999), (2)
reserves that protect typical habitats and communities
(e.g., 10%-20% of habitat coverage; Plan Development
Team 1990), and (3) small reserves that protect critical, sen-
sitive, or unique habitats, areas, or species.

Although more information about reserve size and the
optimal distances for spacing reserves is needed to design
networks that meet many management objectives, the best
way to gather this information is to implement reserve
systems and study how they function. Therefore, initial
attempts to establish reserve sizes and locations must be
based on reserve goals and the best available scientific
data and models. Better guidance for reserve design will
be possible when results from research performed in
reserves become available, and when new scientific data
on critical parameters such as recruitment and dispersal
are obtained for populations targeted for protection. In the
interim, the previously described lines of reasoning pro-
vide a strong rationale for significantly expanding the

Effective scientific research and
monitoring programs must be
developed together with the

establishment of reserve networks.

small, insufficient amount of marine habitat now being
protected by no-take reserves if the goal is to enhance fish-
ery populations (NRC 1999). Additionally, estimates of the
habitat and home-range requirements for protecting
spawning stocks (Bohnsack 1994; Starr 1998), and models
of adult spillover (Polacheck 1990; DeMartini 1993) and
larval export (Quinn et al. 1993; Sladek Nowlis and
Roberts 1997, 1999) consistently support the need for a siz-
able increase in reserve areas that exclude fishing.

To be effective in the long term, reserve networks must
be founded on adaptive resource management, where
design modifications can be made using feedback loops
between science and management (Agardy 1997; Allison et
al. 1998). Improved scientific understanding of network
function can lead to changes in the boundaries, locations,
and regulations of individual reserves in an effort to better
attain reserve goals. Therefore, effective scientific research
and monitoring programs must be developed together
with the establishment of reserve networks.

Reserve evaluation
To achieve desired goals, reserves and reserve networks

must be both properly designed and evaluated (Carr and
Raimondi 1998). Improper evaluation or misunderstanding
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of reserve goals can lead to inaccurate perceptions of
reserve performance. For example, well-designed reserves
might make important contributions to the larval replenish-
ment of exploited populations, but flawed methods of eval-
uation (e.g., poor measures of recruitment, measurements at
inappropriate temporal or spatial scales, and low statistical
power to detect changes) can fail to demonstrate their posi-

Misperceptions of reserve
protection might lead to resource

collapse and environmental
degradation if other management

strategies have been relaxed...

tive effects. Similarly, reserves also may protect some
species but not others such as abalone and sea urchins in
the presence of sea otters (Parker and Kalvass 1992; Karpov
and Tegner 1992) or some fish populations under heavy
predation by pinnipeds (Schmitt, et al. 1995). If the status of
such a species forms the foundation for reserve evaluation,
reserve performance may be perceived as unsatisfactory
when, in fact, reserves have protected ecosystem function-
ing and increased regional abundances of other fishery
stocks and populations. Timely and rigorous evaluation of
reserve performances is essential if reserves are to function
as effective management tools. If a reserve fails to yield
expected results, and this failure is not detected in a timely
manner, a false sense of insurance can be imparted to man-
agers, user groups, and society. This mistaken security may
jeopardize the future not only of an individual reserve, but
also of regional policy, when reserve failure is ultimately
detected (Carr and Raimondi 1998). For example, misper-
ceptions of reserve protection might lead to resource col-
lapse and environmental degradation if other management
strategies have been relaxed or if fishing intensity has been
allowed to expand or intensify outside reserve boundaries.

Strong scientific evaluation of reserve performance can be
challenging because of difficulties in implementing rigorous
statistical procedures to detect reserve effects over a large
range of spatial and temporal scales. The inherent variability
of marine systems can hinder the ability to detect, for exam-
ple, a statistically significant increase in fish abundance
within a reserve relative to reference areas, or reserve contri-
butions to the larval recruitment of fishery stocks outside
reserve boundaries. This problem emphasizes the need to
develop stronger empirical and analytical approaches for
evaluating reserve success. Modeling approaches to reserve
evaluation will encounter many of the same problems that
make parameter estimation difficult when employing typical
models for assessing fishery stocks. Clearly, much greater
scientific attention will be required to develop successful
models (and model parameterization).
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Social considerations
Social attitudes, economic concerns, institutional struc-

tures, and political processes must be considered to estab-
lish effective marine reserve networks. The potential for
reserve networks to serve as successful resource manage-
ment tools will be limited if the ways people value and
use resources associated with reserves are not taken into
account (Fiske 1992). This is because resource users fre-
quently resist establishment of marine reserves or other
conservation measures that restrict human activities. Part
of this resistance is because the goals and economic and
social benefits of marine reserves often are not well articu-
lated by those promoting reserve protection or well under-
stood by users who resist reserve establishment.

Restriction, termination, or displacement of activities
such as fishing, oil development, and pollutant discharge
involve real and perceived socioeconomic costs that must
be weighed against the expected benefits of creating

reserves. Other issues that must be considered when
assessing the potential benefits of reserve networks
include the uncertainties of traditional fishery manage-

Restriction, termination,
or displacement of activities...

involve real and perceived
socioeconomic costs that must be

weighed against the expected
benefits of creating reserves.

ment; the magnitude of human impact on ocean ecosys-
tems; and the importance of intact, functioning marine
ecosystems. Because a critical goal of no-take reserve net-
works is to protect and sustain ecosystem functioning, the

IU

No-take reserve networks offer a range of benefits for species such as the canary rockfish (Sebastes pinniger) that are greatly affected by
environmental variation and that are experiencing population declines despite active fishery management.
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value of such functions must be recognized before benefits
can be fully appreciated. However, a societal problem is
the failure to appreciate the importance of ecosystem
goods and services (Peterson and Lubchenco 1997), in part
because most user groups focus only on extracting tan-
gible marine products over short time scales. Moreover, a
mismatch between operative time scales for ecological,
socioeconomic, and political processes can result in inaccu-
rate expectations of the time-course for reserve outcomes
to be realized. For example, considering the longevity and
erratic recruitment of many rockfishes, it might be decades
before reserve benefits to rockfish stocks outside reserve
areas can be demonstrated (Yoklavich 1998). Such a lag
would be perceived as too long for most fishers whose
social and economic well-being is contingent on shorter
schedules. Distinguishing real from perceived costs and
weighing short- against long-term costs and benefits are
issues that must be addressed when a reserve network is
being established.

Knowledge of human systems can be used to anticipate
potential support and opposition to establishing marine
reserve networks or locating individual reserve sites.
Recognition of the need for reserves, particularly in more
remote settings, often comes from outside local communi-
ties (Wells and White 1995), but sociopolitical inertia can
be difficult to overcome without adequate local support.
Local individuals, groups, and institutions can greatly
assist efforts to design and manage reserves (Johannes
1982; Fiske 1992; Walters and Butler 1995). Additionally,
local or "traditional" knowledge of natural conditions can
complement scientific knowledge and often provide other-
wise unavailable and important information (Inglis 1993;
Neis 1995). Institutional planning and coordination also
are essential among local, state, and federal agencies
(Agardy 1997).

Too often, U.S. reserves have been initiated by the pub-
lic or special interest groups in response to a perceived
opportunity or threat and created in the absence of a
larger, regional plan. In California, this bottom-up tradi-
tion has resulted in a poorly designed, fragmented collec-
tion of individual reserves with unmatched or unclear
objectives and weakly defined management goals (McAr-
die 1997, 1998). To develop effective reserve networks, bet-
ter planning and adequate governmental mechanisms for
creating functional reserves must be achieved, including
structures that facilitate coordination among U.S. agencies
with overlapping jurisdictions.

The success of no-take reserves depends on compliance
with regulations (e.g., Causey 1995; Ticco 1995; Proulx
1998), yet too often reserve management and enforcement
practices have been weak (Beatley 1991; Alder 1996).
Reserves may create incentives for some to break rules,
especially if social or legal institutions are inadequate. This
is because poaching can have high payoffs when reserves
successfully protect valuable fishery populations such as
abalone (Tegner et al. 1992, 1996). Compliance can be volun-
tary but in many cases may occur only with realistic levels
of enforcement by responsible agencies and the threat of
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meaningful penalties for poaching. For example, in south-
ern California, where most rocky shores are easily accessi-
ble, unlawful collecting and poaching of intertidal organ-
isms have been widespread in existing reserves because
enforcement has been virtually nonexistent (Murray 1998).

Granting exceptions to restrictions can compromise the
performance of no-take reserves or reserve networks. Fish-
ers frequently resist plans to establish reserves that elimi-
nate fishing and often cite a lack of evidence in support of
reserve benefits. However, the burden of proof should be
shifted, with fishing exemptions granted only in certain
cases (e.g., fishing for migratory species, subsistence fish-
ing by indigenous peoples using traditional or equivalent
gear) where it can be shown that extractive activities will
not prevent reserves from achieving their conservation
goals. In some cases, it even may be necessary to restrict or
limit nonextractive recreational activities. Because marine
reserves can attract human visitors, increases in nonextrac-
tive use also can damage resources and potentially com-
promise reserve performance (Broome and Valentine 1993).

Conclusions
Impacts of human disturbance on marine ecosystem

services and sustainability, including overfishing, are well
documented (NRC 1995, 1999; Vitousek et al. 1997).
Changes in ecosystem structure and functioning, and
declines in exploited marine populations become even
more likely as the pressures of fishing and other human
activities increase. Moreover, fisheries and environmental
managers are being challenged by marine systems that are
changing in new and unpredictable ways, ranging from
broad climatic changes (NRC 1999) to the more-regional
cumulative impacts of human activities (Lubchenco 1998).
Declining trends in the health of America's fishery popula-
tions and marine ecosystems need to be offset by
improved management approaches. Continued depletion
of many exploited populations and reductions in marine
biodiversity are likely outcomes if existing practices are
maintained as the principal vehicles for managing fish-
eries and protecting marine ecosystems (Ludwig et al.
1993; Boehlert 1996). Improvements in fishery data and
models, and the advocacy of more precautionary
approaches toward establishing sustainable catch levels
are needed, but alone they may be insufficient to signifi-
cantly improve the status of many exploited populations.

Marine reserves are receiving increasing attention and
have been identified as a viable management strategy for
promoting the sustainable use of ocean resources (Costan-
za et al. 1998; NRC 1999). No-take reserve networks offer
opportunities to improve the status of exploited popula-
tions, benefit fisheries management, and increase under-
standing of marine ecosystems. By protecting resident pop-
ulations and ecosystem functioning, networks of no-take
reserves provide a precautionary approach for managing
wild resources. Reserve populations ensure against inaccu-
racies and inherent uncertainties in fishery models as well
as unpredictable fluctuations in fishery stocks (Hall 1998;
Lauck et al. 1998). No-take reserve networks might
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enhance and make more stable the landings of many fish-
ery populations throughout the long term compared with
existing practices (Sladek-Nowlis and Roberts 1997).
Besides directly benefitting exploited stocks, effective
reserves add an ecosystem-based management tool that
focuses on processes and functioning, and extends fishery
and conservation benefits beyond individual targeted pop-
ulations (Agardy 1997; Roberts 1998; NRC 1999).

The degree to which no-take reserve networks can
improve a fishery will be difficult to predict but will be
based on characteristics of the species being protected and
the network design. Nevertheless, a sufficient theoretical
framework now exists for designing reserve networks in
the United States. The short-term negative socioeconomic
effects of implementing no-take reserve networks should
be less than the long-term repercussions of overfishing,
including the disruptions that result from stock collapses.
Short-term reductions in fishery landings, and the result-
ing social and economic adjustments required by fishers,
may be mitigated partially by phasing in reserves to dis-
tribute the loss of fishing grounds and related catches
throughout several years. During this period the benefits
obtained from reserves may begin to offset losses due to
displacement of fishing activities (Sladek Nowlis and
Roberts 1997).

By protecting targeted and untargeted populations from
extractive activities, no-take reserve networks also provide
areas with intact ecosystems that enhance opportunities to
build scientific understanding of complex marine process-
es. Without no-take reserve networks, fewer opportunities
will be available to investigate and understand marine
ecosystem functioning and to use this knowledge to
improve fisheries management and conservation measures.
Public access to reserves can increase the types and quality
of many important non-extractive human activities that
require minimally disturbed areas such as education, eco-
tourism, photography, recreational diving, fish watching,
cultural activities, and wilderness enjoyment (Bohnsack
1998b). The economic and social benefits of non-extractive
uses of a reserve in many cases can exceed its extractive
value (Dixon and Sherman 1990; Brock 1994; U.S. Depart-
ment of Commerce 1996). Although high levels of nonex-
tractive use can significantly affect coastal populations
(Brosnan and Crumrine 1994; Addessi 1995; Keough and
Quinn 1998), these effects can be offset where necessary
(e.g., easily accessible urban shores and popular shallow-
water reefs) by restricting or limiting public access and
through public education. Public acceptance, a requirement
for reserve success, can be strong with local support, edu-
cation, direct experience, and adequate enforcement (Fiske
1992; Wolfenden et al. 1994; Ballantine 1995).

No-take reserve networks can complement existing
management practices, improve efforts to interrupt declin-
ing trends in fishery populations, and help preserve
marine ecosystems for future generations. However,
reserve networks can only supplement other management
policies because ocean currents move across reserve
boundaries (Allison et al. 1998), and on-site managers can-
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not control characteristics of reserve waters or recruitment
of reserve populations dependent on sources outside
reserve boundaries. Individual reserves or reserve net-
works cannot alone produce desired fishery and conserva-
tion outcomes (Roberts 1998; NRC 1999). The effectiveness
of even well-designed reserve networks must depend on
conservation and fishery management efforts undertaken
outside reserve boundaries (Agardy 1997; Allison et al.
1998; Fogarty 1999).4
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