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The management of marine resources is often impeded by a lack of models to integrate
ecological and economic information on exploited populations.We used available biological
and economic data for an overexploited population of the leopard grouper (Mycteroperca
rosacea) to study if closing parts of the population to fishing would allow sustainable use and
maximum economic benefits. Our results suggest that fishing should be closed in all
spawning areas and in at least 50% of the adjacent areas. High non-consumptive benefits
would be achieved with large closures because the abundance of the leopard groupers,
which is an important attribute for SCUBA divers, would increase. In a no-take reserve, the
welfare gains of divers seemingly could compensate for losses incurred by fishers if parts of
their fishing grounds are closed. An adaptive management scheme could provide a way to
incorporate newly available information into management decisions for the no-take
reserve.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

No-take marine reserves, which ban fishing activities within
the reserve boundaries but allow non-consumptive uses, have
become a widely advocated approach to facilitate the recovery
of dwindling marine resources (Lauck et al., 1998; Guenette
and Pitcher, 1999; Russ and Alcala, 2003; Gaylord et al., 2005)
and to enhance fisheries in adjacent areas (Russ and Alcala,
1999; Roberts et al., 2001; Gell and Roberts, 2003; Willis and
Millar, 2005). However, the economic costs of no-take reserves
have seldom been considered in assessing their usefulness as
tools for resourcemanagement (but see Sanchirico andWilen,
eries Centre, University
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2001 and Grafton et al., 2006 for theoretical assessments and
Balmford et al., 2004 for an assessment of global costs), and the
net economic benefits provided by marine reserves is uncer-
tain (Grafton et al., 2006). In this paper we study if a no-take
marine reserve can maximize the economic benefits from the
use of a resource that is maintained at sustainable levels.

We studied the ecological and economic consequences
of implementing a no-take marine reserve in the Gulf of
California, Mexico. This region supports approximately 800
fish and 35 mammal species, and contains one of the highest
numbers of endemic fish species worldwide (Roberts et al.,
2002). In 2005, the islands of the Gulf of California and their
of British Columbia, 2202 Main Mall, Vancouver, Canada V6T 1Z4.
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Fig. 1 –Location of Loreto Bay National Park and Carmen Island. The Park's limits are indicated with dashed lines, and the sites
where leopard grouper abundance was measured are indicated by circles.
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surrounding areas were included in UNESCO's World Heritage
List. One of these areas was Loreto Bay National Park (LBNP,
Fig. 1), established in 1996 to protect the biologically-rich area
from industrial trawling and seining. Commercial fishing with
hook and line and nets, as well as recreational fishing, are still
permitted within the Park boundaries. The Park also supports
other recreational activities such as SCUBA diving, whale
watching, and kayaking (Wielgus et al., 2007). Approximately
70% of the population in the LBNP area is employed in the
tourism sector (CONANP-SEMARNAT, 2002).

One of the most important resources for local commercial
fisheries in the LBNP is the leopard grouper (Mycteroperca
rosacea), which also plays a key ecological role as a top predator
(Hobson, 1968). Leopard groupers inhabit rocky reefs surround-
ing the islands at the LBNP. Fishmature at approximately 35 cm
total length (Heemstra and Randall, 1993), and they enter the
commercial fishery when they reach this size. Every year, adult
fish congregate to spawn in the same locations of the reefs, and
they are easily targeted by fishers at this time (Sala et al., 2003).
As many other species of groupers worldwide, populations of
the leopard grouper in the Gulf of California are heavily ex-
ploited, and the species has been classified as vulnerable by the
World Conservation Union (Morris et al., 2000).

The town of Loreto (pop. 12,000) is the largest hub for
commercial fishing and tourism in the LBNP area (Gutiérrez-
Barreras, 2001). Commercial fishing in the LBNP is conducted
from 6 m-long boats with outboard engines, and the distance
from Loreto (Fig. 1) is a major consideration in the selection of
fishing sites. The islands adjacent to Loreto are preferred
fishing grounds for commercial fishers. These islands are also
the site ofmost of the recreational SCUBAdives that take place
in the LBNP. One of the main attractions for SCUBA divers is
adult leopard groupers (Wielgus et al., 2007), which attain
lengths of more than 1 m (Thomson et al., 2000) and exhibit
striking coloration patterns. At Carmen Island, most dives
take place in the shallow water just off the island.

A recent study on leopard groupers in the LBNP (Wielgus
et al., 2007) indicated that the population at Carmen Island is
declining. Conversations with fishers in Loreto revealed that
fishers are aware of the decreasing catches of leopard grouper
in the Park, and that fishers expect the LBNP Management
Agency to develop and apply management plans to help the
depleted fish populations to recover (Stamieszkin et al., in
review). In this paper we examine if a no-take marine reserve
at Carmen Island could maximize the flow of economic ben-
efits from the sustainable use of the leopard grouper. In
particular, we study the impact of a reserve of different
locations and sizes on the growth rate of the leopard grouper
and on the consumptive and non-consumptive economic
benefits provided by the resource. We also discuss the
potential benefits of adaptively managing a no-take marine
reserve at Carmen Island.
2. Methods

In this section we describe the economic and ecological data
that were used in the simulations of reserve impact, define the
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metrics for determining the performance of reserves of
different location and size, and explain the procedure used
to simulate the impact of reserve establishment.

2.1. Ecological data

Leopard grouper abundance wasmeasured at 4 sampling sites
off Carmen Island (Fig. 1) that were selected randomly from all
sites known to contain rocky habitats large enough to permit
replicate sampling. In September 2004, six 50×5 m transects
were sampled at each site at depths of 5 and 20m. To quantify
the number of fish in each transect, a SCUBA diver randomly-
selected a starting point and swam in a linear direction
unreeling a 50-m measuring tape. The diver recorded the
abundance and total length (to the nearest 5 cm) of juvenile (5–
35 cm total length) and adult (N35 cm total length) leopard
groupers within 2.5 m of each side of the measuring tape,
following the methods of Harmelin-Vivien et al. (1985).

Distinct fish communities are found at depths of 5 and
20 m in the Gulf of California (Sala et al., 2002). However, it is
not known if these depths represent distinct habitats for the
leopard grouper, and if distinct processes of population
dynamics occur at each depth. Hence, demographic matrices
containing the annual vital rates for the leopard grouper have
been previously estimated (Wielgus et al., 2007) under
Fig. 2 – (A) Population dynamics for juvenile (J; 5–35 cm total length
(Mycteroperca rosacea) at Carmen Island (Gulf of California) for a tw
5–20m as different habitats (subscripts of 5 and 10 indicate these h
two-habitatmodel for El Niñoperiods (left) and LaNiña periods (righ
juvenile recruitment, andG is juvenile growth. (C) Populationdynam
5and20masasinglehabitat. (D) Estimatesofannual vital rates for t
(right) (fromWielgus et al., 2007).
assumptions of (1) distinct “shallow” (0–5 m depth) and
“deep” (5–20 m) habitats, and (2) a single habitat comprising
both depths (Fig. 2). Vital rates for the leopard grouper have
also been estimated for El Niño and La Niña periods under
these 2 assumptions (Wielgus et al., 2007; Fig. 2).

2.2. Economic data

Data on reported fish catches for the LBNPwere obtained from
the Loreto office of theMexicanDepartment of Agriculture and
Fisheries (SAGARPA). From the latest complete dataset (2004),
we estimated that the average weight of leopard groupers was
10 kg, the mean price charged by fishers was US $1.56/kg, and
the average catch of leopard grouper was 90.14 kg per trip.
Interviews with fishers in Loreto during April 2006 revealed
that gasoline for a fishing trip from Loreto to Carmen Island
cost an average ofUS $36.40. Gasoline is by far the largest direct
expense of fishing in the LBNP, so we calculated the cost of
fishing per kg of leopard grouper to be approximately US $0.40.
Based on this cost estimate, the net revenue per kg was US
$1.16. We estimated that average annual inflation is 4.52%
based on Consumer Price Index data for Mexico from January
2001 to January 2006 (Bank of Mexico, 2006).

A recent stated-preference survey (Wielgus et al., in review)
used a choice experiment to estimate the marginal price of
) and adult (A; N35 cm total length) leopard groupers
o-habitat model, which considered the depths of 0–5 m and
abitats, respectively). (B) Estimates of annual vital rates for the
t) (fromWielgus et al., 2007). S is the probability of survival,R is
ics for a single-habitatmodel,which considered the depths of

he single-habitatmodel forElNiñoyears (left) andLaNiñayears



Fig. 3 –Schematic representation of the two depth zones off
Carmen Island that were analyzed in the study: a shallow
area, S (0–5 m depth) and a deep area, D (5–20 m depth). D is
divided into a no-take reserve (N) and an area open to fishing
(O). Average distances (in meters) from the Carmen Island
coastline (depicted with hatched lines) are shown.
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fish that are important attributes for SCUBAdivers in southern
Baja California. Divers were interviewed at diving centers
between July and December 2005. The study found that divers
were willing to pay an average of US $0.60 per dive to observe
an additional large fish such as a leopard grouper. From
discussions with dive operators and preliminary data from the
LBNP Management Agency obtained in April 2006, we esti-
mated that approximately 1750 dives are made each year in
the shallow areas at Carmen Island, and that divers make an
average of two dives per day.

2.3. Measuring sustainability

As an index of the impact of a reserve on the sustainability
of the leopard grouper population at Carmen Island we used
the expected long-term population growth rate (or stochas-
tic growth rate, λS), which is common practice in population
viability analyses (Morris and Doak, 2002). Values of λS≥1
indicate a stable or increasing (sustainable) population. A
maximum likelihood estimator of log λS can be calculated
as

log λS ¼
Pt�1

t¼0
rt

T
; ð1Þ

where rt is the log ratio of population abundance (number
of fish) from consecutive years, and T is a large number
(Cohen et al., 1983). We used a value of T=100,000 for the
simulations (Caswell, 2001). An approximate 95% confidence
interval for λS is given by logλS±1.96(var(r) /T)1/2 (Heyde and
Cohen, 1985). Analyses were conducted using MATLAB 7.0
(The Mathworks, Natick, Massachusetts).

Changes in population abundance over time can be de-
scribed by nt+1=Ant, where nt is a row vector containing
abundances of the population stage classes in year t, nt+1 is a
row vector with stage abundances in year t+1, and A is a
matrix containing vital rates for the individuals in the popu-
lation (Fig. 2). To project population abundance over T for
estimating λS, we multiplied the vector containing abundance
values for 2004 by a single-habitat or two-habitat (shallow and
deep) matrix containing the annual vital rates of the leopard
grouper for El Niño or La Niña years. El Niño or La Niña
matrices were selected randomly, conditional on the prob-
ability of occurrence of each (45.5% and 54.5%, respectively
[Wielgus et al., 2007]). We multiplied the resulting values of
abundance by A and repeated the procedure for all values of
t≤T, and estimated λS with Eq. (1).

2.4. Simulations of reserve establishment—general
considerations

We simulated the impact of establishing a no-take reserve of
varying sizes and locations at Carmen Island. Due to the
absence of data for the leopard grouper, we used data on vital
rates that are available for congeneric species.

The proportion of individuals of a population that survive
over a period of one year is given by S=e−Z, where Z is the
instantaneous total mortality over the period (Gulland, 1969;
Quinn and Deriso, 1999). The components of Z are instanta-
neous natural mortality (M) and instantaneous fishing mor-
tality (F), which are additive (Gulland, 1969), so we estimated
the annual probability of adult survival (SA) as

SA ¼ e� MAþFAð Þ: ð2Þ

Rates of instantaneous natural mortality for the leopard
grouper have not been published, so we used an estimate
(0.18) for the gag, Mycteroperca microlepis (Heppell et al., 2006).
Applying Eq. (2) for the case of no fishing mortality (i.e., FA=0
and MA=0.18) yields SA=0.84. In the calculation of λS for areas
that were simulated as a no-take reserve, we replaced the
current probability of survival of adult fish (Fig. 2) with this
survival rate.

2.5. Simulation of the establishment of a shallow no-take
reserve

The low levels of juvenile recruitment at Carmen Island (Fig. 2)
may be a consequence of the exploitation of its spawning ag-
gregations. In the Caribbean, adult Nassau groupers (Epinephelus
striatus) migrate up to hundreds of kilometers in shallow water
on continues tracts of coral reefs (Carter et al., 1994; Bolden,
2000), but they appear not to migrate between reefs over deep
waters (E. Sala, unpublished data). The islands of the LBNP are
separated by deepwater that may avert themovement of adult
fish between islands. Assuming that larval dispersal occurs at
scales in the order of tens of km, which is typical of many reef
fish (Cowen et al., 2006), the persistence of the Carmen Island
leopardgrouperpopulationmaydependstronglyon the island's
own stock of adult fish (Fig. 1). At Carmen Island, spawning
aggregations of adult fish occur at shallow areas (5m depth and
shallower, see Fig. 3) that are easily targeted by fishers. For this
reason, we first simulated the effects of establishing a no-take
reserve in the shallow area that contains the sites of spawning
aggregations. In the Caribbean, the closure of a spawning ag-
gregation of the red hind (Epinephelus guttatus) to fishing led to
the recovery of the population (Nemeth, 2005).

We estimated the recruitment rates of the leopard grouper
population at Carmen Island in the absence of fishing. Egg
production is proportional to the size of female fish (e.g.,
Whiteman et al., 2005), so we used the potential annual egg
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production (1,313,000 eggs per female per year) for a similar-
sized fish, the scamp, Mycteroperca phenax (Harris et al., 2002).
We multiplied this value by the larval survival for the gag
(6×10−7; Heppell et al., 2006), and obtained an estimate of 0.78
juveniles produced per female fish per year. Assuming a 1:1
sex ratio, we used 0.39 as the number of juveniles produced
per adult fish per year (recruitment rate) when spawning
aggregations are protected from fishing.

We estimated the adult survival rates resulting from the
reserve. In the two-habitat model, we assumed an equal
number of recruits produced by adult fish living at either
depth. We also assumed that all adult fish that remain in the
open area for the entire year are caught. The null or low
probability of survival of adults at Carmen Island suggests that
most of these fish are caught with the current fishing effort
(Fig. 2). The number of commercial fishers in the LBNP may
increase over the next decade (Gutiérrez-Barreras, 2001), so it
is reasonable to assume that all adult fish that will be available
to the fishery will continue to be caught. The two-habitat
model included parameters for adult fish that move between
the 2 depths (Fig. 3).We assumed that adult fish that remain in
the shallow area have maximum survival (SA=0.84), while
adult fish that move between both depths have SA=0.42 be-
cause they are protected from fishing while in the shallow
area (i.e., adult fish prefer, and spend time at, each habitat
equally).

The single-habitat model did not include parameters for
fishmovements (Fig. 2). The deep area is approximately 75% of
the total area covered by the population (Fig. 3), and, assuming
a homogeneous distribution of fish over the two depths, 25%
of the population that survives natural mortality (0.25∙0.84=
0.21) will be protected when the shallow area is closed to
fishing, so we set SA=0.21.

2.6. Simulation of the establishment of a shallow and deep
no-take reserve

2.6.1. Incorporating sustainability as a constraint
Becausewe found that closing only the shallowareas to fishing
would not lead to a sustainable leopard grouper population at
Carmen Island (see Results), we studied if closing a section of
the deep area to fishing, in addition to closing the shallow area
to protect spawning aggregations, would achieve a sustainable
population and maximize economic benefits.

We first studied the relationship between reserve size and
λS. We assumed a linear relationship between annual fishing
mortality (H) and the fraction of the deep area that is closed to
fishing (N):

HN ¼ HO 1�Nð Þ; ð3Þ

where HO is the annual fishingmortality when the entire deep
area is open to fishing (N=0). As above, we assumed that all
adult fish in areas open to fishing would be caught. We set
HO=0.84 (the survival rate after subtracting natural mortality;
see above) for adult fish that spend the entire year in the deep
area, and HO=0.42 for adult fish that move between the deep
area and the shallow area (which is now assumed to be a
reserve). In the single-habitat model, 75% of the population
that survives natural mortality (0.75∙0.84=0.63) will be caught
when the entire deep area is open to fishing, so we set
HO=0.63. For reserves encompassing the shallow area and 0–
100% of the deep area (in 10% intervals), we calculated the
fishing catches in each year (H) using Eq. (3), and subtracted it
from 0.84 to obtain SA and λS.

Fish catches have increased in areas adjacent to a number
of marine reserves (e.g., Russ and Alcala, 1999; Roberts et al.,
2001; Gell and Roberts, 2003), and there is some evidence that
an increased emigration of adult fish from inside reserves
(spillover) may be a consequence of increased fish density in
the reserves (Abesamis and Russ, 2005). We studied the effects
of the possible spillover of adult fish from the reserve to the
area open to fishing by simulating an increase of 10% and 20%
in emigration rates, which is consistent with the colonization
rates of newhabitat by the gag (Lindberg et al., 2006x).We used
the relationship H ¼ eFA (Gulland, 1969), where H is the propor-
tion of adult fish caught during a year (annual fishing mor-
tality). For both demographic models, we simulated increases
in annual catches of 10% and 20% by increasing H correspond-
ingly and computing SA and λS.

2.7. Economic consequences of reserve establishment

We studied the economic implications of establishing a re-
serve that encompassed the shallow are and portions of the
deep area over a 10-year planning horizon, which has been an
adequate period for the recovery of grouper populations
elsewhere (Chiappone et al., 2000; Russ and Alcala, 2003). For
each fraction N of the deep area, we constructed 100 sets of 10
matrices for El Niño or La Niña that were randomly-selected
according to the probability of occurrence of El Niño or La Niña
years. For each set of matrices we calculated I, the net fishing
revenue per m2 over the planning horizon, as

I ¼
X10

t¼1
Htd DtdWd pt ð4Þ

where Dt is the number of adult fish per m2, W is the mean
weight of leopard grouper caught at the LBNP, and pt is the
price of 1 kg of fish in year t. We used average annual inflation
to project the value of p in 2004 through the planning horizon.
We calculated the expected net revenue over the planning
horizon as themean net revenue from the 100 sets ofmatrices,
and compared the means corresponding to different reserve
sizes using a Tukey test for multiple comparisons at the 5%
significance level.

For SCUBA divers, the impact of reserve establishment on
economic welfare was measured using Compensating Varia-
tion (CV),

CVt¼MP ′d Di � Dtð Þ; ð5Þ

where MP′ is the marginal price of adult leopard groupers
observed by divers per m2, Di is the number of adult fish per m2

at the time of reserve establishment (assumed to be equal to the
value for 2004), and Dt is the number of adult fish per m2 ex-
pected at time t after reserve establishment. To compute MP′,
we divided the marginal price of leopard grouper per dive (US
$0.60) by the approximate area observed by an average diver
during a dive, 900 m2 (Wielgus et al., 2003). For each set of 10



Table 1 – Expected long-term population growth rate (λS)
of leopard grouper for reserve sizes encompassing the
shallow area and different fractions of the deep area at
Carmen Island (“Deep reserve size”)

Deep
reserve
size

Two habitats One habitat

Ec E0.10 E0.20 Ec E0.10 E0.20

0.0 0.953 0.947 0.942 0.830 0.817 0.805
0.1 0.962 0.954 0.947 0.841 0.824 0.811
0.2 0.971 0.962 0.954 0.853 0.834 0.819
0.3 0.982 0.971 0.963 0.867 0.845 0.828
0.4 0.994 0.982 0.972 0.884 0.858 0.838
0.5 1.007 0.994 0.982 0.903 0.874 0.850
0.6 1.022 1.006 0.993 0.926 0.892 0.865
0.7 1.039 1.021 1.006 0.952 0.912 0.881
0.8 1.057 1.036 1.020 0.981 0.936 0.899
0.9 1.077 1.053 1.035 1.014 0.963 0.921
1.0 1.099 – – 1.051 – –

Three levels of fish emigration rates from the reserve (spillover) were
considered: Ec is the level expected if the reserve does not increase
emigration rates; E0.10 and E0.20 are 10% and 20% increases in
emigration rates, respectively. Estimates for a demographic model
with twohabitatsare shownonthe left sideof the table,andestimates
for a demographic model with a single habitat on the right side.
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randomly-selectedmatrices of vital rates we calculated NC, the
non-consumptive value per m2 over the planning horizon, as

NC¼
X10

t¼1
CVtdY; ð6Þ

where Y is the number of dives at Carmen Island during a year.
The number of visitors in the LBNP has remained stable since
Fig. 4 –Meandiscounted economic benefits perm2 (with upper
95% confidence limits) of reserves encompassing the shallow
area and different fractions of the deep area at Carmen Island
for a 10-year planninghorizon, for amodel that considered two
habitats for the leopard grouper. No increases in adult
emigration rates from the reserve (spillover) are assumed.
Means and confidence limits were obtained from 100 sets
containing 10 randomly-selected matrices of vital rates for El
Niño and La Niña years. Black bars are means of net revenue
from commercial catches of leopard grouper; white bars are
mean economic benefits to SCUBA divers (measured as
CompensatingVariation), and grey bars aremeansof the totals
economic value (fishing and diving).
thePark's establishment (R. López-Espinosa, LBNPManagement
Agency, personal communication), so we assumed that the
annual number of dives at Carmenwould remain constant over
the 10-year planning horizon. We calculated the expected non-
consumptive value over the planning horizon as the mean NC
from the sets of matrices.

We estimated the total present value of leopard grouper per
m2 over the planning horizon as the sum of fishing net
revenue (I) and the value of diving (NC), discounted with a 3%
annual rate.
3. Results

Our simulations suggested that closing only the shallow area
off Carmen Island to fishing would not lead to a sustainable
leopard grouper population. For both demographic models, λS

would be b1 even if the no-take reserve does not increase
spillover (Table 1). For the two-habitat model, the minimum
fraction of the deep area that would need to be closed to
fishing to achieve a sustainable grouper population (in ad-
dition to closing the shallow area) is 50%, assuming no in-
creases in spillover. With 10% and 20% increases in spillover,
closing 60% and 70% of the deep area, respectively, would be
required to achieve a sustainable population. For the single-
habitat model, our results suggested that 90% of the deep area
would need to be closed to fishing (in addition to the shallow
area) assuming no increases in spillover, and that a no-take
marine reserve protecting the entire leopard grouper popula-
tion would be required to achieve sustainability if spillover
increases by 10% or more (Table 1).

As expected, the economic benefits for fishers decrease
with the size of a no-take reserve, while the benefits for divers
increase (Figs. 4 and 5). For the two-habitat model, maximum
Fig. 5 –Mean discounted economic benefits per m2 (with
upper 95% confidence limits) of reserves encompassing
different fractions of the deep area at Carmen Island for a
10-year planning horizon, for a model that considered a
single habitat for the leopard grouper. No increases in adult
emigration rates from the reserve (spillover) are assumed.
The horizontal line joins reserve sizes with mean economic
benefits that are not significantly different at the 5%
significance level.
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total benefits would occur at maximum reserve size (Fig. 4).
For the single-habitat model, maximum total benefits occur at
a reserve size encompassing the shallow area and 70%–90% of
the deep area (Fig. 5).
4. Discussion

We have illustrated an approach to study the ecological and
economic effectiveness of a no-take marine reserve that takes
into account existing ecological and economic information,
and considers the use of the reserve by different stakeholder
groups. Our results suggest that to ensure the persistence of
leopard groupers at Carmen Island, and their use by commer-
cial fishers and recreational divers, the shallow areas that
contain spawning aggregations and between 50% and 100% of
the adjacent deep areas should be closed to fishing. We found
that maximum economic benefits would occur at closures of
the shallow area and 70%–90% of the deep area. The high
economic benefits from closing large portions of the area
occur because of expected increases in the abundance of adult
leopard grouper, which are an important attribute to SCUBA
divers in the region.

A conservativemanagement strategywouldbe to protect the
entire leopard grouper population at Carmen Island from
fishing. However, the local commercial fisherswho traditionally
catch this species at Carmen would lose part of their current
income from fishing in the area. This issue of equity could in
principle be tackled by capturing some of thewillingness to pay
for increased leopard grouper abundance by SCUBA divers (by
means of increases in user fees, for example) to compensate
fishers for their losses. In fact, the Kaldor–Hicks efficiency
criterion would indicate that, with a reserve encompassing the
entire leopard grouper population, the difference in the
economic benefits of divers compared to the current situation
(no protection) would be sufficient to potentially compensate
fishers (Figs. 4 and 5).During informal conversationswithone of
this paper's authors (J. Wielgus), several fishers in Loreto
indicated that, if provided with adequate training and technical
advice, they would be willing to engage in economic activities
that may provide more financial security than fishing. Captur-
ing the increased consumer surplus of recreational divers may
offer a means of financing the activities that are required to
support the transfer of interested fishers to new productive
endeavors, and this is an important topic that merits further
research.

The enforcement of fishing regulations at the Loreto Bay
National Park (LBNP) is problematic. The Park's Management
Agency currently has only two boats for enforcement, hence
enforcement is very poor and fishing on spawning aggrega-
tions using nets occurs commonly, despite being illegal.
Enforcement would be facilitated if the shallow habitat is
closed to all types of fishing, because observers on Carmen
Island could easily detect boats that enter the shallow area,
which extends only about 10 m offshore (Fig. 3). Similarly, a
reserve that would encompass the shallow area and a fraction
(or total) of the adjacent deep area would be easily enforced
from Carmen Island.

Adaptive management (Holling, 1978; Walters and Hilborn,
1978; Walters, 1986) has been proposed as a management
strategy for marine resources (Walters, 2000; Gerber et al., 2005;
Grafton and Kompas, 2005). In adaptive management, the
ecological and socioeconomic information that is available is
used to generate policy options for resource management.
Options that are predicted to yield the highest ecological and
economic benefits are then applied throughout a trial period,
and the observed responses of the ecological–economic system
are used iteratively to improve management over time.
Monitoring conducted after the trial period allows gaining
insights on the response of the managed resource to the
experimental management schemes. Adaptive management
can be passive or active (Walters and Holling 1990). In passive
adaptive management, a single management strategy is
applied through a trial period, during which any additional
information collected on the ecological–economic system is
used to update the scientific models and to adapt the manage-
ment strategy. In active adaptive management (reviewed in
Grafton and Kompas 2005), an experiment is designed to test
the results of a number ofmanagement strategies (e.g., reserves
of different sizes and locations) over the trial period. Because of
current budget and staff limitations that would preclude the
monitoring of an experimental setup that included multiple
reserves at the LBNP, we propose a passive adaptive manage-
ment plan for the leopard grouper population at Carmen Island.
This strategy would involve establishing a trial reserve at the
Island and adjusting the size of the reserve as new ecological
and economic information becomes available. A monitoring of
grouper abundance would be conducted annually to evaluate
the effects of the reserve. Additionally, any new ecological and
economic information should be used to fine-tune the models
that are used in the estimation of optimal reserve size. For the
leopard grouper, this information may include rates of natural
mortality and larval survival, which in our application had to be
estimated using rates for other species.

A major impediment to employing adaptive management
elsewhere has been the perception by managers that the
implementation of trial policies is expensive and that it may
put the managed resources at risk (Walters, 1997). Another
problemwith the implementation of adaptive management is
the difficulty in convincing stakeholders that a trial approach
to management will benefit their personal interests in the use
of resources (Walters, 1997). However, nature reserves whose
planning and management has included the needs and
encouraged participation of local stakeholders have received
support and compliance of regulations by the local commu-
nities (Russ and Alcala, 1999; Ludquist and Granek, 2005; Cash
et al., 2007). The fishing communities in the LBNP have been
involved actively in the management of the Park since its
inception, and are likely to adhere to fishing closures at
Carmen Island if the rationale for this proposed regulation is
understood. Because fishing could be potentially allowed in
the closed areas after the leopard grouper population recovers,
fishers may perceive that the strategy of adaptive manage-
ment takes their interests into consideration. From a man-
ager's perspective, the lessons learned and information
gathered with the adaptive management approach could be
used to follow the recommendations in the Park's Manage-
ment Plan to revise policy strategies so that they consider
changes in the biological and socioeconomic conditions in the
area (CONANP-SEMARNAT, 2002).
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It is important to note that the economic value of reserves as
potential “hedges” against uncertainty (reviewed inGrafton and
Kompas, 2005) has not been contemplated in this paper. In a
modeling studyof the impactofmarine reservesonnet fisheries
benefits, Grafton et al. (2006) have shown that in the presence of
stochastic shocks to the population growth rate, marine
reserves may generate economic benefits greater than those
of other harvest-controlmechanisms, even if they are applied to
achieve bioeconomic optimality. In addition, research on the
ecology of the leopard grouper at the LBNP would help to fill
other significant knowledge gaps. For instance, the current
abundance data for the LBNP is for depths of 5 and 20 m only.
Although the leopard grouper is known to prefer relatively
shallow areas (where most of the fishing is conducted), adult
groupers have been observed at depths down to 50 m (Hobson,
1968). Themanagement recommendations of the present study
are limited to areas that encompass amaximum depth of 20m,
but future abundance surveys could help determine if fishing in
deeper waters is significant and if it should be regulated.
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