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of proyiding baseline data sets, protecting the stock, maximizing yield to the fishery,
combination of these, Regardless of the measure of cffectiveness of a reserve,
application requires the development of techniques for settding operational

g population growth and harvest, is used to explore how the fraction of
habiragassigned ro a reserve affects the sustainability of a take and to frame the trade-
off berjreen control of harvest ourside of the reserve and the size of the reserve. This
explordtion also lezds to the discovery of a robust conservation invariant for reserves.
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INTRODUCTION

No-take areas (refuges, reserves) are incrpasing in visibiliry
as ¢onscrvation and management tools (c.g. Carr & Reed
1993; Gubbary 1995; Shackel] & Willisdn 1995; Bohnsack
& Ault 1996). Sound scientific advice to those involved
with legislation and decision-making concerning reserves
must include information on the size of the reserve and
often must be provided in the face| of considerable
bialogical and operational uncertinty.|In such eircum-
stances, a tool for policy analysis shopld be robust to
alternative assumprions. Consistent with a precautionary
approach (Bodansky 1991; Costanza Cornwell 1992;
Dovers & Handmer 1995), a conservhtive estimarc of
reserve size is most likely to be appfopriate. Finally,
because recent legislation in the US focudes on the sustain-
abilicy of fisheries (104ch Congress of the United Stares of
America 1996), it is important to know §f rcserves or no-
take areas can improve the prospects for sustainability,

MATERIALS. METHODS, AND RESULTS

Envision a population that grows accdrding to logistic
stock dymnamics, T

N(s+1) = N(s) + nN(z) [1 _$] (1)

where N(¢) is the size of the population sk the starr of year
1, befare either take or reproduction, ris 1;1: maximum per
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capica reproductive rate, and K'is the carrying capacity of
the habitat. The choice of growth dynamics in cqn 1 is not
crucial for the development that follows, but allows somc
analytical simplification. Leogistic dynamics or their
generalization fit a wide varicty of species, from barnacies
(Roughgarden et 2/ 1994) ro whales (Clark 1985), and do
so because of the logical simplicity: when population sizc
Is small [so that N(r)/K << 1] the popularion grows
proportional to irs size; when the population is larger
growth slows. Although eqn 1 is based on the assumption
of a closed population, this is noc crucial for the analysis
thar follows. .

Creating a no-take reserve means thar somc fracdon A
of the habitar is set aside and that harvest does not occur
in the reserve. 1n the remaining parct of the habitar, harvest
(take) occurs and a2 fracrion x of the population therc is
removed. In most harvesting operations, the precisc value
of the harvest fraction is not known; the sources of this
uncertainty include lack of conrtrollability of effort, natural
fluctuarions, incidental mortality, zand/or illegal take
(Milncr-Gulland & Leader-Williams 1992; Leader-Wil-
liams & Milner-Gulland 1993; Mangel 1993; Alverson et
al 1994; Gillis er @/ 1995a, b; Hart 1997). Regardless of the
source of uncertainry, one can assumc that the rake can be
bounded by a maximum valuc u,,,, which in the extreme
case could be as large as 1 (Nowliss & Roberts 1998). A
specific altermatrive in which the harvest fraction is
targered buc varies stochastically is considered by Lauck
et al (1998); cheir results could be combined with the
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approach described here. By working with the maximum
valuc of take, onc implicitly accepts that some kinds of
harvest morrality, such as incidenral by-xatch and discard,

will never recally be known (Gillis

et al 1995a, b;

Gundcrson 1997), and thar effecrive management should

nort only recognize this lack of cerminry

part of the planning (Mangel ¢er al 1994).

bur embrace it as

If reproduction follows rake, the population size after

take, bur before reproduction is AN|

£) + (-A)1-

WN(t) = (1—# + Aw)N(r). Conscquchitly, in a year in
which the take is &, thc population dyﬁzmics are

N(E+4+1)=(1—u+ Au)N(r) + (1 —|u+ Au)N(z)x

5 [1 (= u+KAu)N(:)]

(2)

The steady srate population size, fbund by sctting

Mg = Mz + 1) = Muw), is given by
x(1 — A)
TR — ke + Ax)

N(“)=l—ux+/!u[

and the stcady srate yield is Y(u) = u(]
Since w» is bounded by %gn,., the

] 3)

— AYN(u).

ninimum reserve

fraction needed 1o ensure sustainability pf the population
at a fraction fof che carrying capacity is }h: valuc of A that
T

makes I_V(ll)/K=f when %= #max.
larger of 0 or

Al =1+

his value is the

147 — 2o — /(1 4 r = 2) —4F (F — 1)

4

z’ﬁ‘m-x

When f= 0, eqn 4 simplifies and givies the minimum

valuc of the reserve fraction to cnsure th
persists ’

"m..:("+1) -7

4(0) = s (7 + 1)

If tpax < 7{(r + 1) then the mini
required ro guarantéc persistence is 0
grearer than 0 (Pig. 1).

The steady population level given by
statc yicld ¥= 2, (1-A)N involves th
pararaeters J = 14,,,(1 —A4). This combinj
take invariant, in the sensc chat similar re
regardless of the individual values of u]
as [ is constmnt. Invarianes have a
conrribution to fishery science (Beverto)
1993; Mangel 1996), 30 it is nor compl

at the population

(5)

um reserve size
otherwise it is

¢qn 3 and sready
e combination of
ltion is thus a2 no-
fules are obrained
L« and A, as long
long and rich
h 1992; Charnov
ctely remarkable

that another onc arises here. Iy terms of Whis invariante, the

steady statc population size is
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Figure 1 Reserve fraction, predicted by eqn 4, for populations in
which maximum per capita growch rate is 0.1, 1.0, or 2.0 and
fF=06.

mu) =2 [1 - ﬁ] (6)

The maximum value of [ consistent with susrainabiliry
of the stock at a fraction fof carrying capacity is

LN =

—(+r=20) + /(L +7 =24 —42F(F 1)
2f

(7)

Because the steady state yield is

K 7
Y =180 =755 [1- L] ®
it is possible ro find rhe value of the invariant thac
maximizes yicld, for each value of 7 consistent with the
population being sustained at 2 level fKX (Fig. 2). This
figure demonstrates that commercial fisheries and srock
conservation may bc able to operate positively togecher.
That is, if per capita growth ratc is sufficiently high, the
optimal level of yicld for stock protecrion occurs at a
rescrve size thart is larger than thae for stock persistence at
a specificd fraction of carrying capaciry.

DISCUSSION

No-take arcas have been proposed for ground fish, reef
fish, mollusks, crustaceans, and echinoderms (Bohnsack
1992; Dugan & Davis 1993; Auster & Shackell 1997), buc
design considerations for marine reserves arc still devel-
oping. Although some ideas from verrestrial reserve
design may be helpful in the determination of marine
rescrves, the primary concern 1o fishery management is
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Figure 2 Maximum and optimal values| of the invariant
I = ugu(1—A) 35 3 function of maximum|per capia growth
rat¢ when f = 0.6. The maximum value of the invariant is the
value thar ensures thar the population level |is fK The optimal
value is che one that maximizes the yield, given by eqn 8.

determining the level of protecton reqhired to maintain
the fishery (Carr & Reed 1993). To cphhance, preserve,
and smabilize fisheries, reserves musr prpvide production
of rarger species (Dugan & Davis 1993). The resules
presenred here show how reserves can used to achieve
the combined goals of susraining fighery yields and
protecring stocks. They also allow uf to explore the
trade-off between regulation of harvedt ouwide of the
rescrve and reserve size. Although thq size of reserves
required by slowly growing species is l4rge if the rake is
relarively uncontrollable (i.c. uy,,, is |elose to 1), the
theory of reserves developed in this paper allows onc o
make informed choices abour how lirge the reserve
needs to be. The no-take fraction of thejhabitar predicted
in this manncr rhus depends strongly ¢n what happens
in the fishery ourside of the no-take zone as well as the
biological dynamics within the reserve.| The assumprion
of perfect mixing of individuals from thc take and no-
take portions af the habirat at the timq of reproduction
is a simple null modcl for the rransfer function that
connects dispersal rates and interceptigpn rates, recruijt-
ment, and the populadon dynamics ¢f adules. Alter-
natives may change the quandearive detdils of the results,
but arc not likely to change the qudlitative pauerns.
Consistent with a precautionary approath, the predicted
réserve is conscrvarive, because it i$ based on the
assumption that the take will always bd at its maximum
value [alternarives arc considered in Lauck er 2/ (1998)
in which takes fluctuare around a targpred vajue]. The
invariant / = u,.(1—A) is a robust featlarc of the model
and provides a generzl rule of thumb fdr the determina-
ton of thec size of reserves in the fade of uncerminey
about what happens outside of the resckve.
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