
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/227697285

A theory of optimal monitoring of marine reserves

Article  in  Ecology Letters · August 2005

DOI: 10.1111/j.1461-0248.2005.00784.x

CITATIONS

74
READS

73

4 authors:

Some of the authors of this publication are also working on these related projects:

Conservation science to manage Coral Triangle reefs View project

Faunal Refuges Project View project

Leah Gerber

Arizona State University

223 PUBLICATIONS   3,934 CITATIONS   

SEE PROFILE

Maria Beger

University of Leeds

154 PUBLICATIONS   2,914 CITATIONS   

SEE PROFILE

Michael Andrew Mccarthy

University of Melbourne

271 PUBLICATIONS   9,982 CITATIONS   

SEE PROFILE

Hugh P Possingham

The Nature Conservancy

920 PUBLICATIONS   41,361 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Leah Gerber on 29 March 2018.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/227697285_A_theory_of_optimal_monitoring_of_marine_reserves?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/227697285_A_theory_of_optimal_monitoring_of_marine_reserves?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Conservation-science-to-manage-Coral-Triangle-reefs?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Faunal-Refuges-Project?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Leah_Gerber3?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Leah_Gerber3?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Arizona_State_University?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Leah_Gerber3?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria_Beger?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria_Beger?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Leeds?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maria_Beger?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Mccarthy10?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Mccarthy10?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Melbourne?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Mccarthy10?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hugh_Possingham?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hugh_Possingham?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_Nature_Conservancy?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hugh_Possingham?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Leah_Gerber3?enrichId=rgreq-39b6ec2ac458ec0ddfc82356444b301c-XXX&enrichSource=Y292ZXJQYWdlOzIyNzY5NzI4NTtBUzo2MDk2MDk4NjE1ODY5NDRAMTUyMjM1MzcyNTE0Nw%3D%3D&el=1_x_10&_esc=publicationCoverPdf


L ETTER
A theory for optimal monitoring of marine reserves

Leah R. Gerber,1* Maria Beger,2

Michael A. McCarthy3 and Hugh

P. Possingham2

1Ecology, Evolution and

Environmental Sciences, Arizona

State University, College and

University Dr, Tempe, AZ 85287-

1501, USA
2The Ecology Centre, School of

Integrative Biology, The

University of Queensland,

Brisbane 4072, Australia
3Australian Research Centre for

Urban Ecology, Royal Botanic

Gardens Melbourne, c/o The

School of Botany, The University

of Melbourne, Parkville VIC

3010, Australia

*Correspondence: E-mail:

leah.gerber@asu.edu

Abstract

Monitoring of marine reserves has traditionally focused on the task of rejecting the null

hypothesis that marine reserves have no impact on the population and community

structure of harvested populations. We consider the role of monitoring of marine

reserves to gain information needed for management decisions. In particular we use a

decision theoretic framework to answer the question: how long should we monitor the

recovery of an over-fished stock to determine the fraction of that stock to reserve? This

exposes a natural tension between the cost (in terms of time and money) of additional

monitoring, and the benefit of more accurately parameterizing a population model for

the stock, that in turn leads to a better decision about the optimal size for the reserve

with respect to harvesting. We found that the optimal monitoring time frame is rarely

more than 5 years. A higher economic discount rate decreased the optimal monitoring

time frame, making the expected benefit of more certainty about parameters in the

system negligible compared with the expected gain from earlier exploitation.

Keywords

Conservation, cost, marine reserve, monitoring, optimization, profit.
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I N TRODUCT ION

Marine-protected areas (MPAs) have become a popular

approach to managing small-scale marine fisheries (Nowlis

& Roberts 1999; Dayton et al. 2000; McClanahan & Mangi

2000), and the number of no-take reserves has increased in

recent years (Allison et al. 1998). However, in the global

effort to establish marine reserves (Lubchenco et al. 2003),

some fundamental questions remain largely unresolved. One

issue that has received little attention is the application of

decision theory to help design monitoring strategies that aim

to assess effectiveness of a marine reserve. Gerber et al.

(2002) argue that, in practice, it is virtually impossible to

achieve an optimal reserve design because of parameter and

model uncertainty. Monitoring is therefore critical to assess

effectiveness of a reserve and allow prompt modification of

management and monitoring strategies.

Previous approaches to designing monitoring pro-

grammes have sought to maximize statistical power, but

not to optimize a management objective (Thompson &

Mapstone 2002). Monitoring of marine reserves has thus far

addressed biological parameters in most cases (Russ &

Alcala 1996) although a number of recent studies have

incorporated monitoring of socio-economic effects (e.g.

Dixon et al. 1993). To date, monitoring studies have

provided evidence of increased density of fishes inside

and outside of reserves (Alcala 1988; Bohnsack 2000), and

in some cases increases in fishing yields (Gerber et al. 2003;

Willis & Millar 2005), but have not addressed effectiveness

in terms of the enhancement of sustainability and

population persistence. There is some evidence that

spawning biomass, abundance and average size of fishes

may increase in marine reserves (Rowley 1994; Halpern

2003). In a meta-analysis of 19 studies describing the effects

of marine reserves on overall fish abundance and species

inside and outside reserves, Côté et al. (2001) reported an

insignificant trend towards increase of overall species

abundance in reserves when compared with adjacent

unprotected areas. Perhaps not surprisingly, a study that

considered individual fish species found that only commer-

cially important species increased in abundance significantly

inside the reserve (Mosquera et al. 2000). An uncharitable

view of the literature on monitoring marine reserves would

argue that existing research on marine reserves has allowed

us to successfully reject the null hypothesis that fishing does

not kill fish.

Monitoring is the systematic acquisition of information

over time. In the context of marine reserves, monitoring is

the process of collecting information about state variables

(e.g. abundance, size or vital rates) at different points in time

Ecology Letters, (2005) 8: 829–837 doi: 10.1111/j.1461-0248.2005.00784.x
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for the purpose of detecting changes in those variables.

Many marine reserves are established with the primary

purpose of fisheries management, for example, to halt the

population decline of target species in a heavily fished area

(Bohnsack 1998; Neubert 2003). The efficacy of a reserve in

achieving its objectives is assessed in monitoring studies that

evaluate whether the expected recovery of fished stocks can

be demonstrated from time series data (Russ & Alcala 1998;

McClanahan & Mangi 2000; Trexler & Travis 2000).

Monitoring programmes for marine reserves are often

intended to evaluate the efficacy of a reserve in fulfilling the

goal of optimizing a fishery’s sustainable yield. Ideally, the

results of such a monitoring programme should directly

inform future management decisions. For example, monit-

oring could give us the information needed to change the

location or management of reserves. However, despite the

widespread recognition of the importance of monitoring as

well as the importance of adaptive management to enhance

marine reserve efficacy (e.g. Murray et al. 1999; Agardy et al.

2003), we are not aware of any studies that quantitatively

place monitoring results in the context of possible changes

in management or monitoring regimes (but see Obura et al.

2002 for an anecdotal example of monitoring leading to an

adjustment of management). To date there has been little

discussion in either scientific or management arenas of

appropriate triggers for a change in management and

possible actions.

This paper provides a decision theory framework for

designing a monitoring programme for a marine reserve to

maximize the profit of an adjacent fishery. We propose a

theory of optimal monitoring where the purpose of

monitoring is solely to make the best decision for

management, and where the costs of monitoring and losses

of the fishery because of fishing closure are considered

explicitly. Using an example where the habitat of a heavily

exploited fish species is now completely reserved, we answer

the question: how long is it worth monitoring to improve

estimates of optimum design?

A THEORY FOR OPT IMAL MAR INE RES ERVE

MON I TOR ING

While there is a large body of literature on how to best

design a monitoring programme to maximize the probability

of detecting a change (statistical power) and some guidance

on how to set relevant error rates, there are few tools

available to assist managers in determining the level of

resources that should be invested in monitoring relative to

those that should be invested in management. The answer

to this question is determined by evaluating the likely benefit

to management of the information gained through monit-

oring and whether this is sufficient to warrant the cost of

management (Field et al. 2004).

Consider the example of comparing reserves of

differing size and location, where monitoring is clearly

important. Here, the question is how to make decisions

about the monitoring (timing, frequency, intensity, cost,

state variables) and how to incorporate monitoring results

into management. In this way, marine reserves can be

viewed in the framework of adaptive management (either

passive or active) where managers are learning about the

system (Walters 2001), in this case the adequacy of a

reserve. Monitoring results then allow managers to refine

models and modify their actions, such as modifying the

reserve, increasing enforcement, seeking other causes of

population decline that the reserve cannot address or

changing the monitoring regime. In many cases, marine

reserves approach active adaptive monitoring because it

takes the form of an experiment with controls, before-

treatment data and sometimes replication (Fig. 1). Rele-

vant aspects of adaptive monitoring to marine reserves

include:

(1) Monitoring is linked to management actions. For

example, if some benefit does not accrue from creation

of the reserve, then the reserve could be altered in

shape, size, or location, other reserves could be created,

or the reserve abandoned.

(2) The system state is linked back to monitoring, so that

aspects of monitoring may change as the system

changes. Monitoring may be reduced once an objective

has been achieved or it may be increased as the system

approaches some threshold where management action

may be required. If a marine reserve is not expected to

show an effect for several years then monitoring may

initially be of lower intensity. Such sporadic monitoring

will obviously not describe the pattern of change

following establishment of a reserve, but might be

more cost-effective.

(3) The optimal effort invested in the monitoring

regime is determined by a trade off between the

cost of monitoring and the benefit gained

through increased knowledge that leads to better

management.

Monitoring programmes should measure state variables

that can guide management action when compared with

management objectives. The often-reported enhancements

to fish stocks in terms of biomass and age structure may not

necessarily provide a basis for management decisions. What

is of greater interest is the effect size and whether that meets

model predictions or stakeholders� expectations. In partic-

ular, appraisal of the reserve needs to balance benefits of the

reserve such as increased biomass or fish size against the

cost of imposing the reserve and the cost of monitoring.

Below we illustrate the application of these principles using

an example problem.

830 L. R. Gerber et al.
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EXAMPLE PROBLEM

To illustrate how decision-theoretic approaches can integ-

rate monitoring with management for marine reserves (see

Field et al. 2004 for a terrestrial example), we consider a

situation where a regional fish stock has collapsed to a low

level and use a simple population model to identify the

optimal fraction of a habitat to be protected in a reserve.

Nested within this model, we incorporate a second

optimization model describing the influence of monitoring

data on parameter estimates of the target species. We

illustrate how decision-theoretic approaches can help to

optimize the combination of the cost of monitoring, the

opportunity cost of keeping the fishery closed and the cost

or benefit of taking management action (such as reopening a

fraction of habitat to the fishery). In this example, we ask

how many years of monitoring data will maximize our net

expected benefit?

Our objective is to maximize long-term profit for the

reserve system accounting for costs of monitoring and

the profit from the harvesting. To do so, we focus on the

common scenario of monitoring changes in abundance and

survivorship of fish following the establishment of a reserve.

We extend this approach to illustrate how typical monitor-

ing data can be used to influence management decisions by

modelling a situation in which a previously unprotected site

is closed to fishing. With a reserve protecting 100% of

available habitat, we allow the fish stock to recover from

harvesting for n years, while monitoring every year until a

decision is made about what fraction of area is opened for

the fishery. We make the simplifying assumption that all

mature fish are harvested in the unprotected area each time-

step (therefore recruitment comes only from the reserve)

and that recruited fish mature in the time-step between

harvests. The long-term annual harvest of fish will vary with

the fraction of the total area that is reserved. Harvest is

maximized for an intermediate level of protection in which

an optimal fraction of habitat is protected ( f *; Fig. 2).

Following Gerber et al. (2002), our underlying population

model is a two-patch Ricker model for a single species

reserve,

Marine habitat

Management strategy

Monitoring strategy

Change
Monitoring
Methods or 
schedule

Keep
management
scheme

Change
management
scheme

Keep
monitoring

YesNo

? Management efficient ? 

Figure 1 Schematic diagram showing the

integration of adaptive management and

adaptive monitoring in a decision frame-

work of marine reserve management aiming

to achieve optimal efficacy with regard to

cost and benefits (ecological and socio-

economic).

Complete
fishing ban

Harvest with 
reserve fraction fFishing Monitoring

at annual cost Cm

n

Time

 
(reserve of 
optimal size f*)

f*1–f*  
(all fish 
caught)

(a)

(b)

Figure 2 (a) Timeline for fisheries and monitoring assumed in

model and (b) schematic representation of optimal reserve size f *,

where all mature fish are harvested in the unprotected area each

time-step.
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NRt ¼ NRt�1e
r 1�NRt�1

Kð Þf ð1Þ

NUt ¼ NRt�1e
r 1�NRt�1

Kð Þð1� f Þ ð2Þ
where, NRt and NUt represent abundance in the reserve and

unprotected areas, respectively, at time t, and r represents

the intrinsic rate of population increase. The equilibrium

number of fish in the reserved area (such that NRt ¼ NRt)1)

is,

N �
R ¼ K 1þ lnðf Þ

r

� �
ð3Þ

Substituting N �
R into eqn 2 provides the equilibrium number

of fish in the harvested area,

N �
Ut ¼ K 1þ lnðf Þ

r

� �
1

f
ð1� f Þ ð4Þ

This equation provides the annual profit (in terms of the

number of harvested fish) under the assumption that all fish

are harvested. Differentiating N �
Ut with respect to f and

setting the derivative equal to zero provides the optimal

fraction of the area to reserve [f *(r)]. The solution depends

only on r and satisfies the implicit equation

r ¼ 1� f � � lnðf �Þ ð5Þ
Thus, the optimal reserve size can be identified based on the

population growth rate (Fig. 3).

While the simplicity of this solution is theoretically

satisfying, in practice we never have a perfect estimate of the

population growth rate (r), which determines optimal

reserve size. In this circumstance, the key question is: when

is our estimate of r sufficiently precise for making a decision

about reserve size? To address this question, we consider

the long-term profit P, accounting for the absence of

harvest while we are monitoring and the cost of monitoring.

For every additional year of monitoring the precision of our

estimate of r improves, hence providing a better estimate of

f * and increasing long-term yield. However, improving our

precision of r by monitoring for each additional year incurs

monitoring costs and lost revenue from the fishery. Thus,

the expected long-term profit (P) is the discounted expected

yield once fishing is initiated minus the discounted costs (at

discounting rate d) of monitoring for n years,

P ¼ �Cm

1� ð1� dÞnþ1

d

� �
þ Cf

EðY Þð1� dÞn

d
ð6Þ

where, Cm is the annual cost of monitoring, Cf is the price of

fish, and E(Y) is the expected yield. The expected long-term

profit (P) depends on how many years we monitor before

harvesting (n) through the discounting of the yield, but also

the expected value of the yield.

To identify optimal monitoring time frames, we find the

value for n that maximizes eqn 6. In particular, we calculate

the expected annual yield (number of fish in the unprotected

area for a given value of f ) by integrating NUt over the

possible values of r, and defining how the uncertainty in r

depends on n. To do this, we assume that the estimate of r is

normally distributed with a mean lr and standard error

rr ¼ SDffiffi
n

p , where SD is the standard deviation of each annual

sample of r. Of course, analysis of abundance time trend

does not actually produce independent estimates of r for

each year. Rather, learning is a �Kalman filter� autocorrelated
process and may take longer than predicted assuming

independent estimates of r (Walters 2001). Variation in each

annual sample arises from the combined effects of natural

variation and sampling error. Thus

EðY Þ ¼
Z

K 1þ lnðf Þ
r

� �
1� f

f

� �
pðr jnÞdr ð7Þ

where, p(r|n) is the probability density function of the

normal distribution

pðr jnÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2pr2r

p exp �ðr � lr Þ2=2r2r
� �

ð8Þ

The integration of eqn 7 is over all non-negative values of

the integrand to account for the impossibility of having

negative yields. Because there is no closed-form solution for

eqn 7, we used numerical integration in MATHEMATICA (Skeel

& Keiper 1993) to calculate E(Y). We assumed the optimal

fraction reserved (f *) would be set based on the mean of the

estimate of r(lr) using eqn 5. With our estimate of r for three

representative life histories for marine species (low, medium

and high growth rates), we explored the importance of

uncertainty in r in identifying optimal time frames for

monitoring.

Growth rates for marine fisheries species vary consider-

ably, for example, between r ¼ 0.08–0.44 for a suite of

temperate marine fish larvae (Paradis & Pepin 2001).

0.3
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Figure 3 Relationship of optimal reserve size f * and population

growth rate r.
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FISHBASE hosts data for the intrinsic rate of population

growth (rm) for available data (for example, for the

Humphead Wrasse Cheilinus undulatus r ¼ 0.52; Fishbase

2005). Caddy (2004) provides details for growth rates for

finfish in the categories of very low productivity (r < 0.05),

low productivity (r ¼ 0.05–0.15, for example, sharks and

orange roughy), medium productivity (r ¼ 0.16–0.5, for

example, cod, hake and plaice) and high productivity (> 0.5,

for example, sardines and anchovies).

We parameterized our model with a range of plausible

values (Table 1) based on available data and evaluated

optimal monitoring over a 10-year time horizon for

decisions concerning monitoring. While this represents a

short time horizon from a population dynamics perspective,

resource managers rarely have the luxury of planning

beyond 10 years. Furthermore, we assumed that costs of

monitoring were insignificant compared with the money to

be made from the fishery (Cm ¼ 0). In cases where

monitoring costs are greater, the optimal time frame of

monitoring would be shorter. We used two levels of

economic discounting, 1 and 4%; the latter rate is

commonly used for economic analyses (NOAA 1997) while

the former emphasizes benefits of increasing the long-term

yield. It is important to note that for simplicity we did not

consider the conservation benefits of the reserve and only

consider its benefits in terms of providing a source of

harvested fish. However, we also maximized the expected

profit of the fishery subject to the constraint of having a

sufficiently high probability that the fishery was sustainable

[Pr(Sustainable), i.e. the probability of having a positive

equilibrium yield was greater than a prescribed amount].

RESUL T S

Our results illustrate the benefits of monitoring a marine

reserve to maximize the expected long-term profit. First, we

note that the expected yields were higher for fast-growing

species that require a small fraction of the habitat as a

reserve (Fig. 4a). The expected yield increased faster with

each year of monitoring when the growth rate was less

variable [compare coefficient of variation (CV) of 0.3 with

0.8].

The long-term profit was maximized for monitoring

programmes ranging between 3 and 7 years for a discount-

ing rate of 1%, depending on the precision of monitoring

achieved (Fig. 5). The optimal number of years to monitor

was largely determined by the precision of the monitoring

method, where a more accurate estimate of the growth rate

resulted in a shorter monitoring time frame (CV ¼ 0.3).

Less accurate estimates of r required a longer period of

monitoring after the establishment of the reserve. For each

set of values for r and f *, the magnitude of the long-term

profit did not change substantially with varying CV.

However, long-term profit dramatically decreased with the

size of the reserve area. The size of the reserve generally did

not influence optimal monitoring, except for monitoring

methods with low accuracy (CV ¼ 0.8).

Increasing discount rates decreased the optimal period of

monitoring until at a discount rate of 4% it was not most

efficient to monitor at all (Fig. 5). This occurred because the

benefit gained from the increased knowledge was not

sufficient to compensate for the forgone profit from not

harvesting the fishery. This implies that there is little benefit

to learning, and the decision about the optimal size of the

reserved area should be made without collecting additional

data. However, if the problem is constrained by a

requirement that we should be reasonably sure that the

fishery is sustainable, then the optimal number of years to

monitor will sometimes be determined by this constraint

rather than the maximum expected profit (Fig. 4b). For

example, if we need to be almost certain that the fishery is

sustainable (e.g. the probability of having a sustainable

fishery must be close to 1 before permitting harvesting),

then 10 or more years of monitoring may be required.

D I SCUSS ION

Marine reserves are often established to manage fisheries

threatened by decreasing yields and unsustainable harvests.

The ideal MPA project would combine management

schemes and associated monitoring based on knowledge of

the natural system. In turn this information should inform

predetermined trigger values for changes in management and

monitoring. While such a scheme would be ideal, establishing

a marine reserve, regardless of whether it is optimally

designed, is often viewed as an achievement in itself, and

resources for monitoring are usually very limited. Further-

more, monitoring rarely serves the needs of managers as it is

often conducted by scientists who put their research interest

before the managers� needs (Hodgson 2000).

Our work departs from the many previous studies that

model marine reserves by explicitly identifying the link

between monitoring and management, while most other

theory seeks to identify some �optimum solution� for reserve
configuration. In practice we rarely have the luxury of

Table 1 Parameter values and combinations used in the analysis

(eqns 6–8)

Parameter Values considered

Population growth rate (r) 0.2, 0.8, 1.5

Optimal reserve size (f *) 0.4, 0.65, 0.9

Carrying capacity (K) 10

Annual cost of monitoring (Cm) 0

Market price of fish (Cf) 10

Discounting rate (d) 0.01, 0.04
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information required for the establishment of an optimally

designed reserve. Thus, while optimal reserves are possible

in theory, a more practical question might be, how much

data do we need to establish a reserve of a given size? Our

model shows that optimizing the cost of a combined

programme of monitoring and management can guide how

best to apply a limited amount of funds. In our example, for

a discounting rate of 1%, our model showed an optimal

monitoring time frame of between 3 and 7 years, which is

coincidentally the time frame that is often recommended by

managers, for example in Egypt (Galal et al. 2002), or Papau

New Guinea (Jones et al. 2004). This result is in contrast to

the widespread view within some management organiza-

tions that monitoring should be conducted indefinitely (e.g.

Pomeroy et al. 2004). It is important, however, to keep in

mind that there is generally a delay between changes in

juvenile abundance (e.g. spillover of larvae and juveniles)

and appearance of these fish in the harvestable population.

Thus, time required for management experiments is the

optimal monitoring time frame described above in addition

to this delay. For species where this total time is markedly

long, the appropriate discount rate (and whether to proceed

at all with monitoring) may need to be reconsidered.

It is important to remember several of our major

assumptions when applying this approach to a real world

problem. First, we assumed that we are managing a single

species fishery. Interactions between species and the

selective targeting of the fishery for more valuable fish

species have not been considered in our model. Most

fisheries species undergo a life cycle in two phases: the larval

and adult phase. In our model we assume that during the

larval phase, larvae spread across the habitat patch

homogeneously. It is likely that larval distribution occurs

heterogeneously in reality, and recent studies have shown

that a significant percentage of larvae self-recruit to their

birth-patch (Jones et al. 1999; Swearer et al. 1999). Thus, it

would be problematic to apply our model directly to large

habitat patches where larval may spread be less efficiently

into the fished area. Our assumption is that larval

recruitment includes not just settlement but also survival

to legal size adults within the period between settlement and

fishing. In most fisheries it would be difficult to determine

the exact time of spawning and settlement even if the target

species matures within a year. Finally, we assumed that the

cost of monitoring in our numerical example was zero

relative to the value of the fishery. In reality, the cost would
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Figure 4 (a) Relationship between the number of years monitoring n and the expected yield E(Y) for three combinations of population
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often likely to be proportional to the precision of data

collected, as it would translate into employing more

surveyors or spending more time to monitor. Cost of

monitoring is difficult to estimate owing to differences in

how MPAs are administered and funded in different parts of

the world.

Our model of learning assumed that only a single

parameter was unknown, which was the mean growth rate

of the population in the absence of density dependence. In

reality, a much larger suite of parameters will be unknown.

Indeed, we assume that the variation in the population

growth is known, whereas in reality, this will also be

uncertain. Given that the optimal time frame of monitoring

depends on this parameter (Fig. 5), it is likely that

uncertainty in this parameter and our ability to learn about

it will also influence the optimal monitoring time frame. We

chose the simplest possible case study for illustrative

purposes, and focused on the mean population growth rate

because it has a direct influence on the optimal size of the

reserve (Fig. 3) and, therefore, it is likely to have the greatest

influence on the optimal number of years to monitor.

Furthermore, monitoring and fishing are not mutually

exclusive. An important next step will be to investigate

scenarios in which fishing commences before monitoring

stops. In fact, fishing provides contrasts that can improve

learning about r. It will also be important to examine the

interaction between r, high discount rates and the optimal

reserve size. Where few data on r are available, optimal

reserve size will be largely determined by the uniform prior

distribution for r. Because of the nonlinear relationship

between r, yield and reserve size, the reserve size chosen

may not be centred on the f corresponding to the midpoint

of the range of r. Whatever value of f is favoured by the

prior, it will perform better for some values of the true r

than others. This probable asymmetry is partially real and

partially a complication in interpreting these analyses. It will

be important to examine this to identify the optimal value of

f that would be calculated if no data on r existed. An

additional consideration is that more information about the

parameter r can be obtained during recovery from low

abundance than at equilibrium, so learning might be faster

initially than later. A stock is likely to be at low density

throughout its habitat when a reserve is first established, and

especially when r is small may not have recovered when

fishing starts. Initial catches (except the first see below) may

be smaller than equilibrium levels. The older the age at

maturity, the more important this transition to equilibrium is

likely to be. The result would probably be to extend the

period during which not fishing is the best policy.

To maintain fisheries at a sustainable yield and quantify

the quota for the next season is a major reason for

monitoring in fisheries (Beukers-Stewart et al. 2003).

Improving the precision in the estimation of r increased

the expected maximum yield at a faster initial rate. This

corresponds to greater certainty in the permitted sustainable

maximum yield, resulting in higher catches to the benefit of

48
49
50
51
52
53
54
55
56

0 2 4 6 8 10

Years of sampling
E

xp
ec

te
d 

pr
of

it CV = 0.3
CV = 0.5
CV = 0.8

0
2
4
6
8

10
12
14

0 2 4 6 8 10

Years of sampling

E
xp

ec
te

d 
pr

of
it CV = 0.3

CV = 0.5
CV = 0.8

19.5
20.0
20.5
21.0
21.5
22.0
22.5
23.0

0 2 4 6 8 10

Years of sampling

E
xp

ec
te

d 
pr

of
it CV = 0.3

CV = 0.5
CV = 0.8

4.2
4.4
4.6

4.8
5.0
5.2

0 2 4 6 8 10

Years of sampling

E
xp

ec
te

d 
pr

of
it CV = 0.3

CV = 0.5
CV = 0.8

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

0 2 4 6 8 10

Years of sampling
E

xp
ec

te
d 

pr
of

it CV = 0.3
CV = 0.5
CV = 0.8

0.0
1.0
2.0
3.0
4.0
5.0
6.0

0 2 4 6 8 10

Years of sampling

E
xp

ec
te

d 
pr

of
it CV = 0.3

CV = 0.5
CV = 0.8

1% discounting rate 4% discounting rate

r = 1.5, 
f* = 0.4

r = 0.78, 
f* = 0.6
5

r = 0.2, 
f* = 0.9
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the fishery. If monitoring costs are considered, the

maximum long-term profit is achieved earlier for high

CVs, indicating that high precision in data collection, while

more expensive, can have the benefit of shorter monitoring

programmes.

There are no previous guidelines of what the triggering

parameters for adaptive management should be, how they

should be quantified prior to the onset of a monitoring

project, and how or when a monitoring programme should

be altered to react to observed trends. Our paper provides a

theoretical evaluation of the interaction between manage-

ment, monitoring, fisheries benefits and cost in the context

of an optimally managed marine reserve. Some major lessons

can be drawn from this for the design of an integrated

adaptive management scheme coupled with monitoring.

(1) Monitoring should inform management to trigger a

change of management or monitoring. Optimal out-

comes can be achieved if management, monitoring and

trigger values are defined before the start of a

programme.

(2) The cost of monitoring, monetary benefits for users,

the cost of management and economic discounting of

profit should be considered.

(3) The type of data gained from a monitoring programme

is important to long-term benefits, as it may be efficient

to invest in a more expensive method that yields more

accurate data.

(4) It may be more efficient to cease monitoring once a

predetermined degree of certainty that a fishery is

sustainable is achieved, thereby saving resources that

could be allocated elsewhere.

There are benefits of MPAs other than profits to

fisheries. Benefits to the public in the form of recreational

opportunities, conservation of biodiversity, ecosystem func-

tionality and tourism income have not been considered in

our analysis, but are important in a real world application. A

monitoring programme may aim to assess the ability of the

MPA to maintain these values. In this case, the optimal time

frame and type of monitoring would be different than that

described here. Long-term monitoring may also be benefi-

cial for raising community awareness, or gaining informa-

tion about ecosystem processes. For all of these goals, the

important question ultimately is: �why monitor marine

reserves’? Because a proper definition of objectives and

actions associated with a monitoring programme will

increase its benefits and help managers determine the

optimal allocation of resources to monitoring.
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Côté, I.M., Mosqueira, I. & Reynolds, J.D. (2001). Effects of

marine reserve characteristics on the protection of fish popula-

tions: a meta-analysis. J. Fish Biol., 59, 178–189.

Dayton, P.K., Sala, E., Tegner, M.J. & Thrush, S. (2000). Marine

reserves: parks, baselines, and fishery enhancement. Bull. Mar.

Sci., 66, 617–634.

Dixon, J.A., Scura, L.F. & van’t Hof, T. (1993). Meeting ecological

and economic goals: marine parks in the Caribbean. Ambio, 22,

117–125.

Field, S.A., Tyre, A.J., Jonzen, N., Rhodes, J.R. & Possingham, H.P.

(2004). Minimizing the cost of environmental management

decisions by optimizing statistical thresholds. Ecol. Lett., 7, 669–

675.

Fishbase (2005). Life History Data on Cheilinus undulatus (Humphead

Wrasse). Available at: http://www.fishbase.org/

Galal, N., Ormond, R.F.G. & Hassan, O. (2002). Effect of a

network of no-take reserves in increasing catch per unit effort

and stocks of exploited reef fish at Nabq, South Sinai, Egypt.

Mar. Freshw. Res., 53, 199–205.

Gerber, L.R., Kareiva, P.M. & Bascompte, J. (2002). The influence

of life history attributes and fishing pressure on the efficacy of

marine reserves. Biol. Conserv., 106, 11–18.

Gerber, L.R., Botsford, L.W., Hastings, A., Possingham, H.P.,

Gaines, S.D., Palumbi, S.R. et al. (2003). Population models for

marine reserve design: a retrospective and prospective synthesis.

Ecol. Appl., 13, S47–S64.

Halpern, B.S. (2003). The impact of marine reserves: Do reserves

work and does reserve size matter? Ecol. Appl., 13, S117–S137.

836 L. R. Gerber et al.

�2005 Blackwell Publishing Ltd/CNRS



Hodgson, G. (2000). Coral reef monitoring and management using

reef check. Integr. Coast. Zone Man., 1, 169–179.

Jones, G.P., Milicich, M.J., Emslie, M.J. & Lunow, C. (1999). Self-

recruitment in a coral reef fish population. Nature, 402, 802–804.

Jones, G.P., McCormick, M.I., Srinivasan, M. & Eagle, J.V. (2004).

Coral decline threatens fish biodiversity in marine reserves. Proc.

Natl Acad. Sci. U S A, 101, 8251–8253.

Lubchenco, J., Palumbi, S.R., Gaines, S.D. & Andelman, S. (2003).

Plugging a hole in the ocean: the emerging science of marine

reserves. Ecol. Appl., 13, S3–S7.

McClanahan, T.R. & Mangi, S. (2000). Spillover of exploitable

fishes from a marine park and its effect on the adjacent fishery.

Ecol. Appl., 10, 1792–1805.
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