


| Introduction

A decade ago there were over 1308@rime reseres worldwide, but @y more reserves are
planned (Botsford et al. 199%)Under sore proposals, mrine protected areas could increase
from less than 1% of the earth’s oceans (Boaranmd Parrish, 1999), to upwards of 20% aren

of marine coastal areas (Agardy et al., 200®).this conmitment is achieved, it will represent
the largest ever transfoation in the usdor rather non-use) of the earth’s surface.

Despite the increasing adoption ofnne reseres as a fisheries anagenent tool, and the
commitment in sone countries, such as Australia, to establish a National Representative System
of Marine Protected Areas, the econonbenefits of reserves for fishers ren uncertain.
Indeed, nany fishers oppose the establistmh ofreserves (National Research Council, 2001) and
claim reserves would be redundant if existingnagenent tools (gear restrictions, effort and
output controls, etc.) were properly pramented. In this paper we investigate the ecanom
payoffs of reserves to fishers in a stochastigironnent that includes two forsnof uncertainty
(a continuous diffusion process and a juprocess), and with harvesting thaeximises the
discounted net returns frofiishing, taking imo account both the size and probability of the
stochastic processes.

Our approach allows us to analyse the benefitseserves toighers with environental
uncertainty,separate from any payoffs that my arise fom managenent uncertainty over the
stock size or fishing effort, sub-opt#ihanesting, or whether the population is subject to
extinction. Our original results indicate that spillosjeor transfers of fish frorthe reserve to
harvested population, allow for a larger hanassl can increase resource rents following a shock
that lowers the population, even if harvestingpsimal. These spillovers also create a resilience

effect that allows the harvested population to recover fasterdroeyative shockWe show that



the econont payoff froma reserve, and its optum size, are increasing the larger is the size of
the negative shock, theame frequent its incidere, and the larger its proportionalpact on the
harvested relative to the reserve population.

In the Pllowing section we bridy review theliterature on rarine reserves. Wthen outline
in Section Il the bioeconomm model and perturbation ethod we use to deteine the econoim
payoffs associated with a reserve. In Section¥ sirmulate the econoro effects of a rarine
reserve using parasters estimted froman actubfishery under a range of scenarios, and also
analyse the effects of biological and ecomomaariables on the payoffs from reserve.

Concluding reraerks are offered in Section V.

Il The Bioeconomics of Marine Reserves

A huge literature exists in tesnof narine reserves, ostly written from a biological
perspectivé.A key insight is that how amy, and undewhat conditions, fish igrate or spillover
from reserves to harvested areas is criticangximising the direct benefits of ‘no take’ areas
(Polachek, 1990). These spillovers occur whenever individual fish are affordedsune of
protection in a reserve, but also provide a soofaecruitnent for explated areas outside of the
reserve (Pulliam1988).

Roberts et al. (2001) and McClanahan &mahgi (2000), arang others, provide egpirical
evidence that reserves can generate positiveogeils that ray improve harvests in adjacent
exploited areas. Pezzey et al. (2000) and Sanohemd Wen (2001) have shown in theoretical
models, with density-dependent growth, tlatreserve can increase the abundance of the
population and, in soexcases, @y even raise th aggregate harvest in the exploited population.

However, this ‘double payoff’ only arises whéime chosen area for the reserve is at a low



population level such that thearmginal benefitsof a closure — reduced artality, but with

spillovers — outweigh the loss of harvest in a previously exploited area.

(i) Deterministic Bioeconomic Models

One of the earliest econancontributions to the reserve literature is by Holland and Brazee
(1996) who use a detemistic model to show thathe relative benefits of reserves depend on
their effects on harvesting in exploited areas asd #ie discount rate. They find that with very
high levels of fishing effort @it a reserve provides insurance against a collapse in the population,
but enphasise that reserves give little or no banéfthere exist dective controls on ébrt or
catches. Hannesson (1998) obtains dlaimesult. He shows that a reserve is redundant if the
total catch can be perfectly controlled, and thatsamee would need to be of a very large size to
generate harvesting benefits associated witbpaimally controlled fishery. By contrast, Neubert
(2003) uses a spatially explicitanel to show tht reserves can increase yields, but this result
critically depends on boundary conditions that asséieh live in patches of suitable habitat,
beyond which they die.

Holland (2000) observes in a spatially explioibdel that optiml controls on effort and
catches rake reserves superfluous, but stresigere can be a positive econorpayoff to a
reserve if fishing effort is excessive. Sanchirfgd04) also finds in a spatialadel that a first-
best strategy is to optally set fishing effa in every possible fishing location, but that
establishing reserves in sempatches can generate a higher resource rent in an open access
fishery. He ermphasises, as do Sanchirico avdlen (1999), that the costs and returns of
harvesting in different locations, as well as the spillovers, play portant role in determing

where to establish reserves.



(ii) Stochastic Models

Lauck et al.(1998) show that given anagenent urcertainty over population size, anme
reserves should increase with the size of thgatee shocks to ensure population persistence.
Mangel (1998, 2000a) generates aikinresult wkereby reserve size should increase with the
size of an uncertain harvest rate so as torensustainability of th@opulation. Li (2000) finds
that if the probability ottotal stock collapse decremswith the size o merine reserve, a reserve
has an econoimmvalue. Suraila (1998) also showthat reserves itigate against biological losses
that may arise due to recruitemt failure. Ina bioeconont model, Conrad (1999) shows that
reserves @y generate econdmbenefits by redung the variance of the population if net growth
in the reserve and the fishery are uncorrelatedf threy are perfectlycorrelated. In addition,
Sladek Nowlis and Roberts (1998), Mangel (200t Hannesson (2002) denstrate that with
environmental variability a reserve can lower the harvesting variance.

Those who incorporate stochasticity into theodels show that reserves have value because
either they ntigate the effects of envirorentd surprises and help ensure population persistence
given managenent error (inability to control haests) or mnagenent uncertainty (imrecise
information on current population), or becausey reduce the variance of populations and
harvests. Many fishers and seiiishery managershave used these findings to conclude that if
harvesting is ‘optiral’, and the population is persistentanme reserves generate no harvesting
payoffs to fishers and are a redundamahagenent tool. Using a stochastic bioeconenmodel,
we exanme whether fishers can, in fact, behéfom a nmerine reserve under conditions where

‘no take’ areas are, at best, viewed as superfluous or evefuhtoriisher incones.



I11 A Stochastic Bioeconomic of a Marine Reserve

To address the question of what is the ecaagayoff of a reserve to fishers we explicitlyoael
environnental uncertainty. \& assure that the population, without harvesting, is governed by

density-dependent growth defined by
X
f(x) =rx(1- ?) 1)

wherex is the population or bioass, f (x) is its growth,r is the intrinsic growth rate, ari€lis
the carrying capacity.

The nodel assurmes the econom benefit fromthe population is siply the resource rents it
generates, and thus ignores the value of reserves ia téronodiversity (Hastings and Botsford,
2003). This assuption allows us to determe if a reserve is worthwhile only in tesnof the
econonic payoffs it provides to fishers, separfitem any benefits associated with population
persistence, amagenent error, nanagenent urcertainty over stock size, or the existence of
ecological (Roberts et al., 2003) and noarket (Bhat, 2003) values.

Inter-tenporal rents fronharvesting the population are defined by

TI(h, Xa) = p()h—c(h, Iﬁ ) 2)

NR

whereh is harvest,x,; is the size of the harvested populatiéh, is the carrying capacity of the

harvested populatiop(h) is the inverse deand function, andc(h, Xy ) is the aggregate cost
NR




function where costs rise with the harvest, Batnot increase with population density of the
harvested population.

In the case of a pewment reserve that protects proporti®oa (0,1] of the population, the
carrying capacity of the harvested population is definedlbys)K . Thus fors > O the growth

function of the reserve populatiori(x;,s), and the harvested populatioh(x,;,s), are

XR
f (X, 8) =X (1— S_K) 3)
XNR
f (XNR ) 5) = IX\R (1_ (1_ S) K ) (4)

where x, and x,, are the reserve and harvested populafidnsour nodel we assugr andK
are the samfor both the reservand harvested populations, but thegy differ — especially in
the case of a long-established resérve.

To analyse the effects of reserves on resourcs,remtincorporate two stochastic shocks that
may affect both the reserve and harvested pdjums. One shock ay be either a positive or
negative and represents a fmral variaton in both populations, as defined by aewWer
diffusion process (Brownian ation) that follows a norral distribution (V, ). The other stochastic
process is a negative shock that occurs rahdoner tine and is defined as a jynprocess )
that follows a Poisson distribution, governed by the peai@ni .

Brownian notion in the reserve and harvested population is defined(y) and g(x,g)

that represent the proportional effect on tiv® populations fronthe sare realization, dW.

Sensitivity to negative shocks in the neseand harvested population is definedyfx,) and

7(X\r) that represent the proportional effects o plopulations fronthe sama realization,dq .



The functionsy and y differ to allow for the possibility that the sensitivity to the negative

shocks ray vary in the reserve and harvested populations.
To solve for the optiml harvest trajectory and reserve size wesinfirst deterrme the
optimal harvest for a given reserve size, andntiselect the reserve size thaaximises the

overall value function defined oves e (0,1]. Thus the solution to the overall opigation
problemis defined over all possible valuessénd involves the selection of both a harvesting
trajectory and a reserve size thaximise the discounted net returns fréighing.

The initial harvest optimation problemincorpoating the two stochastic processes amrd f
an arbitrarys, is defined by equations (5) to (8),

V (%, X)) = max, [ e TI(h, Xy, 5) (5)

subject to:

de=[f(xR,s)—¢(1—s)K(:—;—(lfﬁ)]dt+g(xR)dw+u/(xR)dq (6)

X =[f(xNR,s)+¢(1—s>K(:—;—(lfﬁ)—h]dt+g(xNR>dvv +y(e)dg  (7)

X, = X(0) (8)
where V (X;, X,z ) iS the value dinction, x, is the sumof the initial population in and outside of

the reserve,p is the discount rate ang is the transfer coefficient. The transfer function,

o(1- s)K(SX—IZ—(lXﬁ), is conpatible with diffusion nedelsin fisheries that suggest reserve

size directly influences dispersal (Kramand Chapran, 1999¥, and is also consistent with

evidence that dispersion is strongly density dependent (MacCall, 19@0)r specification



ensures the transfer of fish is governed by betlerve size and the relative population density of
the reserve and harvested populations, but dlewsafor the possibilityof transfers into the
reserve if the population density is greater outside of the reserve.

Using Ito’s Lemma, Bellman’s fundarental equatn of optirality can be used to solve for

the harvest trajectory for any given reserve size, i.e.,

TI(N, Xy 8)+V, OOLF (g, )+ $A—S)K (2B —— M8y _p]

sK  (1-9)K
XR _ XNR
PV (Xq X ) = MaX, +VXR(x)[f(xR,s)—qgs(l—s)K(R _(1_S)K)]+ o
%VXRXR g(XR)z +%VXNRXNR g (XNR)Z +VxRxNR g (XR)g (XNR) +

ALV (Xg + w7 (Xg), Xyr +7 (Xyg)) =V (X)]

Given the corplexity of the stochastic jumdiffusion process, it is not possible to find a solution
to (9) analytically, but it can be solved nemgally with a nodified form of the perturbation
method introduced by Gaspamé Judd (1997) and Judd (1997)he nethod involves
introducing two auxiliary variables (one forBrownian diffusion process and another for the
jump process) defined ag and ¢ to the Bellnan equation, where if = ¢ =0 the deternmistic
problem results. Following the substitutionprfa given s, the decision function and value

function can be defined aBl(h,X\z,7,€) and V (X\z.Xz.77,€), and a & order Taylor series

expansion can be defined around the steady state in the ietéocase.
In the frst step to solving (9), werfd the steady state in the detenmstic case ff =& =0) by
using the mximum condition for the Bellran equation, applying the Envelope Theowmd the

equations of mtion for the reserve and neaserve populations. In the second step, we



differentiate the raximum condition and Envelop¢éheoremequation with respect to the state

variablesx, andx,, . In step three, we d#rentiate the Bellman equation toifid V, andV, that

are expressions of higher order derivatives widpeet to the state variables found in step two.
Successive diérentiation ofthe Bellnman equation wh respect to the auxiliary variables, control
variables and state variables allows us to esaWth greater precision for required values in a
grid-like pattern.

We autonated the solution process for all possible values lof using MAPLE to calculate
the partial derivatives dhe optinal value tinction and control variables with respect to the state
and the auxiliary variables. This allows usstdve Pr the optinal harvest levelsor any given
reserve size. The optahreserve sizes() is that which gives the highest economalue for all

possible reserve sizes an@ximises the overall value functiod, (x5, X,z ) , that is an envelope

of value functions for all possible valuessdbr the two stochastic realisationdg(and dW ).

IV The Economic Payoffs from Marine Reserves

The econont payoffs to fishers froma reserve will depend on any bioeconorit factors
including the discount rate, intrinsic growthteacarrying capacity, transfer function and the
magnitude and incidence of shocks. Our perttidmamethod, however, provides an approach to
assess the econabenefits fronreserves by varying any, or all, of these pagtars.

To illustrate the econoim effects of reservewe use the following inverse damd and cost
functions,

Inp=a+blnh (10)



c(h Xnr ):ch(l—s)

"(1-s)K X\R (11)

Equation (10) is estiated fromannual dataysing real prices, over the period 1929-1986 from
the Pacific halibut fishery which has one of therld’s longest continuous records of stock size
and harvests. The inverse demd paramters,a andb, are estimated (standard errors in brackets)
to be -2.6599 (0.4160) and —0.81 (0.1364). Equatidr) (s of a formused in other fisheries
(Grafton et al., 2000), but in the absence of adequadedata cannot be estited for the Pacific
halibut fishery. Instead, we specify= 0.17, and undertake sensitivityadysis to assess its effect
on reserve size and the ecoriopayoffs froma reserve’

Our biological paramters are also estmted fom annual data for the Pacific halibut fishery
over the period 1935-1983. The edies (&andard errors in brackets) ane=0.2985 (0.0297)
and K = 0.963Imillion pounds (0.0238)* We also test for the presence of negative shocks using
annual dummies over the 49 year period and findttkhe only significant negative shocks in the
population occurred in 1964 and 1965 whenétlined by som 13% in both year¥ In our

simulations, we initially specf p=0.05 and ¢ =1.0, but undertake sensitivity analysis to

deternine their effects on reserve size and the econpayoffs froma reserve.

(i) Resource Rents and the Probability and Size of Negative Shocks

Identical positive and negative realisations in the reserve and harvested population are specified
by g(x;)=0.05; andg(x,z)=0.05x,, . These realisations affect the variance of the population,
harvest and resource rents, but play no direle in our corparison of the econoim payoffs

from a nmarine reserve. However, if the stochagprocess were to include negative ditifwould

alter the econoi benefits associated with a reserve.
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The negative shocks are aedd by the arrival ta, or probability ofoccurrence, and the size

of the sensitivity ofthe shock in the reservey(x;), and harvested population(x;). We
analyse the outcoes with equal shock sensitivities, i.e.y(x;)=-0.1%, and
7(Xg) =—0.13,, but also allowdr the case oflifferential shock sensitivities, i.ey(x;) =0
and y(xz)=-0.1%,,. The case for different shocks cesrirom enpirical evidence that finds

sone fishing nmethods darage habitat (Gofii, 1998;urner et al., 1999; Jennings et al., 2001), and
that fishing can have a deletaus inpact on the age structure (Trippel, 1995; Paiu2004) that
can nake the harvested populatiorore vulnerable to environemtal disturbances.

Table 1 illustrates the econapayoffs of a reerve with optinal harvesting assumg a 13%
negative shock in the harvested population and féerdnt arrival rates, sasured in years. The
table shows that only if the negative shock occurs every 200 years dmésgdy to have a
marine reserve. For an arrival rate, or an incidence of a negative shoekfrequent than this a
reserve generates an ecomompayoff to fisherdy increasing resource rents. This shows that a
reserve and output controls are not equivalesat lfarvested population is subject to stochastic
shocks. In other words, a reserve generatesxéta econome payoff that cannot be obtained
through harvest controls alone, even if they are applied alyinas is the case in ouroael

Table 1 also illustrates that theora frequentthe occurrence dhe negative shocks the larger
will be the optinal reserve size. A sitar resut is also found in ters of the nagnitude or
sensitivity of the negative shock on the harvestepulation. Table 2 shows the econopayoff
from a reserve with negative shocks varying fré6f% to 30% with an arrival rate of every 25
years. Provided the shock is 5% or greater enfithery, and given aarrival rate of every 25

years, a reserve generates a ecoa@ayoff to fshers. By comparison, shocks in emy fisheries
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are much nore substantial and occurone frequently than we suppose in our base case (Caddy
and Gulland 1983; Hofamn and Powell, 1998).

Table 2 illustrates that the larger the shoaksgevity, the greater the optahreserve size and
the greater payoff frona reserve of optial reserve copared to no reserve. This result holds
true even if the reserve and the fishery facestiie shock sensitivities, as shown in Table 3. In
other words our results dat depend on the assptron of a smaller negative shock in the
reserve than in the harvested population. Inctse of equal negative shocks to both the reserve
and harvested populations, arime reserve castill generate higher resource rents, but only
when the ragnitude of the shock is about 15% oedafer, given an arrival rate of every 25 years.
We can also show the benefits a reserve in the case pbsitive shocks provided that the
proportional inpact on the reserve is equal do greater than on the harvested population.
However, in the absence of any negative shooksif the negative shocks are substantially
greater in the reserve than in the harvegtegulation, a reserve will not generate a positive
econonic payoff with optinal harvesting.

The actual figures frorthe sinulations presenteth Tables 1-3 are not as portant as what
they inply about the econoim payoffs frommarine reserves. Wshow that under a wide range
of scenarios in termof arrival rates and shioaenagnitudes that a amine reserve can increase
resource rents even with identical shock gefitges in the reserve and harvested populations.
Our result is iportant because it holds true despiite fact that in all the siaations harvesting
Is optinmal, the population is persistent, and thexests no ranagenent error or uncertainty over
the size of the current population.

The intuition br our results is that reserves asta ‘hedge’ in the presence of negative shocks
that allow for a larger harvest mediately fdlowing a shock. Thus the greater the size of a

negative shock, the are frequent is its occurrence, and the larger is its effect on the harvested
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relative to the reserve population, theremvaluables a narine reserve and the bigger its opim

size.

(ii) Resource Rents and Harvest Trade-offs

We have shown that a reserve can generatecanonic payoff to fishers, even with optah
harvesting, provided there exist negative shocks.&kbecks reduce the return to fishers, but in
the presence of such shocks a reserve provideBaibg effect that allows for a greater harvest
after a shock, and thus higher resource rents tti@erwise would be obtained. The tradeoff is
that, in theabsence of any shocks, a reserve reduces the harvest obtainable withabptim
harvesting. The nature dhe harvest tradefs is illustrated in Figure 1, assumg a negative
shock in the fishery of 13% and an arrival ratewéry 25 years that generate an optinreserve
size of 26%. For illustrative purposes in Figurevd set the shock frequency so that two —13%
shocks occur, one after another, so as talsit® the —13% shock that actually occurred in both
1964 and 1965 in the Pacific halibut fishery. Priothie shocks in year 25 of our gilation the
amount harvested igess with a reserve, but imediately after the shock and for s@ntime
afterwards, the reserve provides a greater harvest.

The econont benefits of increased harvestsmediately following a shock are subject to
diminishing returns in tersof reserve size. This shown in Tables 1-3 for any given negative
shock and arrival rate. there exists a positiveptimal reserve size the paysffirst increase,
reach a raximum at the optimm size, and then diee with further increases in reserve size. In
our simulations the initial population is of a givesize, but we can show that the oimeserve
size (26%) in the base case is invariant to the population’s initial Valneother words, our
results about the econ@mpayoffs froma reserve relative to the no-reserve case are not

dependent on the initial population being below its steady-state value.
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(iii) Biological and Economic Parameters
The econont payoffs frommarine reserves in the presence of negative shocks depend on the
relative size of both biological and econorparaneters. In terms of the biology, the intrinsic

growth rate ) and the transfer coefficieng (] are ngjor deterninants of the econoimvalue of a

reserve We note that the higher the intrinsic growth rate, the quicker the population can rebound
following a negative shock. Thus given that sem@e helps to increase the harvesnediately
following a negative shock, we can show that the higher is the intrinsic growth rasmaHer is

the optinal reserve size. In our sutations,if we increase and decrease the ested r = 0.2985

by one standard deviatiowr (= 0.03), the optinal reserve size ranges fr2d% § + o) to 28%

(r- o).

The transfer of fish fromhe reserve tdhe harvested population is also anportant
deterninant of the econoio payoffs fromreservesNanely, the greater the numer of fish that
leave the reserve and beamsubject to explitation, the less protection that is provided by a
reserve of a given size (RobertsdaSargant, 2002). Thus the greater is the rate of transfer from
the reserve to exploited populations, teger is the required reserve to provide a ‘hedge’ in the
event of a negative shock.eXan show that as weary the transfer coefficient fro@.5 to 4.0
the optinal reserve size increases frahout16% to a little over 50% of the total population
given a —13% shock in the harvested population with an arrival rate of every 2%%years.

Figure 2 shows the effects of difent transfer coefficients on the harvest parad to the no-
reserve case assumg the sammagnitude and frequency of negative shocks that were applied in
Figure 1. Each transfer coefficient correspotmlsa different optiral reserve size where the

greater the transfer coefficient, the larger dpéimal reserve size. Cgpared to the no-reserve
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case, a larger transfer coefficient results ilowaer harvest beke the arrival ofthe negative

shock, but generates a higher harvesmédiately following the shock, and for senime
thereafer. This illustrates the tradefadssociad with increasing reserve size —ena spillovers

and a greater harvest following a negative shock, but a lower harvest in the absence of such a
shock.

In the terns of the resource rents, the lowethe discount rate, the greater the benefit feom
reserve because theora valuable will be the ture returns froma higher harvest imediately
following a shock. Consequently, opaihresere size and the econanpayoff froma reserve
are decreasing in the discount rate. This is illsttan Figure 3 for an arrival rate of every 25
years and a negative shock of 13% in the h&edegopulation. Figure 3 also shows that, for the
Pacific halibut fishery, the econanpayoffs asscated with a reserve are robust to changes in
the discount rate. At a discounteaof about 20% the optimh reserve size is close to 20%, but
even at a very high discount rate of 50% it stify$# have a @rine reserve in the base-case,

e, w(X;) =0,7(X) =-0.13x,; with an arrival rate of every 25 years.

(iv) Economic Payoffs from Marine Reserves

Our results provide a nurer of inmportant irsights when designing reserves for harvested
populations subject to negative shockse TMd that reserves have a positive ecoionalue
under environrantal uncertainty, even if harvestirggoptimal in the sense that weaximise the
discounted resource rents, and the size and timpility of occurrence of shocks are known in
advance. This payoff arises via spillovers fribra reserve to the harvested population that allow
for a greater harvest iediately following a negi@ve shock, and also reduce the recoveryetim

of the harvested population. The speedier recovery of the population explains the result, found by
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several authors, thatamine reserves can lower harvesting variance and also population variance
(Conrad, 1999).

We enphasise that our results are obtaim@thout assunmg managenent uncertainty over
stock size (Lauck et al., 1998),anagenent arors in setting fishing effort, sub-optah
harvesting or a mimum viable population. W also show that reserves can generate ecanom
payoffs without requiring a low population level assunng that the current harvest lowers
recruitment (Gerber et al. 2003, p. S58). Our dations dermonstrate that the larger the negative
shock, the rare frequent its occurrence, ancktlarger the proportional jpact on the harvested
relative to the reserve population, the greater phayoff froma reserve and the larger is its
optimal size. These findings suggest that resepass play an important role in raising fisher

incomes in the presence of irreducible uncertainties (Ludwig et al., 1993).

V Concluding Remarks

Using a stochastic bioeconammodel that wedevelop and solve using a perturbatioathnod,
we show that a amine reserve can generateorormic payoffs not previously identified in the
literature. W& find that even if harvesting is optak) the population is persistent and there exists
no uncertainty over the size of the current pojaa a narine reserve can increase resource
rents and reduce the recoveryéifor a harvested population in the presence of negative shocks.
The reason a reserve has ecoiwovalue is because allows for spillovers of fish fronthe
reserve to the harvested population following gatiwe shock that can, in turn, raise resource
rents. In this sense, reserves act a ‘hedgainagnegative shocks provided the sensitivity to the
shock is not greater in the reserve than thedsded population. The tradeoff with a reserve,

however, is lower harvests and resource rents in the absence of such shocks.
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Using data fronthe Pacific halibut fisherywhich has one of the world’s longest continuous
records of stock size and harvests, weutaie the econont payoffs of a rarine reserve with
optimal harvesting under various scenarios reigardhe size and incidence of negative shocks,
and the relative ipact on the reserve and hanesgspopulations. \& show that the larger the
negative shocks, the are frequently they ocecuand the rore they proportionally affect the
harvested population, the larger will be the ecagrayoff froma nmarine reserve copared to
no reserve, and the greater the optineserve sizelVe also find that spillovers frorthe reserve
to the harvested population reduce theetiint&kes for the harvested population to recover
following a shock that, in turn, can lower both the population and harvesting variance.

Our results show that in the presence of lsistic shocks mmine reserves can generate
econonic benefits even if the population is neithtially overexploited or subject to extinction,
and there exists noanagenent error over the leveof fishing effort or nanagenent uncertainty
regarding the current population. Overall, our firgli provide new insights into the benefits of
marine reserves that should prove usefultose nanaging renewable resources with uncertainty

and designing reserves for fishery purposes.
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Table 1: Value function for different arrival rates and reserve shares.

Reserve shares (% oftbl popubtion)

Arrival
Rate
200 0.59270 059269 0.59257 0.59230 059181 0.59101 0.58966 0.58728 0.58255 0.56984
40 059139 059152 0.59153 0.59138 059101 0.59032 0.58907 0.58680 0.58217 0.56955
20 0.58974 0.59004 0.59022 0.59023 0.59001 0.58946 0.58834 0.58620 0.58168 0.56920
15 0.58861 0.58904 0.58933 0.58945 0.58933 0.58887 0.58785 0.58579 0.58136 0.56896
10 0.58640 0.58707 0.58759 0.58792 0.58800 0.58773 0.58688 0.58499 0.58072 0.56849

Notes:
1. Cellsmarked in bold correspondareserve gie hat maximizes he vale functon for a gven arrval rate.
2. Shock nagnitude or sensitivity is —13% for therkiasted population and 0%rfthe reserve population.

0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Table 2: Value function for different negative shocks sensitivities in the harvested population and
a zero negative shock sensitivity in the reserve.

Reserve share (% obtal popubtion)

Shock

Serstivityin ol 02 03 04 05 06 07 08 09
Harvested
Popuhton
-5% 059184 0.59191 059187 059168 0.59127 0.59054 0.58926 0.58695 0.58229 0.56964
-10% 0.59055 0.59077 0.59086 0.59079 0.59050 0.58987 0.58869 0.58648 0.58191 0.56937
-15% 058917 0.58954 0.58978 0.58985 0.58968 0.58917 0.58811 0.58600 0.58153 0.56908
-20% 0.58767 0.58823 0.58864 0.58886 0.58883 0.58845 0.58750 0.58550 0.58114 0.56880
-30% 0.58604 0.58681 058741 0.58781 0.58794 0.58770 0.58687 0.58499 0.58073 0.56850
Notes:

1. Cellsmarked in bold correspondaa reserve ge hat maximizes he valie functon for a gven shock
sensitivity in the harvested population.
2. Arrival rate of the negatve shock$ every25 years.

Table 3: Valuetdinction with identical negative shock sensitivities in reserve and harvested
populations.

Reserve share (% obtal popuhtion)

Shock
Sersitivity
in Resere
&
Harvested
Popuhtions
-5% 0.59226 059222 0.59207 0.59178 059127 0.59044 0.58907 0.58668 0.58195 0.56925
-10%  0.59098 0.59097 0.59084 0.59055 0.59005 0.58923 0.58786 0.58548 0.58075 0.56809
-15% 058961 0.58963 0.58953 0.58927 0.58878 0.58796 0.58660 0.58422 0.57949 0.56686
-20%  0.58812 0.58821 0.58815 0.58792 0.58745 0.58664 0.58528 0.58289 0.57816 0.56555
-25%  0.58652 0.58669 0.58670 0.58651 0.58606 0.58526 0.58389 0.58149 0.57675 0.56415
-30%  0.58479 0.58507 0.58516 0.58502 0.58461 0.58382 058244 0.58002 0.57526 0.56267
Notes:
1. Cellsmarked in bold correspondaa reserve ge hat maximizes he valie functon for a gven negave
shock sersitivity.
2. Arrival rate of the negate shock $ every25 years.
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End Notes

! The World Sunmit on Sustinable Devebpmentplan of mplementtion (artcle 32(c)) aso requies “...the
estaltishment of marine protectedareas cnosistert with international law ard basedon scierific information,
including represemtive neworks by2012...” (Unted Nafons, 2002)

%2 The Naitonal Research ®uncl (2001 pp. 111-118) séusseshe proposal for a ninimum 20% reserveni the
coastal waters of the United States. Using a bioecmnmodel of the North Sea ecosyst@&weattie et al(2002)
reconmend a reserve size of baten 25-40% of its surface area.

¥ We use Pinm’'s (1984, p. 325) notion of resilience. He defines it asyibe at which a species cqusition
retuns toanequilib rium following a stock.

“* Reviews of the literature include Guénette et al. (1998)ional Research Counc2@01), Ward et al. (2001) and
Gel & Robers (2002).

5 sK
We note thatX, = — K such that as — O then X; — 0.
1+ (—-De ™
XO
® Assuning a higher valie ofr andK in the reserve copared b the harvestd popuhtion, ie.,rg> ryg andkg>
Knr, INcreaseshe econont payoffs from a reserven our smulations. Thus our spdetaion thatr = rr=ryg andK
= Kg = Kngr Understates the resource rerdgssocited wih reservesfifishing causes hatat destuction or undesable
changesd the age sucture hat negaively affecteither the rat of growth or the carryng capady of the popuation.
" The term(1-s) that multiplies the density difference in the two pogitibns ensures that for a given difference, the
absolute amunt of fish transferred idecreasing in reserve size. This accofmtshe fact that if a reserve were
estblished hat protecid a veryhigh percerdge of he popuétion, veryfew fish woud be abé to migrae ©
locaions wherehey would actialy be vuherabé o exploitation. Our resus aboutthe econorit payoffs from
reserves, however, are robtsalternaive spedicaions of he transfer fundbn.
8 We note that recent work ofarine reserve design suggests a difin node of transfer is likely to understate the
potertial sglloversif marine reserves were dgasied b accountfor advecion and fow generatd connedtity across
sites (Ganes efal. 2003, S45).
° The case for solving ane realistic, but coplicated nodels by nunerical nethods in pace of nore sinple models
where anajtic soltions andlieoremproving are avaable, is made forcefuly by Judd (19971999). A general
topological proof for he exstence of an optal solution (and a concave wad functon) in a systemsimilar to (9),
but withoutthe junp process,s given in Atakan (2003).
Y Wevary ¢ from 0.1 b 0.5 and i a base-case resii negave shock the harvestd area of —13%hat arrives
about every 25 years) generate posidgenonic payoffs froma narine reservdor all values. V¢ also find that
optimal reserve size is increasing in the paatamc over this interval.
1 Our esimates are vergimilar to those obained byHilborn and Wdters (1992, p. 317) who use dfdrentdat
coverage and astater = 0.31 anK = 1.0006 nilion pounds.
12 The esmated pararsters (sendard errorsn brackes) for he dunmies n 1964 and 1965 ar€.1362(0.0381)and
-0.1247 (0.0428).
31n our similations the steady-stap®pulation is invariant to the initial poion. In other words, whether we
rebuid or depéte the popubtion, as we mve bwards he fluctuating seadystate andif it pays to have a reserve of a
fixed ske, he optmal reserve gie sidenicalin both cases. Ejures hat show his resut are avdiable upon request
4 A figure hat shows e rebtionshp betveen opimal reserve sie andhe ransfer coeffiientis avalable upon
request
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