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Abstract

Marine reserves hold promise for maintaining biodiversity and sustainable fishery
management, but studies supporting them have not addressed a crucial aspect of
sustainability: the reduction in viability of populations with planktonic larvae
dispersing along a coastal habitat with noncontiguous marine reserves. We show how
sustainability depends on the fraction of natural larval settlement (FNLS) remaining
after reserves are implemented, which in turn depends on reserve configuration and
larval dispersal distance. Sustainability requires FNLS to be greater than an empir-
ically determined minimum. Maintaining an adequate value for all species requires
either a large, unlikely fraction (> 35%) of coastline in reserves, or reserves that are
larger than the mean larval dispersal distance of the target species. FNLS is greater for
species dispersing shorter distances, which implies reserves can lead to: (1) changes in
community composition and (2) genetic selection for shorter dispersal distance.
Dependence of sustainability on dispersal distance is a new source of uncertainty.
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INTRODUCTION

Calls for greater use of marine reserves note improved
protection of marine biodiversity and more sustainable
management of fisheries as the potential benefits (e.g.
Murray et al. 1999). Most analyses of the benefits have
been in a fisheries context, and they have argued that: (1)
marine reserves can increase catch (Quinn et al. 1994;
Attwood & Bennett 1995; Holland & Brazee 1996; Sladek
Nowlis & Roberts 1999) and (2) marine reserves reduce
uncertainty in fisheries management (Clark 1996; Lauck ez
al. 1998; Mangel 2000a; Mangel 2000b). The latter is as
important as the former since uncertainty in future
projections of potential deleterious effects of fishing or
other uses of the sea is a key factor leading to over-
exploitation (Ludwig er al 1993; Botsford er al. 1997).
Most of these assessments of marine reserves have
depicted the larval stage as a common larval pool, with
larvae evenly redistributed over the population (termed
the LPER assumption, larval pool with even redistribu-
tion; exceptions include Quinn ez @l 1994; Attwood &
Bennett 1995). There have been some efforts to describe
the connectivity between reserves provided by dispersing
Roberts 1997), but no systematic
investigation of how that connectivity affects sustain-

larval stages (e.g.

ability. Thus, the way in which fragmentation of the
juvenile and adult habitat by a system of marine reserves
will affect the persistence of populations with specific
dispersal characteristics remains an unanswered, but
important, question. Design principles for reserves for
terrestrial populations (e.g. Gilpin & Diamond 1980;
Higgs & Usher 1980; Pressey et al. 1993) are not directly
applicable because most marine populations receive larval
propagules through ocean dispersal from hundreds of
kilometres away (Roughgarden er al. 1988; Botsford ez al.
1994; Allison et al. 1998).

Here, we show that the persistence of populations in
marine reserves depends on the fraction of natural larval
settlement (FNLS) remaining after the implementation of
reserves, a quantity that depends on reserve configuration
and larval dispersal distance. We determine conditions on
FNLS for sustainability of populations in marine reserves,
whether they are designed for fishery management or
maintenance of biodiversity. The results provide answers
to questions such as what fraction of coastline is needed
for sustainability and how big reserves should be, and also
identify new concerns, regarding uncertainty, community
species composition and genetic selection, that must be
accounted for in future studies and implementations of
marine reserves.
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METHODS

Models of persistence of fragmented meroplanktonic
populations

We initially consider a population distributed along a
linear coastline of infinite length. We assume that adults
are sedentary, and that density-dependence occurs after
larval dispersal and depends only on the density of the
dispersers metamorphosing to a juvenile stage at that
location. This is appropriate for structure-dwelling
benthic invertebrates (Caddy 1986; Wahle & Steneck
1991) and many reef fishes (Caley et al. 1996), but not for
some soft bottom invertebrates (Olafsson ez al. 1994).

To elucidate general principles, we consider the effects
of dividing the coastline into a number of evenly spaced
reserves of width w and spacing s (Fig. 1a), and initially
ignore larval production outside reserves. Fragmenting
the coast in this way reduces the number of dispersing
larvae reaching any point. We assume the fraction of
dispersers (p) released at point x that successfully travels to
and metamophoses at point y has a Laplacian form,
centred at the origin (Van Kirk & Lewis 1997)

plx,y) =5 (1)

with mean dispersal distance 1/a. This expression is
obviously a simplification of a real dispersal pattern, but it
allows us to assess the effects of dispersal distance. Use of
more complex expressions would be situation-specific and
severely limited by the fact that dispersal paths for all
species except those dispersing less than 100 m are
unknown (Allison er al. 1998).

We take two independent approaches to determining
conditions for a sustainable population, one an ad hoc
approach, and the other based on existing theory for
semelparous populations distributed over space. For the
former, we assume recruitment depends linearly on
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Figure 1 The assumed configurations of marine reserves (R) and
fished (F) areas of width, w, and spacing, s (a) along an infinite
coastline and (b) along a semi-infinite coastline with net larval

advection in the indicated direction.

settlement up to a value of settlement of Dy, beyond
which the habitat is saturated, and recruitment is constant
at a level that produces K potential settlers per year. To
determine the amount of successful settlement required
for persistence, we assume all points receive sufficient
settlement to saturate the habitat, hence produce the
maximum number of larvae possible each year, then solve
for the level of settlement required to accomplish
saturation, and therefore persistence. The lowest settle-
ment in each reserve will occur at the edges because that is
where the maximum amount (one-half) must originate
outside the reserve. We conservatively assess the amount
of dispersal from the total area in reserves along the coast
that successfully settles at the left hand edge of a reserve in
Fig. 1(a). To do this we first integrate the larval
contribution, Eq. (1), from all reserves to the right of
that point, numbering reserves (#) from zero,

ks+w
o0 o0
k E a J e ®dx = K(1 — ™) E ek
k=0 k=0
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Integrating the contribution from all reserves to the left,
numbering reserves from 1, gives

ks
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The sum of half of each of these is total settlement, which
must be greater than the level that saturates the
postsettlement habitat for persistence to occur,

1 1 — g 1 — ¢~ %) g~ Dgﬂ
(- + A -e)e™])  Du

2 1—e K

(4)

The approach from existing theory is based on analyses
by Van Kirk & Lewis (1997). Their eq. (52) describes the
dynamics of nonlinear, semelparous populations distrib-
uted over heterogeneous habitat. Their key step is
approximating the population by its spatial average of
abundance, in their description of density-dependence.
For an infinite number of patches, their expression for
population dynamics becomes the limit

> f s (x)dx
kQ
Vo

Nappr = f (Nappr) (5)
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as Vo— 00, where 5i(x) is the number of larvae arriving at
x from reserve k, f{N) is the number of recruits at adult
density N, and Vg is in this case the length of the
coastline, making the quantity in brackets the sum over all
reserves of the larvae arriving in a reserve. Equation (5)
implies that the term in brackets be greater than 1/£(0) for
persistence, where f(0) is the number of recruits per
spawner at low abundance. To obtain the term in
brackets, we first write for the number of larvae arriving
from all reserves outside the destination,

s#(x) =3
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The term in brackets in Eq. (5) is then the integral over all
outside sources,
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plus the contribution of the same reserve,
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from Eq. (7) in Van Kirk & Lewis (1997), which results in
aw _ 1)(] — ¢ W) ™% 1 — g 1
(== ®)e®] [, 1=
wa(l — e ) aw £'(0),
(8)

The right hand sides of Eqs (4) and (8) are essentially the
same quantity, the inverse of the number of larvae

produced per settler in their lifetime, at low density (i.e.
the slope at the origin of the settler/recruit relationship).
Survival through the larval phase, the number of settlers
per larvae, is the left hand side of each, which must be
greater than (or equal to) this quantity for persistence. In
Eq. (8), since recruitment and spawners are written in the
same units, sustainability requires f(0) > 1, so 1/f(0) is the
fraction of natural reproduction required for a sustainable
population. Similarly, in Eq. (4), K] Dy, is the slope of the
relationship between larvae produced and settlement.

To assess the effects of various assumptions, such as a
lack of net alongshore advection of larvae, less fishing
between reserves, and different assumed requirements for
sustainability, we also derived an expression for a semi-
infinite coastline. A semi-infinite coastline (Fig. 1b)
represents a faunal break due to lack of postsettlement
habitat, the situation in which the effects of alongshore

©2001 Blackwell Science Ltd/CNRS

advection are most detrimental. Expression (4) becomes
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where Lp is the fraction of unfished lifetime larval
production in the fished parts of the population, and &
is the distance the dispersal pattern is shifted (this simple
expression holds only for small values of d, 6 < w). The
first two terms in Eq. (9) reflect the contributions from
reserves and fished areas, respectively, on a semi-infinite
coastline. The first term is the same as the first term
above, and the second is the same as the second term
above with s-w substituted for w. The third term is the
consequence of substituting a new expression for the
diminished settlement in the leftmost reserve (1*67@#6)@
for the original term (1—e~ “).

The two independent approaches [Eqs (4) and (8)] lead to
similar requirements for persistence of the population — that
the fraction of natural postlarval recruitment remaining
after the institution of reserves must be greater than a
minimum value [D,/K and 1/f{0), respectively]. Because
that fraction accounts for the effect of habitat fragmentation
on successful completion of the larval stage, we refer to it as
the fraction of natural larval settlement (FNLS) of a reserve
configuration. Populations require a certain degree of
connection between generations, i.e. successful reproduc-
tion, for sustainability. In meroplanktonic marine popula-
tions, this connection involves a dispersing larval stage. The
strength of this connection is reduced by allowing only
those larvae that settle in marine reserves to reproduce, and
FNLS reflects the fraction by which this is reduced.

Unfortunately, the minimum value of FNLS required
for sustainability is difficult to determine because the
reproductive dynamics of marine populations at low
abundance are pootly known (Myets er al. 1995).
However, in efforts to diagnose overfishing, fishery
biologists have sought methods for assessing sustain-
ability of fished populations with limited data (Sissenwine
& Shepherd 1987; Clark 1991; Mace & Sissenwine 1993;
Mace 1994). The condition for persistence is essentially
that the slope of the stock—recruitment curve at the origin
(i.e. recruits per larva produced) must be greater than the
inverse of the number of larvae produced in the lifetime of
a recruit (Sissenwine & Shepherd 1987). The resulting
minimum lifetime larval production, expressed as the
fraction of unfished lifetime reproduction, is the minimum
lifetime recruit production required for sustainability of a
population, whether natural production has been reduced
by removal of larvae-producing individuals, or postlarval
habitat. The estimated value of that quantity varies among
fished species between 20 and 70%. Fishery managers
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generally try to maintain a value of 35%, though there
have been suggestions that a higher value may be
necessary. For illustrative purposes, we used the value
of 0.35 here.

RESULTS

Plots of FNLS [Eqs (4) and (8)] readily allow identifica-
tion of the conditions under which a system of reserves
will maintain a value greater than the required minimum
of 0.35 (Fig. 2). First note that the two approaches, Eqs
(4) and (8), give similar results (Fig. 2), except that Eq. (8)
is more optimistic because it averages settlement over
reserves instead of using settlement at the edge of a
reserve. For long distance dispersers or small reserves,
FNLS increases linearly with the fraction of coastline in
reserves, indicating a large fraction of the coastline (equal
to the fraction of unfished, lifetime reproduction required)
must be in reserves. However, smaller fractions of
coastline, which are more likely to be set aside, will
sustain populations if the individual reserves are made
large enough relative to mean dispersal distance. The
option of making reserves large relative to dispersal
distance, is obviously easier to accomplish for shorter
distance dispersers.

Because marine reserves provide a greater FNLS, hence
greater reproduction for species with shorter dispersal
distances, they can (1) affect the species composition of
marine communities composed of species dispersing
different distances and (2) lead to genetic selection for
shorter dispersal distances. We can compare the relative
reproductive benefit of reserves to species with different
dispersal distances by plotting FNLS [LHS of Eq. (4)] in a
different way (Fig. 3). Reserves of a specified width
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provide adequate lifetime reproduction (0.35) for all
species with mean dispersal distances less than approxi-
mately one reserve width. This result depends on our
using Laplacian dispersal, but it is probably robust since
this dispersal function has relatively thick tails (i.e. thinner
tails would mean returns would diminish more rapidly).
Furthermore, comparison of the value of FNLS due to a
system of reserves to that of single reserves indicates
single reserves provide most of the protection. The other
reserves contribute FNLS for longer distance dispersers.
The difference between contributions to FNLS by a single
reserve and a network of reserves is greater as the fraction
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Figure 3 Fraction of natural larval settlement (FNLS) for species
with various mean dispersal distances with 20% of the coastline
in reserves, and reserve widths ranging from 25 km to 275 km
(solid lines) [Eq. (4)]. Also shown is the connectivity that would
result from a single reserve rather than a system of reserves
(dotted lines).

Figure 2 Fraction of natural larval settlement
(FNLS) for various fractions of coastline in
reserves and widths of reserves (in units of
average dispersal distance, 1/4), expressed as a
fraction of natural settlement (without re-
serves or fishing) computed from results in
Van Kirk & Lewis (1997) (top surface) and an
ad hoc approach (second surface), compared to
the minimum value required for population
persistence (0.35) determined from a number
of fish species (lower, constant plane). Sus-
tainable populations are possible where the
curved surface exceeds the plane.
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in reserves increases (i.e. in Fig. 3, the solid lines
indicating effects of a network all are greater than, and
converge to the fraction of coastline in reserves, which in
this case is 0.20). The effects on community composition,
food web dynamics and selection for shorter distance
dispersal of the differential reproductive advantage,
conferred by reserves on species dispersing different
distances, could be substantial, but are unknown.

Sustainability of populations in reserves is sensitive to
poortly known aspects of reproduction and dispersal; hence,
actual spatial requirements may be greater than computed
thus far. We examine sensitivity to each of these
individually. If populations actually require a minimum
fraction of lifetime reproduction lower or higher in the
range of 20-70%, reserve requirements will differ sub-
stantially (Fig. 4a). The suitability of coastal habitat varies
and alongshore advection is common. Whether larvae are
transported long distances or retained locally is currently a
topic of great interest (Jones ez al. 1999; Swearer et al. 1999;
Cowen et al. 2000) and alongshore advection can have
dramatic effects on population persistence in heteroge-
neous habitats (Gaylord & Gaines 2000). A small amount
of net larval advection near a faunal boundary (Fig. 1b)
dramatically increases the fraction in reserves and reserve
width required for persistence (Fig. 4b). On the other hand,
while these two sources of uncertainty lead to higher
demands on reserve configuration than our initial calcula-
tions, accounting for egg production from the fished areas
outside the reserves leads to lower demands. A nonzero
contribution of propagules from fished areas reduces the
fraction of coastline and the width of reserves requitred for a
sustainable population (Fig. 4c).

DISCUSSION

Although there clearly are advantages to placing some
coastal area in reserves, rather than allowing it to be
ovetfished or detrimentally impacted in other ways, the
results presented here identify new problems that need to
be addressed. Implementation of a marine reserve or a
system of reserves will still have a positive effect on
sustainability under current conditions. However, it may
result in less increase in abundance than would otherwise
be anticipated, and that increase will be greater in shorter
distance dispersers. The real problem raised by the results
obtained here will arise if reserves are depended on in the
future to sustain a species, and fishing or other uses are
allowed to increase outside the reserve, based on that
dependence. If the effects outlined here are not accounted
for, reserves may not sustain all species found in the
reserve, as is currently expected.

Our results highlight a general characteristic of marine
metapopulations that is crucial to sustainability, the extent

©2001 Blackwell Science Ltd/CNRS
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Figure 4 Sensitivity of reserve requirements to required fraction
of lifetime reproduction, alongshore advection and reduced
fishing outside reserves. For the case with a coastal boundary
[Fig. 1b, Eq. (4)]. (a) Configurations required using minimal
fractions of lifetime spawning other (dashed lines) than 0.35
(solid line). (b) Requirements using 0.35 as the fraction
spawning, in the presence of various alongshore advection
distances (in units of mean dispersal distance; dashed lines). (c)
Requirement s using 0.35 as the fraction spawning, when fished
areas contribute various nonzero fractions of lifetime spawning.

to which a population provides enough successful
reproduction to sustain itself. Here we focus on the
reduction in this quantity due to fragmentation of the
coast in marine reserves, the FNLS, but we take
advantage of the fact that it is essentially the same as the
reduction in egg production per recruit by fisheries.
Fisheries reduce sustainability by removing individuals
before they can reproduce, as reflected in the fraction of
unfished reproduction per recruit (Sissenwine & Shep-
herd 1987; Clark 1991; Mace & Sissenwine 1993), while
marine reserves increase sustainability by protecting areas
from the effects of fishing and other processes affecting
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reproduction or survival, so that settlers can develop and
reproduce. With regard to FNLS, a key feature is the way
in which it is provided by varying amounts of
connectivity between reserves and settlement within the
same reserve, depending on the reserve configuration (e.g.
Figure 3).

Although marine reserves reduce the effects of
uncertainty in estimating abundance and the effects of
fishing or other activities on populations (Clark 1996;
Lauck et al. 1998; Mangel 2000a), they also introduce
dependence on a new uncertainty, unknown larval
dispersal distances. Both marine reserves and classical
fishery management are susceptible to uncertainty in the
fraction of natural reproduction required for sustainabil-
ity. The sensitivity analyses above, and elsewhere (e.g.
Gaylord & Gaines 2000), indicate that the effectiveness of
marine reserves will depend critically on characteristics of
the larval dispersal pattern, especially alongshore advec-
tion. The sensitivity of marine metapopulation behaviour
to dispersal characteristics (Botsford et al. 1994, 1998;
Gaylord & Gaines 2000) implies dispersal models should
be as realistic as possible (cf. Travis & French 2000),
however, given the unknown nature of dispersal, the
simple model used here is a good choice in that it allows
assessment of dispersal distance, without depending
critically on details of the dispersal pattern.

Previous assessments of the effectiveness of marine
reserves focused on the effects of protecting area without
accounting for reserve configurations or dispersal patterns
as described here. Most studies (i.e. Holland & Brazee
1996; Hastings & Botsford 1998; Lauck er al 1998;
Mangel 1998, 2000a; Mangel 2000b) assumed larvae were
completely mixed in a larval pool covering the entire
coastline, from which larvae settled in proportion to the
fraction of area in reserves (i.e. the LPER assumption).
Results with this larval pool, equal redistribution (LPER)
assumption would correspond to the axes in Figs 2 and 4,
at which dispersal distance is infinite or reserve width is
zero. To be assured of sustainability, the reserve
configurations would have to involve many small
reserves. These studies conclude that rather large fractions
of the coastline be placed in reserves, and other
independent proposals also call for fractions with a low
probability of being implemented (e.g. 20%; Schmidt
1997). As we begin setting areas aside for marine reserves,
in most situations we will have the advantage indicated in
Fig. 4(c), that areas outside reserves will contribute to
reproduction within reserves. However, there is still the
danger that small, isolated reserves, by themselves may
not protect long distance dispersers (Figs 2,3). Main-
tenance of natural communities (i.e. protection of all
species) is often a promised result of marine reserves, but
with the reserves areas likely to be implemented in the

near future, that may not be achieved unless fishing and
all other deleterious effects outside reserves are limited
(Fig. 4c).

Previous analyses also did not reveal the variability in
degree of sustainability with species, which depends on
dispersal distance and the fraction of natural reproduction
required for persistence. The use of reserves is often
proposed to be better than classical fishery management
because they are free of the genetic selection for younger
maturity that can occur in size selective fisheries. However,
as seen here, reserves can apply selective pressure for
another life history trait, shorter dispersal distance. Also,
from a biodiversity perspective, reserves are often de-
scribed as a way to preserve natural communities. If species
in a relatively small reserve have different dispersal
distances, the species composition may not end up being
natural because the reserve will provide a greater
reproductive advantage to shorter distance dispersers.

Clearly, marine reserves will be more successful if we
account for these additional factors in their design,
monitoring and assessment. Most studies of the effects
of marine reserves that we know of have not focused on
species differences (But see McClanahan 2000). Institution
of such monitoring,
nature of larval dispersal patterns will lead to more

along with ongoing research on the

realistic expectations and better reserve designs in the
future. In the long run, marine reserves are more likely to
be perceived as being successful, and therefore to be more
widely used, if accompanied by realistic expectations of
how various configurations will function.
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