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Abstract. Inthe process of implementing marine reserves, policy makerstypically are occupied
with (1) choosing the spatial configuration of areas to protect and (2) addressing the concerns
of fishermen regarding the effects of proposed reserves on fishery yield. The spatial
configuration is typically set by choosing the habitat, species, and ecosystems to protect,
assuming that the associated species will be sustained in that configuration. The concerns of
fishermen are typically addressed by describing various spillover mechanisms and suggesting
that yields will increase. There is a growing scientific understanding of the effects of reserves
on the sustainability of populations and fishery yield, and the practical implications of those
results should be incorporated into policy decisions. While there are exceptions, analytical
and simulation results from models with sedentary adults indicate that yield will increase
only if a population has been fished hard enough to cause a substantial decline in recruitment.
This is consistent with the rough equivalence between yields possible with marine reserves
and conventional management. This equivalence is a useful benchmark in the absence of
information on larval advection and spatial variability in productivity. With reserves, lower
fishery yields will be obtained from species dispersing shorter distances. Both yield and
preservation goals depend on species in reserves being sustainable. Sustainability of species
in reserves will depend on their dispersal distances and the spatial configuration of reserves.
Species will be sustained in marine reserves if the alongshore dimension of the reserve is
greater than its mean dispersal distance (assuming little alongshore displacement of the
dispersal pattern), but species dispersing all distanceswill be sustained in networks of reserves,
if a specific fraction of the coast is covered. Yield will be greater as the size of individual
reserves in that network becomes smaller. Shorter-distance dispersers are always more likely
to persist. Sustainability and yield in marine reserves depend on three categories of uncertainty:
(1) uncertainty in population response to management is less when employing marine reserves
than in conventional management, (2) uncertainty in the slope of the stock—recruitment
relationship at low abundance affects both reserves and conventional fishery management,
and (3) uncertainty in the pattern of larval dispersal affects management by reserves much
more than conventional fishery management. Most of the avail able results are modeling results,
and there is a need for better empirical information on both sustainability and yield. We need
to know more than just whether marine reserves sustain populations and increase yield; rather,
we need to know which kinds of reserves (i.e., size and spacing) sustained populations and
which kinds of species (i.e., dispersal distance) were sustained and showed increased yields.

Introduction of natural ecosystems and fishery management
(Murray et al. 1999; Lubchenco et al. 2003). Reserves

Marine reserves are being proposed and implemented ~ for fishery management seek to increase the yield to

worldwidewith two fundamental goals: preservation ~ fisheries, while reserves for preservation are put in
placeto preserve areaswith anatural, functioning eco-

system. The design of these reserves, or systems of
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such reserves, involves policy choicesregarding how
much area to protect and where it should be. The
biological basisfor these decisionstypically hasin-
volved identification of thetypesof ecosystems, habi-
tats, or species of concern to be protected, then a
systematic procedure for choosing specific areas to
meet preservation or fishery goals(e.g., Leslieet al.
2003; Roberts et al. 2003a, 2003b). The promisein
theend is sustainablefisheries or ecosystems. Greater
fishery yield isfrequently promised on the basisof a
description of the spillover mechanism that could
bring about that greater yield.

Two key issues that need to be addressed in this
planning process are; (1) how the design of reserves
will affect sustainability of populationsin asystem of
marine reserves and (2) how yield will changein af-
fected fisheries. To date, both of these have been ad-
dressed in only aqualitative fashion by reserve plan-
ners, and projected outcomes have tended to be opti-
mistic. Thispresentsaprobleminthat if thereistobe
any truly lasting value from marine reserves, the re-
serves being designed and implemented now need to
be ableto live up to expectations.

Here, we describe current progressin ng
the sustainability afforded by various marine reserve
designsand their effect onfishery yield. Sustainability
involves the question of whether species in marine
reserveswill continueto persist under specific reserve
designs, an issuethat isrelevant to both preservation
and fishery goals. The effect of reserves on fishery
yield is often treated as an issue of interest only for
reserves designed with the goal of improving fishery
yield. However, the effect of reserveson fishery yield
isacentral issueinthe policy decisionsfor al marine
reserves, including those intended purely for conser-
vation. Invirtualy al marine reserves, fishing isthe
primary action being limited by the implementation
of reserves; hence, any lossinfishery yield isadomi-
nant cost in any cost—benefit analysis. Inthefirst part
of this presentation, we summarize evolving model-
ing results regarding sustainability and yield (see
Gerber et al. 2003 for acomprehensive review of the
models of marine reserves). In the second part, we
present new simulation results that demonstrate how
sustai nability and yield interact in an exampl e of ma-
rinereservesin atypical size-structured, fished popu-
lation distributed over space.

Our discussion here is limited by three funda-
mental assumptionsthat must be kept in mind: (1) sed-
entary adults, (2) Laplacian larval dispersal, and (3)
no movement of fishers. Assuming species with sed-

entary adults means that we focus on movement in
thelarval stage. These are the speciesthat will be af -
forded the most protection in reserves, and uncertainty
inlarval dispersal patterns makes understanding their
possible effects important. We are beginning to un-
derstand how coastal currents shape dispersal patterns
(e.g., Joneset a. 1999; Swearer et al. 1999; Cowen et
al. 2000; Warner et a. 2000; Botsford 2001; Shanks
et a. 2003) but do not yet have enough information
for practical reserve design. Here, we usethe simplest
dispersal pattern that containsthe spatial scale of dis-
persal, Laplacian dispersal (exponential decay in
settlement in both directions). The movement of fish-
ers and consequent shift in effort with the advent of
marinereservesisakey element in both sustainability
and yield. For each of these assumptions, we point
whereresultswould differ if they wereincluded, and
we provide relevant references. For a description of
modeling results regarding the effects of fish move-
ment on the efficacy of marine reserves see Botsford
et a. (2003) and Gerber et al. (2003). In addition to
thelimitationsimposed by these assumptions, we also
do not addressall of the possible differences between
marine reserves and conventional management, such
asdifferencesin habitat damage, bycatch, and politi-
cal ease of implementation. For a more comprehen-
sivereview of issuesbeyond sustainability and yield,
see Hilborn et . (in press).

Sustainability

Sustainability of fisheriesisan issuethat hasreceived
increasing attention since the late 1980s, resulting in
explicit focus on the persistence of fished populations.
Persistence has been described in terms of equilib-
rium conditions for age-structured populations
(Sissenwine and Shepherd 1987). These conditions
specify that a population with density-dependent re-
cruitment will have anonzero equilibrium aslong as
the number of eggs produced in the lifetime of anin-
dividual exceeds the inverse of the slope of the rela-
tionship describing the number of recruits produced
by aspecified number of eggs spawned (i.e., the stock—
recruitment relationship with stock depicted interms
of total egg production) (Figure 1). Notethat lifetime
egg production (LEP) is a quantity known as R, in
ecology and eggs per recruit or spawning biomass per
recruit in fisheries (Goodyear 1993). To comparethat
condition across speciesin general terms, fishery bi-
ologists express it as the fraction of the natural,
unfished LEPR, whichwewill denote FLEP (thisquan-
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Figure 1. A schematic plot of the number of recruits produced for each value
of total population egg production (solid line). Population equilibria for each
level of fishing lie at the intersection of the dashed lines, which have slope 1/
LEP (lifetime egg production). When 1/LEP equals the slope of the egg-recruit
line at the origin, the population collapses to zero recruitment. Also shown is
an example of the reduction in recruitment by the fishery that typically must
be present for the implementation of reserves to increase yield.

tity isreferred to as spawning potential ratio in fisher-
ies). Considerable effort has gone into determining
the value of that quantity required for persistence of
marine fish (e.g., Clark 1990; Mace and Sissenwine
1993), with more recent efforts on meta-analysis to
determine generic consistencies based on taxonomy
(Myerset al. 1999) and upward adjustment of previ-
ously low values (Clark 2002; Ralston 2002).

The reason that this persistence condition is not
useful in the assessment of population persistencein
marinereservesisthat apopulation distributed across
a system of marine reserves is not the single, well-
mixed population assumed above, but rather a meta-
population of such populationsdistributed over space,
connected by dispersing larvae (Botsford et al. 1994).
Therecruits produced at each location end up distrib-
uted along the coast through the process of larval dis-
persal, and much of therecruitment at each locationis
produced el sewhere. Because of thisadditional com-
plexity, ageneral expressionfor stability of these ma-
rine meta-populations has been difficult to obtain
(Armsworth 2002). Researchers have, however, de-
veloped useful ways of describing popul ation dynam-
icsinterms of source-sink dynamics (Crowder et al.
2000; Lipciuset a. 2001).

Some results regarding persistence of simple
meta-popul ations have been devel oped in the context

of marine reserves. Initial results assumed a popula-
tion with sedentary adults, post-settlement density-
dependent recruitment of the Beverton—Holt type
(Bevertonand Holt 1957) and larvaewith aLaplacian
dispersal pattern (i.e., exponentially decaying with
distance in both directions) in a system of uniformly
spaced reserves of width w and spacing s, along a
coastlinewith uniform habitat, with fishing removing
all fish between reserves (Botsford et a. 2001). The
result wasthat for asingle reserve of acertain width,
species with mean dispersal distances less than or
roughly the same as that width would persist. How-
ever, a system of uniformly spaced reserves of any
width that covered a specific fraction of the coastline
would allow persistence of all species, regardless of
dispersal distance. The latter result indicated that a
network of reserves could function in away that was
greater than the sum of theworkingsof theindividual
reserves(i.e., it wasa“network result”). The specific
fraction of coastline that needed to be covered was
the value of FLEP required for persistence of the
single, well-mixed popul ation, asdiscussed in the pre-
vious paragraph. Inthissimple case, one can gain some
intuitive understanding of why FLEP sets the mini-
mum area in reserves by observing that the role of
fishing in reducing LEP in the single, well-mixed
population can be thought of as being replaced in the
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case of the meta-population by reduction in the area
in which larvae can settle and grow to maturity, due
to fragmentation of the coastline by intense fishing
between reserves. Alongshore advection made the
reserve areas required for sustainability much larger
(Botsford et al. 2001).

Subsequent analyses have refined and ex-
tended these results. Lockwood et al. (2001) has
shown that the initial results hold for a variety of
shapes of dispersal patterns centered ontheorigin,
with the mean dispersal distance being the impor-
tant characteristic. This is an important result, as
dispersal patternsare generally poorly known. Also,
these results have been extended to the casein which
thereisaspecific level of fishing between reserves,
and there are discontinuitiesin the quality of benthic
habitat that create species boundaries (L ockwood
et al. 2004). These results show how fishing at lev-
els less than complete removal lead to population
persistence with lower fractions of the coastlinein
reserves, while losses of larvae across species
boundaries lead to requirements for a greater frac-
tion of coastlinein reserves.

Fishery Yield

Initssimplest form, thequestionin themindsof policy
makers of how implementation of a marine reserve
will affect fishery yield isessentially whether theloss
of fishable area will be compensated for by changes
inthe population brought about by implementation of
the reserve. Assuming that reserves are not going to
affect individual growth and mortality rates outside
the reserve, they will not affect yield per recruit, and
we need consider only the effect on recruitment. For
yield toincrease with theimplementation of reserves,
the increase in recruitment due to the increased egg
production from the reserves (AR) must be large
enough to compensate for the fraction of the area
placed in reserves (AA), in other words,

(1-0A)(1+AR) > 1.

This requires not just an increase in egg production,
but that the larvae produced are ableto reach thefished
areasto increase recruitment by the required amount.
Thus, if recruitment has not been substantially reduced
by the current fishery, thereislittle scopefor recruit-
ment to beincreased by the additional egg production
supplied by asystem of marinereserves(Figure 1). In
turn, the amount by which recruitment will have been
reduced by fishing a certain amount will depend to

some degree on the slope of the egg—recruitment rela-
tionship at the origin (Figure 1).

This observation regarding the potential for re-
serves to increase yield raises the policy question of
whether yield can be increased as much by changing
management in a conventional way (i.e., by decreas-
ing fishing effort). That question was addressed by
analysis of asimple model with no adult movement,
larval settlement equally distributed acrossthe popu-
lation, post-dispersal density-dependent recruitment
only (Hastings and Botsford 1999). The answer, that
the maximum yield problem for conventional man-
agement was mathematically the sameasmaximizing
yield using reserves, indicates that there is a rough
equivalence between reducing effort in conventional
management and implementing marinereserves. This
conclusionisalsoindicated by theinvariant noted by
Mangel (1998). Thisrough equivalenceis consistent
with results from a number of simulation studies of
more complex models. Thetypical result isthat ma-
rine reserves produce greater yield only for fishing
mortality rates greater than a certain minimum value
(e.g., Holland and Brazee 1996), or conversely, ma-
rinereservesareameansof guaranteeing sustainability
even if the fishing mortality increases to very high
values (e.g., Quinn et al. 1993).

The rough equivalence between conventional
management and management by reserves provides
policy makers with an easily computed benchmark
estimate of the yield possible with marine reserves.
Whether reserves or conventional management are
actually superior depends on further detail, usually in
an obvious way. For example, if compensatory den-
sity-dependence occurs prior to dispersa (e.g., den-
sity-dependent fecundity or indirect effectson fecun-
dity such as density-dependent growth), reserveswill
have less advantage because reserves will increase
density. On the other hand, if pre-dispersal density
dependence is depensatory, such as in broadcast
spawning, reserves will have greater advantage. An-
other example, fishermen shifting effort from inside
reserves to outside, rather than simply leaving as as-
sumed implicitly or explicitly in virtually all models
of marine reserves (Gerber et a. 2003), istreated in
several recent publications (Smith and Wilen 2003;
Halpern et a., in press). In that case aso, reserves
have less advantage.

Situations involving substantial movement and
heterogeneity in productivity can lead to exceptions
to this rough equivalence. One example is popula-
tions with ontogenetic movement, in which specific
life history stages can be protected (e.g., reservescan
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be placed to protect spawning and rearing areas,
Apostolaki et al. 2002). Other examples involve dif-
ferencesinlarval productivity and substantial along-
shore advection. When there are areas with excess
larval production, and other areaswith populations at
less than the benthic carrying capacity, then reserves
can provide greater yield than can any scheme with
the same fishing effort at all locations. Morgan and
Botsford (2001) showed that increasing protection of
asingle source popul ation coupled to three sink popu-
lations could increaseyield by an amount greater than
that possible through conventional fishery manage-
ment of all four populations. However, that advan-
tage was not possible unless the source was known.
Gaineset al. (2003) showed another exampleinwhich
populations in the middle of a bounded areaaong a
coastlinewith reversing currents could produce greater
yield with reserves than with conventional fishing
throughout. In the cases of these exceptions to the
rough equival ence between conventional management
and management by reserves, yield could increaseeven
when the fishery has not diminished recruitment.

Consideration of Both
Sustainability and Yield

We know of only one general analysis that included
aspects of both sustainability and yield. A compari-
son of the spatial configuration likely to be best for
conservation with that best for yield indicated that for
conservation one could use a small number of large
reserves of asize that would allow persistence of the
longest-distance disperser one desired to protect
(Hastings and Botsford 2003). This was contrasted
with the best configuration for yield, which was that
configuration that sustained the population but also
supplied the greatest export of larvaefrom reserves, a
system of many reserves as small as practicable. For
sustai nability, this system needed to cover a certain
fraction of the coastline, the minimum FLEP required
for sustainability of thefished species, as noted above
(Botsford et al. 2001). Thisanalysisassumed the cost
of areserve for conservation was proportiona to the
shoreline placed in reserve and did not include the
cost of fishery yield lost dueto displaced effort. While
that analysis provides valuable insight into the ben-
efits supplied by different spatial considerations, itis
now clear that cost of foregoneyield is asignificant
issueinreal policy decisions.

To demonstratethe spatial distributionsof recruit-
ment, catch, and biomass, and how they provide for

sustainability and yield, we present here the results of
simulationsof asystem of marinereservesaong acoast-
lineat different levelsof fishing. Themodel consistsof
100 size-structured popul ationswith individual sgrow-
ing according to von Bertalanffy growth with a trun-
cated Gaussian distribution of valuesof L asin Smith
et a. (1998) and Morgan et a. (2000; see Table 1 for
parameter values). Density-dependent recruitment is
represented as the Beverton-Holt type, with the dope
(a,, inTable 1) set so that collapse occurswhen LEPis
35% of thenatural, unfished value. Reservesareequally
spaced at four locations, and each coverseither 2, 5, or
10 populations, so that 8%, 20%, or 40%, respectively,
of the coastlineiscovered. Wefocus here on the conse-
quences of larval dispersal distance, so adultsare con-
sidered to be sedentary. Larva dispersal distance var-
iesfrom 0 to 25 spatia units (each of the 100 popula-
tionsis considered to occupy 1 spatial unit, s.u.). The
model “wraps’ dispersal at the boundariesto the other
boundaries, so that thereareno effects of speciesbound-
ariesdueto achangein suitability of benthic habitat or
specific circulation features (Gaylord and Gaines 2000;
Lockwood et a. 2004).

The changesin recruitment, yield, biomass, and
LEP with fishing mortality rate for a single popula-
tion without reserves are shown in Figure 2. Biomass
and recruitment decline monotonically, while catch
increases, then decreases. All are zero at the point
where FLEP is 0.35, which occurs at approximately
F = 0.1l/year.

Table 1. Parameter values for population model. s.u.
= gpatia unit.

Parameter Symbol Value
Growth
Maximum size L, 118 mm
Standard deviation of o, 10 mm
maximum size
Reproduction
Size of first reproduction | 60 mm
Fecundity versus weight
Coefficient a 5.47 x 10°
Exponent b 345
Mortality
Natural mortality M 0.08/year
Fishing mortality F (0.05 - 0.2)/year
Size limit L, 60 mm
Reservesize 0-10 s.u.
Number of reserves 4
Dispersal
Dispersal distance 1-20 s.u.
Recruitment
Beverton-Holt slope a, 0.00662
Beverton-Holt capacity Can 12,000,000
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Figure 2. Performance of a single population of the model, used here without reserves,
versus fishing mortality rate. Parameter values are set so that as fishing increases, recruit-
ment, biomass, and catch go to zero near where FLEP drops below 0.35. This occurs at a
fishing mortality rate of 0.11/year. All variables are given as a fraction of their maximum
values, which are recruitment = 2.35 x 10° individuals, biomass = 7.25 x 10%2, and catch

=133 x 10",

Theresponse of catch toincreasing fishing mor-
tality rate changesasreserve areaisincreased (assug-
gested by the yield results above), but that response
dependscritically on dispersal distance (as suggested
by persistenceresults; Figure 3). For thismodel, peak
catch generally declines as more reserves are added,
but the nature of that dependence changes with dis-
persal distance. The plot of catch with no reservesis,
of course, the same as Figure 2, independent of dis-
persal distance. Having just 8% of the coastline in
reserves (reserves of width 2 s.u.) is enough to pro-
vide persistence, and some catch, for low-distance dis-
persers. However, any response for species dispers-
ing 10 s.u. requiresat least 20% in reserves (reserves
of width 5 s.u.), which provides persistence and higher
catch out to afishing rate of 0.2/year. Persistence of
individualsdispersing long distancesrequires40%in
reserves. Note, however, that asthefractionin reserves
increases, catch at lower dispersal distances always
remains low.

These characteristics follow from the spatial
distribution of catch as dispersal distance varies

(Figure 4). Catch is the highest of any location or
dispersal distance at low dispersal distance just out-
sidethereserves. However, for these short-distance
dispersers it quickly drops to very low values as
distance from the reserve increases. For dispersal
distances greater than 10 s.u., on the other hand,
catch between reserves varies little with space and
dispersal distance. At afishing mortality rate of 0.1/
year, popul ations of long-distance dispersers would
be sustained at high catch with 20% in reserves, as
indicated by Figure 3, but for a fishing mortality
rate of 0.2/year, catch would be much lower at high
dispersal rates.

The spatial distribution of catch islargely deter-
mined by the spatial distribution of recruitment (Fig-
ure 5). Recruitment is highest for species dispersing
short distances but extends only a short distance out-
side reserves. Recruitment inside reservesis less for
long-distance dispersers, but it is evenly distributed
over space between reserves. Notefrom theright hand
sideof Figure5 that recruitment levelsinside reserves
decline faster at afishing rate of 0.2/year than at 0.1/



SUSTAINABILITY AND Y IELD IN MARINE RESERVE PoLicy

Catch

25 up Sz
R — ;
Dispersg) Dlstanc, B o 0.2 g‘-ﬁﬂ"m

Figure 3. Yield for the meta-population of 100 size-structured populations linked by
Laplacian dispersal with various mean dispersal distances as fishing mortality rate
increases. The four surfaces indicate yield for no reserves (gray) and four equally
spaced reserves of size 2 gpatia units (s.u.) (8% in reserves; red), 5 s.u. (20% in re-
sarves; green), and 10 s.u. (40% in reserves; blue).
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Figure 4. The spatid distribution of catch for the model in Figure 3, at different mean dispersal dis-
tance, and two fishing mortality rates, F = 0.1 (top mesh surface) and F = 0.2 (lower solid surface).
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Figure 5. The spatial distribution of recruitment for the model in Figure 3, at different mean dispersal
distance, and two fishing mortality rates, F = 0.1 (top mesh surface) and F = 0.2 (lower solid surface).

year. Thisfollowsfrom reduced connectivity, asfish-
ing reduces populationsto lower values.

The spatia distribution of biomass at each dis-
persal distance depends on the distributions of recruit-
ment and fishing (Figure 6). Note that for this spatial
configuration of reserves, the distribution of biomass
over spaceis uniform for dispersal rates greater than
10s.u. For lower dispersal rates, biomass declinesrap-
idly, with distance from reserves reflecting the effect
of gpatial variability in recruitment. Differences be-
tween spatial distributions of biomass with fishing
appear to follow the differencesin recruitment.

Discussion

The primary message to decision makers from these
resultsisthat the spatial configuration of reservesand
the spatial scale of dispersal of different speciesmake
adifferencein the advisability and efficacy of marine
reserves. Choosing reserve size and location solely
because they contain the species, habitats, and eco-
systems we want to protect will not guarantee their
protection. Rather, we must set the spatial configura-
tion to sustain the species we want to protect. The

design of the spatial configuration of the reserveswill
depend on the spatial scale of dispersal and the mini-
mum value of FLEP required for that species.

A second message to policy makersinvolved in
implementing marinereservesregardsthe potential loss
infishery yield, adominant issue in formulating ma-
rine reserve policy. There need to be better attempts
to assess the change in yield; pointing out that there
will be greater egg production in reserves and that
there may be spillover is not an adequate answer for
decision making. The effects of reserves on yield of
fished species will depend on how much FLEP has
been reduced by fishing. Thisis consistent with the
rough equivalence between theyiel d possible through
reservesand conventiona management. Inthe absence
of detailed information on larval transport and benthic
productivity, thisequivalenceisavaluable benchmark
indicator of the effects of reserves on yield. It pro-
vides alink between the reserve option and conven-
tional management options. If reducing effort in the
fishery is an option, its effect on yield is, to a first
approximation, the same asimplementing reserves.

A third point for decision makers is the answer
to the question of whether reserves are less suscep-
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Figure 6. The spatia distribution of biomass for the model in Figure 3, a different mean dispersa dis-
tance, and two fishing mortality rates, F = 0.1 (top mesh surface) and F = 0.2 (lower solid surface).

tible to uncertainty than conventional fishery man-
agement. Reserves have been shown to be less af-
fected by certain kinds of uncertainty (Lauck et al.
1998), and they can allow populationsto persist and
produce high yields even as uncertain fishing mor-
tality rate increases to values that would cause col-
lapse if there were no reserves (Figure 3; Quinn et
al. 1993; Botsford et al. 2003). However, the above
dependencies of sustainability and yield on the vir-
tually unknown dispersal patterns and the uncertain
value of FLEP suggest there is considerable uncer-
tainty in projecting the effects of reserves. The best
current, practical answer to the question isthat man-
aging afishery by reserves instead of through con-
ventional management decreases dependence on
some kinds of uncertainty but increases dependence
on others and does not change our dependence on a
third kind of uncertainty. Susceptibility to uncertainty
in dispersal distancesisanew source of uncertainty
incurred in spatial management. Uncertainty in the
value of FLEP required for persistence is a domi-
nant source of uncertainty in conventional fishery
management, and it has the same effect in manage-
ment by reserves. The other dominant source of un-

certainty in conventional fishery management, un-
certainty in the effects of fishing regulations on the
population, isalleviated in management by reserves.

A fourth messageto policy makersisto beaware
of the difference between conditionsfor sustainability
(population persistence) and conditionsfor yield. This
is due to the fact that persistence, by definition, re-
quiresonly asmall part of the population to be extant
at asinglelocation, while catch depends on the abun-
danceof the population over all space outsidereserves.
The consequence of this differenceisthat resultsre-
garding the effects of reserves on persistence cannot
be used to infer the effects of reserves on catch and
vice versa. An example of the differencesis the fact
that persistence and yield depend on dispersal distance
indifferent ways, persistenceisgreater at shorter dis-
persal distances, but greater catchispossibleat longer
dispersal distances (Figure 3).

The above discussion of various dependencies
on uncertainty raisesthe question of whether weknow
enough about dispersal and the required FLEP to be-
gin to make use of each of them in the design of re-
serves. Asnoted in the Introduction, thereisan aware-
ness of theimportance of knowing the minimum value
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of FLEP required for persistence, which stems from
its role in conventiona fishery management. While
much remains to be learned regarding the way in
which this parameter might vary with species, habitat
(e.g., whether it is higher in an upwelling zone), and
climate, researchisongoing (Myerset a. 1999, 2002;
Ralston 2002).

While knowledge of the physical and biological
factorsthat determine dispersal patternsisaccumulat-
ing rapidly, our specific, usable knowledge of how
species vary is probably limited to knowing the spa-
tial scale of dispersal. Evenwith that simplification, it
may bemost prudent to limit our classification to short-
distance and long-distance dispersers. In that regard,
for the model used here, there seems to be a differ-
ence in behavior between species dispersing greater
than 10 s.u. and those dispersing lessthan 10 s.u. The
effects of reserve design on short-distance dispersers
could be evaluated by considering single reserves,
whilethe effects on long-distance dispersers could be
evaluated using the network of reserves and the frac-
tion of the coastline covered. Much attention has been
drawn recently to the fact that dispersal distancesare
much shorter for many species than we usually have
thought them to be (Warner et al. 2002). Theimplica-
tion of that observation for reservesiscommonly taken
to be that reserveswill work more often than not and
that our uncertainty in dispersal distanceisnot acon-
cern. The results here are a reminder that while re-
serveswill “work,” they will sustain those specieswith
short dispersal distances, which provideslessyieldto
fisheriesthan speciesdispersing longer distances.

Since the results here were obtained primarily
from modeling, a natural question is how they com-
pare with empirical observations. These models as-
sume an increase in biomass and mean age inside
marine reserves, an effect that is consistent with em-
pirical observations (e.g., Halpern and Warner 2002;
Halpern 2003). Recent further probing into the avail-
able empirical data has shown that, as a category, ex-
ploited species increased in abundance in reserves,
while unexploited species did not (Michdli et a., in
press), consistent with the expectations outlined here.
There are fewer systematic observations of effects
outsidereserves, such asincreasesinyield (e.g., Rob-
erts et a. 2001), and even those rarely include the
obviousdependent variablesidentified here. Reserves
areoften cited ashavingincreased yield, but noinfor-
mation is presented on the level of fishing prior to
reserve implementation. Since the most dramatic in-
creases are typically cited, this often leads to confu-
sion among the public, and among policy makers, by
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giving them the impression that all reserves will in-
creasefishery yield.

Further confusion regarding these somewhat
complex issues occurs because of alack of differen-
tiation between scientific advice and advocacy of
conservation. Most biologists have a conservation
bias, and many advocate conservation of marine re-
sources. However, marine scientists have a respon-
sibility to identify advice given to policy makers as
to whether it is science or advocacy. While there is
probably wide agreement with this point, maintain-
ing alevel playing field when comparing reservesto
conventional management is not always easy. For
example, comparisons that assume a complex
source—sink structure can show that reserves outper-
form conventional management, but to take advan-
tage of that capability we would need to know the
specific structure (i.e., the dispersal patterns, which
are currently, typically unknown) (Morgan and
Botsford 2002). We need to differentiate between
the ultimate potential of marine reserves and their
current potential given existing knowledge.

In summary, marinereserves present avaluable
new tool in the conservation of marine ecosystems
and the management of fisheries. We have a good
start on devel oping an understanding of their effects
and the techniques for analyzing their efficacy and
relating it to conventional management. We need to
begin to integrate the understanding and techniques
into marine policy making if we are going to make
achievabl e projections regarding the promise of ma-
rinereserves.
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