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Abstract

The sze and mnfiguration of marine reserves best suited to reaching fisheries and
congervation gods are poorly undestood. I has been suggested that variable spacing
between reserves is essential to the success of asystem of marine reserves. We used
numerical modds to examine the effect of variable spacing on te efficacy of marine
reserves for managing afish goecies with sedentary adults and plnktonic larvae.
Variability in reserve spacing affected catch and recruitment relative to values for a
uniform configuration of reserves only for popuationsnear collapse even in the presence
of asystem of reserves. For ecies with low fishing rates or large marine reserves,
variability in gpacing had only aminor effect. At high fishing rates and snall reserve
sizes, vaiable reserve placement had a postive local effect on catch and recruitment
when sveral reserves fell dose to each other. These configurdionsled to uneven Patial
distributonswith greater catch and recruitment in areas with ahighe concentration of
reserves. Variable reserve spacing an offer additiond pratection to overfished
popuationsaong ertain sectionsof the coastline, but concern for patial honogendty
will arguefor auniform distribution of reserves covering an adequée propottion ofthe

entire coastline

Keywords. marine protected areas; fisheries management; modding; popubtion

dynamics; variable reserve spacing
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Introduction

Although potected areas have been common practice in terrestrial systems
since the begginning ofthe twentieth century, it is only recently tha there has been an
intense effort in many pats of theworld to inditute systems of coastal marine reserves
for conservation and fisheries management. It has been suggested that reserves are a
more efficient way to manage certain marine resources than traditiond effort-based
management (e.g. Ran Development Team 1990;Dugan and Davis 1993;Bohnsck
1999. Thedesign of systems of marine reserves provides unique chdlenges different
fromthose seen in terrestrial systems (Hockey and Branch 1994 Simberloff 2000;Carr
et d. 2003). Thisis primarily dueto the predominance of marines species with ssdentary
adult phases and widdy dispersing larval phases. Moreover, marine reserves have to
satisfy two often-competing measures of peformance: for conservation, ecosystem
sustainability isthe primary god, while for fisheries, high catch and sugainability of
harvested species are desired.

There isagrowing body ofliterature tha addresses spaial aspects of marine
reserve design. Sme have focused on de&eloping rules for choosng configurdionstha
maximize biodiversity, maximize habitat heerogendty, and/or indudevulnerable
habitats, life stages or gpecies within reserves (e.g. Hockey and Branch 1997;Ledlie et d.
2003 Robets et al. 2003. While these reserve-siting schemes are needed to aeate
reserves with the appropiate selection of desired habitats, species and ecosystems, they

do na specify the combination of reserve locations sizes and acingsnecessary for
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species sudainability and high fisheries yields These issues have been addressed
primarily through nodding eff orts that identify the factors tha are important for
determining the size and configuration of marine reserves (see Gerber et d. 2003 ad
references therein). Here we buld on tis literature by examining the effect that
variability in the spacing of reserves dong alinear coastline has on he sugainability and
yield of acoastal marine species with a planktonic larval phase and sdentary adults.
Species that have this type of life history indudemog benthic invertebrates, mos
rockfish and ome reef fish. These are amongthe gpecies mog threatened by ovefishing,
and they are themod likely to benefit from the implementation of marine reserves.

One factor that has been identified as important for determining the sze and
spacing of reserves required for persistence is larval dispersal distance. Botsford et .
(2001) ceated a popubtion modd for aspecies with sedentary adults and dispersing
larvae with asystem of unformly spaced marine reserves, complete removad of adults
outside reserves by fishing and Laplacian dispersal patterns They showed that a pecies
persistsin any dngle reserve that is a least as large as the speciesCaverage dispersal
distance. Furthermore, species with any dispersa distance would besugained by a
system of marine reserves tha covered & least a minimum fraction of the entire coastline
In ther modd, tha minimum fraction is the same as the fraction of naura (unfished)
lifetime egg prodiction required for a popuation to pesist, which is often taken to be
35% (cf., Mace and Sssenwine 1993). These results have been extended to combinaions

of reserves and fishing removd rates tha provide sugainability dong non-nfinite
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coastlines (Lockwood & d. 2003) Actud dispersal distances of relevant species are
poaly known. It has been shown that they vary greatly beween species (Grantham et al.
2003 Kinlan and Gaines 2003;Shanks et d. 2003) though reent experimental results
indicate that local retention of larvae might be much more common than one thought
(e.g Todd 1998 Warner et d. 2000;Moraand Sale 2002).

The abovementionad results that assess reserve configurations(i.e. Botsford
et d. 2001;Gaines et d. 2003;Lockwood & d. 2003) ae based on dealized, evenly-
spaced systems of reserves gpplied to fish popubtionswith sessile adults. However, as a
practical matter, it is unikely tha a uniform distribution of marine reserves will be
implemented in the real world. Furthermore, some have suggested tha non-evenly
spaced reserves could beter protect fish popuktionswith avariety of dispersal distances
(e.g., Flumbi 2002) For these two reasons, there has been congderable interest recently
in the consequences for fisheries yield and marine conservation of aeating systems of
reserves with nonuniform spacing. In this paper, we address the issue of variability in
reserve spacing through aspaially-explicit numerical modd of marine popuktions

Therest of this pgper is organized as follows: we begin by describing the
modd we used to examine the effects of variable reserve spacing on fish popuétions
Then we briefly describe the eff ect of marinereserves on fish popuétionsin the absence
of randomreserve placement. We follow that by presenting results on sugainability and
catch with randomreserve placement. FHndly, we summarize the results and plce them

in the larger context of marine reserve design in the discussion.
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M ethods

We studied the effects of randomreserve placement ugng aspatially-
explicit, Sze- and gge-structured modd with amonthly timestep, smilar to tha used in
Botsford et d. (1999)and Lockwood & a. (2002) It conssted of 100 ndependent, Size-
structured subpopuétionsplaced dong alinear coastline connected via dispersal of
larvae through adispersal matrix. Thelength of coastline occupied by each
subpopuétion will bereferred to as a@spatia unit® throughouthis pgper. Because
dispersal distance is given in the same units, the actud units are arbitrary.

Adults in each subpopuétion were subject to growth, naural and possibly
fishing nortality, and sze-dependent reprodudion. With the exception of fishing
mortality, al popuation paameters affecting alults were identical in each subpopuétion
and were smilar to those used in Botsford & d. (1999). \alues were based on hose
found forthe red sea urchin, Strongytocentrotus frandscanus aong te coast of northern
California (Morgan 1997) Thered sa urchin is adow-growing, benthic invertebrate
tha has widdy dispersing larvae. It is known to besusceptible to ove-fishing and is
congdered to bea good @ndidate for management through te use of marine reserves
(Kalvass and Hendricks 1997;Botsford et a. 1999;Morgan & d. 1999) Though he
popuation paameters used in the modd are species gecific, we focushere on hoe
gened trendstha are robug to changes in parameter values. Theresults presented hee
are gpplicable to awide class of marine species with relatively sedentary adults, including

mog benthic and intertidd invertebrates, as well as rockfish and some cora reef fish.
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The entire set of parameter valuesisin Table 1.

Growth of individuds in each subpopuétion was govened by avon
Bertalanffy equéion with Gaussian distributed vaiability in maximum size (Ricker 1975;
Smith et d. 1998) Individudsin the modd were dlowed to live for a maximum of 30
years. In the absence of fishing, mean age of individuds in the modd was 9.6 yexrs.
Beverton-Holt pog-settlement densty dgpendence of juveniles was induded in the modd
(Beverton and Holt 1957) Thevaueof a, the dope of the larvae-recruit curve a the
origin, was set s0 tha the popuktion collapsed (i.e. popuation size eventudly went to
zero) when lifetime egg produdion (LEP) was less than 35%o0f its unfished value 35%
LEP was choen as a convenient and oftquaed reference point. The exact valueused is
not cruda for theresults discussed hae. This vaue produced collapse of the popubtion
at afishing rate of 0.11 y'in the absence of marine reserves. Fishing nortality rate was
identically zero ingde reserves with knife-edgeselection a the boundaies. Thisimplies
tha adults are sedentary and do notcross reserve boundaies, an acceptable
approximation as long & the spatial scale of adult movement is consgderably smaller than
the sze of reserves (Nowlis and Robets 1999)

A dispersal matrix related the dendty of pre-settlement larvae dong te
coast to thefind dengty of compeent larvae that settle into each subpopoétion. A
Laplacian dispersal kernd was used, which exponentially decays with distance in both
alongsore directions The average distance ettling larvae were from the point of

reproduction, here referred to as the2dispersal distance®, was condant over space and



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

varied from 1 to 25 patial units. We aso consdered the case of alarval pool, where
larvae are evenly redistributed across subpopuétions Thisis essentially equivalent to an
infinite dispersal distance. Circular bounday conditionswere used, so larvae reaching
one edgeof themodd system smply reappeared & the other edge This essentially
simulates an infinite coastline. We chose to use circular bounday conditionsso as notto
confoundthe eff ects of reserve placement with edgeeffects due to finite habitat length.

For each run ofthe modd, the system was started at equilibriumin the
absence of fishing and marinereserves. Then, fishing and marine reserves were
introducd and the modd was run for an additiond 100 yexrs. After tha, because the
system approached equilibrium very dowly, modd results were fit by least-squaes to an
exponential decay to oltain find equilibrium values of catch and recruitment.

Two types of variability in reserve spacing were consdered. In thefirst
type, which we call the 3jitter® case, reserve placement was continuousy perturbed from
the uniform configuration (Fig. 1) With no jtter, the system consisted of four uniformly
spaced reserves. With jitter, each reserve could shift position by up b aspecified nunber
of gpatial units while maintaining reserve size condant. Each reserve shifted
indgendently of al other reserves. The nunmber of spdial units shifted by an individud
reserve was randomy determined with equd protebility for dl vaues beween zero and
the specified jitter vdue By increasing the amountof jitter, we were able to explore
popuation dynamics for systems with increasingly variable reserve spacing. In the

secondtype of variability in reserve spacing, the placement of reserves was completely
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random with the condition tha reserves be non-overlapping. These two configurations
will be presented together, with the totally randomcase bang consgdered an extreme case
of jitter. Ten modd runs were paformed for each fishing rde, reserve sze and level of
variability in reserve spacing. These runswere then compared to amodd with the same

fishing rate and reserve sze, butauniformly-spaced configuration of reserves.
Results

Uniform reserve placement

We first summarize the results for the case of uniform reserve placement,
agang which randomreserve placement is compared. Withoutreserves, the system
collapses a afishing rate of goproximately 0.11 y* and dispersal distance has no dfect
on popuiation dynamics (Fig. 2) Maximal sugainable yield (MSY) in the absence of
reserves occurs & afishing rae of 0.05 y'. When reserves are added, the fishing rate in
nonreserve subpopuétionsat which MSY occurs increases with the size of the marine
reserves introducd (Fig. 2b) The MSY is greatest in the absence of reserves, though he
rangeof fishing rates for which catch is rdatively high is wider when the system indudes
marine reserves.

With reserves, MSY dso degpendson dspersal distance, with the greatest
yieldsbeing producd & intermediate dispersal distances (relative to the size of the
reserves + five or ten gdia unitsin our nodd; Fig. 2b) Extremely short distance
dispersers show both lower yields (Fig. 2b) and lower recruitment (Fig. 29, relative to

species with larger dispersal distances, dueto poorexport outside of reserve areas, while
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long dstance dispersers have intermediate to low levels of recruitment and catch. The
effect of dispersal distance is srong: minimum recruitment levels in the modd with
reserves of 5 gaial units each and afishing rate of 0.2 y* represent about50% ofthe
maximum level.

Though hefocus of this pgper is on the popubtion sate after reserves are
created, theresultsin Fig. 2 @an beused to make a comparison beween management
with reserves and dfort-based management done Two posible scenariosfor the
redistribution of fishing effort after reserves are created are remova of fishing effort by
marine reserves and conservation of total fishing effort before and dter reserves are
created. Reserves reduce catch relative to efort-based management doneat low pre-
reserve fishing nortality rates (Fig. 39, butincrease catch a high pre-reserve fishing
mortality rates (Fig. 39, as noted by sveral other authors (e.g. Bohnsack 1998;Hastings
and Botsford 1999;Nowlis and Robeats 1999) Conservation of total fishing effort
genealy reduces the absolute diff erence between yield with reserves and without In
particular, a high pre-reserve fishing rates the patential ganswhen reserves are created
are reduced if effort is conserved (Fig. 3c). On the other hand, for pre-reserve fishing
rates above0.11 y* (not shown), the popuktion without reserves went to extinction, while
systems with reserves pasisted unil quite high fishing rates even if total fishing éfort
was conerved.

In thefollowing anaysis of the effects of randomreserve placement, we will

refer to thefishing mortality rate in nonteserve areas withoutreference to how it relates

10
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to the pre-reserve fishing rate as our focusis on @mparing systems with different spatial

configurationsof marine reserves.
Random reserve placement

We tested the eff ect of randomreserve placement on the modd with fishing
rates in nonfeserve areas of 0.05, 0.1 ad 0.2y™* and four reserves of five or ten pdial
units each (20% or 40%of total areain reserves). Over mog vaues of dispersal distance
and jitter, the effect on recruitment and catch was relatively small (Fig. 4), paticularly
when viewed in the context of the variation caused by dispersal distance, which
significantly affected both catch and recruitment (Fig. 2). In the vast mgjority of runs
jitter and randomreserve placement resulted in less than a5% dangein catch and
recruitment relative to the system with uniformly spaced reserves. In the mos extreme
cases of randomreserve placement examined, recruitment increased by @out75%ove
the same system with uniformly spaced reserves, and ctch increased by 45%

Three prindpd trendsare evident in theresults: (1) the effect of variable
reserve spacing on recruitment and yield was greatest in the least pasistent cases (note
tha scales on hevertica axes vary); (2) the effect tended to be postive for longe
dispersal distances and neyative for shorter dispersal distances; and (3) the effect on
recruitment was generaly postive, butthe effect on ctch was postive only in the least
persistent case. With regard to thefirst trend, vaiable reserve spacing producd highe
values of catch and recruitment than auniform configuraion of reserves when the fishing

rate was high (Fig. 4ab vs c,d) or reserve size was low (Fig. 4ef vs. ¢,d), both of which
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tend © move the system towards collapse (Fig. 2). This effect is mog evident in the
system with reserves of five spatial units each and afishing rate of 0.2y™ (Fig. 4cd). In
this case, recruitment was as much & 75% hghea with randomreserve placement. Note
however tha at afishing rate of 0.2y™ and mean dispersal distance of 10 © 20 pdial
units, thisis 75% ofafairly low recruitment rate.

With regard to the second trend, for species with dispersal distances less
than five spaial units, randomreserve placement reduced bath catch and recruitment in
all cases. For longe dispersal distances, variability in reserve spacing generally
increased recruitment, butonly increased catch when thefishing rate was 0.2y ™ and the
reserve sze was five gpdial units, the case closest to collapse. At extremely long
dispersal distances (the@pooP case, the upper left-hand margin of each plot), spdtial
configuration is no longe relevant to popuation dynamics.

Configurations producing extreme values

We examined in greater detail those reserve configurationstha produced
significant changes in catch and/or recruitment for a reserve sze of five spaia units and
fishing rate of 0.2y™. These parameter vaues were chosen because they are illudrative
of speciestha are nat well protected by asingle reserve for intermediate to large
dispersal distances because of larval dispersal outside of the reserve and overfishing, a
case which is likely to be of interest in real marine reserves given therdatively long
dispersal distances of some important species (Kinlan and Gaines 2003;Shankset d.

2003, the size restrictionsplaced on poéential marine reserves and the heavily fished
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state of many of theworld®fisheries (Botsford @ a. 1997;Hutchings2000)

Under these conditions anonuniform distribution of reserves had higher
levels of boh catch and recruitment than auniform distribution in cases where reserves
of the system randonly hgppened to beconcentrated dong ardatively short piece of
coastline (e.g., Ag. 5) Recruitment would have collapsed for anything butthe smallest
dispersal distances in the corresponding system with auniform distribution of reserves,
but several closely spaced reserves maintained high recruitment levels in and around he
reserves even for large dispersal distances. The non-unform distribution of reserves,
however, had extremely low levels of recruitment adongthose pats of the coastline that

had few reserves, paticularly a short dispersal distances.

Disaussion

Variable spacing béween marinereserves has arelatively minor effect on
catch and recruitment of larvae in popuktionstha would befar from collapse with a
uniform distribution of marinereserves, i.e. those with low fishing rates and/or large
reserves. Both jitter and completely randomreserve designstended to peform pooty
when compared to auniform distribution of marine reserves for pasistent popuations
although he effect was quite small. This small decrease in catch and recruitment is
attributable to saturation of larval settlement ingde marine reserves. Pod-settlement
dengty dependence places a maximum on he number of larvae that can sttle
successfully in asubpopuétion each year. Potential settlers abovethis maximum do not

increase the nunber of successfully settling larvae. As aresult, in pasistent popuktions
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larvae tha disperse from onereserve to another reserve do na contribute to the adult
popuation and it is beneficial to export as many larvae as posible from reserves to
fished aeas. With adecaying dispersal patern, this is achieved by auniform distribution
of reserves.

In popultionsthat are na peasistent or are near collapse with unformly
spaced reserves (high fishing rates and dispersal distances greater than reserve size),
variable spacing of reserves can increase local popuktion dendty relative to the uniform
case. Theeffect can bequite large In wllapsng popuktions small changesin
protection of an area dong e coastline can make the popukbtion locally peasistent and
thereby produee large changes in the overal popuation (when compared with the low
recruitment levels produ@d by ovefished popuktiong. For high fishing rates and a
system of small reserves, species with dispersal distances larger than thereserve size are
not sufficiently protected to ensure persistence with a uniform distribution of reserves
(Botsford & d. 2001) By indituting variable spacing in asystem of marine reserves,
some reserves naurdly fall close togeher and piotect more than 35% ofthe reprodudive
outputin that local area, produéng anetwork of reserves tha islocally self-sugaining for
intermediate distance dispersers. This saves the popuktion from complete collapse and
produees highe catches and recruitment in and around hereserves. Neverthdess, in this
scenaio, large areas of coastline have no marinereserves and neessarily the popuktion
collapses in those areas.

These results suggest that varying the spacing of marinereserves dong te
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coastline could have abendfit for those species that are mog threatened by ovefishing.

If there is concern that reserves will not cover an adequéae percentage of the entire
coastlineto ensure persistence for dl species, ahigha percentage of the coastline could
be covered ove alimited area. However that would beat the expense of the fraction
covered in other areas. Furthermore, non-uniform reserve spacing produces an uneven
distribution of catch and is unlikely to please anyonebutfisherman living nexr the area of
highe reserve dendty. The political ramificationsof this uneven distribution could
patentially outweigh any benefit deaived from an uneven distribution of reserves.

Our results are congstent with the results for a uniform distribution of
reserves (Botsford et d. 2001) If a Singe reserve protects dl species with dispersal
distances less than the size of the reserve, then varying the reserve spacing sould only be
a bendfit to those species with longe dispersal distances. Furthermore, even those
species with dispersal distances larger than the reserve Sze can only receive a sgnificant
benefit from variability in reserve spacing if the uniform system of reserves does not
cove a sufficient percentage of the coastline to protect al species dong heentire
coastline

There are anunmber of other factors tha are potentially relevant to the design
of marine reserves for sugainability and yield of fish popuationstha have not been
treated in this sudy. Thefundiond relationhip beween size and reprodudive output
was nat varied and ove-compensatory dendty dependence was not congdered. Though

these factors are important to the issue of whether eff ort-based management or
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management with marinereserves is likely to produee the highest yields (Parrish 1999
Berkeley et d. 2004) they are unlikely to dgnificantly dter trendsin catch as afunction
of the spacing beween reserves. Furthermore, we have nat attempted a complete
treatment of how fishing effort might beredistributed after the creation of marine
reserves. This process is quite complex and case-specific (Beverton and Holt 1957;
Wilen @ d. 2002 Smith and Wilen 2003). @ results indicate that the potential gans
due to the creation of marine reserves for ova-fished species are likely to bereduced
when total effort is conserved (Fig. 39. Exactly how fishing effort is redistributed will
changethe difference beween catch from conventiond management and catch with
reserves, butwill notdter our condusonsregarding variable spacing between reserves.
Variable spacing an only have an dfect if thefind fishing rate in non-eserve areas
produces a system tha is ova-fished even with marine reserves.

Larval dispersal in our modd was symmetric aroundthe point of larval
origin and unformly decreasing with distance. Alongshore advection of larvae was not
induded in themodd. It has been shown that dongsore larval advection an have a
significant impact on te efficacy of a system of marinereserves (Gaines et d. 2003). O
the other hand, anumber of recent sudies indicate that larval retention and cnaentration
are relatively common (Todd 1998 Warner et d. 2000;Mora and Sale 2002) even in
upwelling-domnaed systems where onewould nomally expect srong dongshore
currents (Graham and Largier 1997;Wing d a. 1998). gnificant retention uggests

tha advection distances are likely to be smaller than was once thoughtand dongsore
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347

advection might not play an important role in popuation dynamics. Nonehdess, one
mug gpply the results in this pgper with caution when there exists the possibility of
strong dongshore advection.

We aso did notcongder more complex two-dimensond péterns of larval
dispersal, as might be found &ong convoluted coastlines and groupsof islands for
example. These conditionswill changethe connectivity between adult subpopuétions
and, herefore, could have important consequences for the design of systems of marine
reserves. Given the complexity of posible two-dimensond configurationsof dispersal
patterns and marine reserve designs we have limited ourselves here to alinear coastline
We speculate tha the trendsfound hee regarding variability in reserve spacing would
not differ sgnificantly if two-dimensond reserve configurdionswere consdered.

Adult movement and 2spillover® from reserve boundaies was notinduded
in ourmodel. Thisis areasonable gpproximation if the Sze of reserves is consderably
larger than the pdial scale of adult movement (Nowlis and Robets 1999), & onewould
expect for gecies with low mobility (e.g. many marine invertebrates) and/or small
territorial ranges (e.g. mog rockfish). If adults are migratory or have largeterritories,
reserves will only offer them protection for the percentage of the time they spend insde
reserves. In this case, thedistinction béween reserve and fishing areas is much less
clear. Theresults of our nodd would only be gpplicable to the extent tha reserves
provide areal decrease in local fishing pressure.

All habitat in ourmodd was consdered equdly suitable for sttlement of
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larvae and adult survival in the absence of fishing. Here it is assumed that the scale of
habitat variability is smaller than an individud spatia unit and tha al spaial unts have
roughly an equivalent percentage of habitable terrain. One might expect to stisfy these
conditionsfor sufficiently large sectionsof the coastlinein the middle of a pecies@ange
Species domain boundaies, large areas of unauitable terrain and large scale variability in
terrain habitability will undoubédly complicate popubtion dynamics, butit is likely that
severa closaly spaced reserves will continueto locally benefit overfished species dong
that section of the coastline

Ultimately, the actud distribution of marine reserves will be determined by
amixture of science and poiltical feasibility. It isunlikely that an extremely nonuniform
distribution of reserves could beimplemented because of the short-term negaive effects
on local fisherman of dosing sectionsof the coastlineto fishing in areas where reserve
dengty is high. In order to lessen theimpact on ary onegroup offishermen, it is
probable that reserves will tend o beagpproximately uniformly spaced dong e coast.
This study indicates that small divergences from uniform reserve spacing are unlikely to
have alarge postive or nggaive impact on popudtion size. However, there is onecase
in which an uneven distribution of reserves may actudly beacceptable to gakeholders.
There has been some discussion of partial implementation of a system of reserves as a
way of demondrating thar bendfits as they are 2phased in.° Our results indicate tha if
the pumpose of placing only asmall fraction of the coast in reserves were to demondrate

the bendfits of marine reserves, then tha fraction should beconcentrated in an aea on he
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order of the dispersal distance of the species to beprotected, raher than distributed

evenly aongthe coast.
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484 Table 1. Parameter values for popubtion nodd. Italics indicates paameter values tha

485 varied beween modd runs All others were hdd congant.

486

487

Parameter name Symbol Value
Recruitment:
Slope of Beverton-Holt a 0.00662
dengty dependence
Juvenile carrying capecity C 12 000 000
Growth:
Maximum size Ly 118 mm
Standad deviation of S 10 mm
maximum sze
von Bertalanffy growth k 0.22
parameter
Reproduction:
Size of first reprodudion 60 nm

a 5.47E-006

Reprodudion exponent b 3.45
Mortality:
Natural mortality rate m 0.08 y*
Fishing sze limit 60 nm
Fishing mortality rate f 0.05+0.2y
Reserve configuration:
Number of reserves 4

Reserve sze

Dispersal:
Dispersal distance

26
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Figure Captions:

Figure 1: Depiction of &itter® in marine reserve design. Reserves are indicated by black
boxes. Possible dternate pasitionsfor thereserves are shown by white boxes with black
outline The example shown has ajitter of four spatia units. Each reserve is dlowed to
appear randomly in one of five postions Reserve szeishdd condant. Thefigure

demondrates two of thefive possible reserve pasitions

Figure 2: Equilibrium vaues of recruitment (a) and catch (b) for a system of uniformly
spaced reserves as afundion of dispersal distance and fishing rate. The dark surface is
theresult for the popuktion withoutany reserves, the gray surface is for a system with
four reserves of five goaial units each (20% coverage by reserves), and the white surface

is for a system of four reserves of ten gatial unts each (40% ®verage by reserves).

Figure 3: Equilibrium catch levels as afunction of dispersal distance for pre-reserve
fishing nortality rates of (a) 0.04 y*, (b) 0.06 y* and () 0.08 y*. Thethick solid lines
are for the system in the absence of marinereserves. Thedashed lines are for a system of
four unformly-spaced reserves of five spatial units each (20% oftotal habitat in reserves)
when total fishing dfort is notconserved (i.e. thefishing mortality rate in nonreserve
areas is the same as the pre-reserve fishing nortality rate). Thethin solid lineis for an

identical system of marine reserves when total fishing effort is conserved (i.e. thefishing
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mortality rate in non-ieserve areas is the pre-reserve fishing mortality rate divided by the

fraction of the total area notin reserves).

Figure 4: Equilibrium catch and recruitment for a variety of fishing rates as afundion of
dispersal distance and gjitter®. Results have been nomalized by the vadue for auniform
distribution of reserves for each dispersal distance. Surfaces are maximum and mnimum
values for each st of ten runs with individud runsindicated by round das. 2Rand®
indicates runsthat had acompletely randomdistribution of reserves. 2Pool° indicates
tha larvae were dispersed uniformly to dl subpopuétions the equivalent of an infinite
dispersal distance. (a) catch for afishing mortality rate (f) of 0.1 y* and reserve size (RS)
of five spatial units; (b) recruitment for f =0.1, RS=5; (c) catch forf = 0.2, RS =5; (d)
recruitment for f = 0.2, RS =5; (e) catch for f = 0.2, RS = 10; (f) recruitment for f = 0.2,

RS =10. Nottha vertica scaleis different in each pand.

Figure 5: Spatial pattern of equilibrium vaues for recruitment as afundion of dispersal
distance for uniform and nonuniform distributonsof marine reserves a afishing rae of
0.2 y*. Black surface with white lines is recruitment for a system tha has four evenly
spaced reserves, while white surface with black lines is for a system tha has four
unevenly spaced reserves. Each of thereservesisfive spaial unitswide The non-
uniform distribution is the configuration of reserves that resulted in the highest va ues of

catch and recruitment for that fishing rae and reserve sze. Note tha recruitment for the
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530 uneven distribution of reserves remains non-zero in the center of thedomain even for
531 largedispersal distances, butcollapses dong he edges where there are no reserves.
532 Recruitment for the even distribution of reserves collapses for dl butthe smallest
533 dispersal distances.
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