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Habitat fragmentation is generally considered to be detrimental to the persistence of natural
populations. In nature management, one therefore tends to prefer few large nature reserves
over many small nature reserves having equal total area. This paper examines whether this
preference is warranted in a metapopulation framework with circular reserves (patches) by
formulating the dependence of metapopulation persistence on the size and number of reserves,
both of which depend on reserve radius if the total area is kept constant. Two measures of
metapopulation persistence are used: R

0
, the number of patches colonized by an occupied

patch during its lifetime as an occupied patch, and ¹
e
, the expected time to extinction. These

two measures are functions of the extinction and colonization rates of the metapopulation.
Several mechanisms for the extinction and colonization processes are formulated from which
the dependence of these rates on reserve radius is calculated. It turns out that ¹

e
generally

increases with reserve radius for all mechanisms, which supports the preference of few large
reserves. However, R

0
supports this preference only in the case of some special, rather

unrealistic, mechanisms. In many other, more realistic, cases an intermediate reserve size exists
for which metapopulation persistence measured by R

0
is optimal.
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Introduction

Habitat fragmentation is generally believed to be
detrimental to the persistence of plant and ani-
mal populations (e.g. Forney & Gilpin, 1989;
Gonzalez et al., 1998). Indeed, there are several
mechanisms by which species may su!er from
habitat fragmentation, such as increased local
extinction risk because of the larger impact of
demographic and environmental stochasticity on
smaller habitat patches; however, there are also
(although fewer) mechanisms by which they may
gain from it, such as recolonization of empty
habitat patches by dispersers from still occupied
patches (for more pros and cons of fragmentation
see Burkey, 1996; Verboom et al., 1993 and the
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disussion). The cumulative e!ect of these oppos-
ing mechanisms should therefore be studied, but
this has scarcely been done. Thus, in nature man-
agement one still faces the question whether or to
what degree fragmentation is harmful. The (main
aspect of this) problem can be restated more
neutrally and more precisely in the following
way: given a "xed amount of area A

tot
for nature

reserves, what reserve size A
res

and hence what
corresponding number N

res
"A

tot
/A

res
of re-

serves of this size are optimal for conservation
purposes, that is, o!er the best chances for the
species to persist? This question is the central
question in this paper where two di!erent
measures of persistence will be used (R

0
and ¹

e
;

see the next section).
As stated, this question is similar to a problem

commonly known as the SLOSS (single large or
( 2000 Academic Press
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several small) problem, but contrary to the
SLOSS problem, it allows intermediate solutions.
To distinguish the question studied in this paper
from the SLOSS problem and yet emphasize
their close relationship, we will refer to the ques-
tion in this paper as the FLOMS (few large or
many small) problem.

This paper di!ers from most of the SLOSS
literature in another respect as well. The SLOSS
debate has been concerned mostly with the
question of which reserve con"guration provides
the largest biodiversity, i.e. species richness (e.g.
Quinn & Harrison, 1988; Baz & Garcia-Boyero,
1996); hence it is essentially a multi-species de-
bate. This paper, however, focuses on single spe-
cies for which the optimal con"guration (size and
number of reserves) needs to be determined.
Stacey et al. (1997) come closer to the question
posed in this paper because they compare few
large populations with many small populations
with the same total number of individuals using
a single-species stochastic simulation model, and
they conclude that if there is some connectivity
an intermediate number of populations is
optimal, that is, gives the longest mean time to
extinction. However, keeping the total number of
individuals constant is essentially di!erent from
"xing the total amount of reserve area.

We study the FLOMS problem here in a meta-
population setting with local extinctions in and
recolonizations of identical circular patches in
a lattice, which seems the most minimal setting in
which the FLOMS problem makes sense. The
aim of this paper is to explore several mecha-
nisms for extinction and colonization in order to
see how they scale with patch radius R, and hence
to examine how patch radius a!ects the persist-
ence of the metapopulation, in Hanski's (1991)
words, to study their &&compensatory e!ects''.

We will discuss the implications and limita-
tions of this approach for nature management at
the end of the paper.

Methods

METAPOPULATION MODEL ASSUMPTIONS AND

MEASURES OF PERSISTENCE

The FLOMS problem can be stated as follows:
is it better for metapopulation persistence to have
a few large (FL) patches or many small (MS)
patches, where the size and number of patches
are such that the total habitable area A

h
is the

same in both cases? Two aspects of this question
deserve scrutiny. The "rst is: how can a fair com-
parison between FL and MS be made? The sec-
ond is: what does &&better for metapopulation
persistence'' mean?

As regards the "rst aspect, in comparing an
MS scenario and an FL scenario the only di!er-
ence between FL and MS should be a di!erence
in scale. This means that the patch con"guration
(i.e. relative patch positions) must be the same in
both cases. However, this does not completely
specify the absolute patch positions. So another
assumption is needed. It seems most natural to
assume then that not only is the total habitatable
area the same for MS and FL, but also that on
the scale of several patches the habitable area
density is the same. Therefore, a su$ciently large
number of patches (for the MS case and the FL
case) is required to meet this criterion.

To facilitate computations, we will make the
following assumptions which will be discussed
later on:

f All patches are identical (in size, shape, quality,
etc.) and they are circular with radius R.

f The patches form a regular lattice with each
patch having n nearest neighbors at equal
center-to-center distance ¸. We will present re-
sults for a hexagonal lattice (n"6; see Fig. 1)
and a square lattice (n"4). For other values of
n some modi"cations of the formulae may be
needed.

Figure 1 shows two scenarios with a hexagonal
lattice of circular patches: one with a few large
patches (lattice distance ¸

FL
, patch radius R

FL
)

and one with many small patches (lattice distance
¸
MS

"1
2
¸
FL

, patch radius R
MS

"1
2
R

FL
), but both

with R/¸"1
4
. In this setting, the scale parameter

which di!ers between the FL and MS cases is the
patch radius R. The FL and MS cases have equal
area density because one can show that the total
habitable area inside the dotted rectangle is given
by (16n/8J3)R2/¸2 in both cases. If one includes
patches at the edges in full, the total habitable
area is not exactly the same for FL and MS.



FIG. 1. The FLOMS-problem for a hexagonal patch con-
"guration: which con"guration is optimal for metapopula-
tion persistence: few large patches (FL) or many small
patches (MS)? Here R

MS
"1

2
R

FL
, but in both cases ¸"4R.

This implies that the amount of patch area within the dotted
rectangle is the same in both cases. The area outside the
dotted rectangle is not the same in both cases, but this
di!erence will become smaller for a larger number of patches
inside the dotted rectangle.
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Therefore, we assume that the number of patches
is su$ciently large to make these edge e!ects
negligibly small.

Let us move on to the second aspect of the
question above: what does &&better for meta-
population persistence'' mean? The word
&&persistence'' is used here in its informal, non-
mathematical sense which is approximately
equivalent to &&survival''. To answer the question
we employ two measures of metapopulation per-
sistence; &&better for metapopulation persistence''
then means a higher value of these measures.

The "rst measure is the expected time required
by the metapopulation to reach extinction. This
expected time to metapopulation extinction will
be denoted by ¹meta

e
or just ¹

e
. Because larger

patches have larger interpatch distances (see
Fig. 1), the probability that a patch will be able to
colonize another patch will become smaller with
increasing patch size, and the expected extinction
time ¹

e
of the metapopulation will become an

increasing function of the expected time to local
extinction ¹ local

e
:

¹
e

:"¹meta
e

\¹ local
e

for large R . (1)

As a second measure of metapopulation per-
sistence we use the basic reproduction ratio
R

0
which can be interpreted as the colonization

potential of an occupied patch. More precisely, it
is the average number of successful dispersers
produced by a single occupied patch before its
extinction, successful meaning that the dispersers
reach a new (empty or occupied) patch and settle
there. In short, R

0
is the number of colonizations

from a single occupied patch. We call it a coloniz-
ation potential because it bears some similarities
to the population potential (Pooler, 1987). R

0
re#ects the capacity of the metapopulation to
return to its original con"guration after a distur-
bance to a very low occupation level. The bene"ts
and limitations of R

0
as a measure of meta-

population persistence will be discussed later.
Suppose that a patch with local extinction time

¹ local
e

colonizes other patches at a constant rate c.
Then R

0
equals the product of c and ¹ local

e
:

R
0
"c¹ local

e
. (2)

For the lattices studied here, R
0

is the same for
every patch (ignoring edge e!ects), so the coloniz-
ation potential of the entire metapopulation can
be represented by the R

0
of a single patch.

The FLOMS problem can now be stated more
precisely as the question of how the measures of
persistence, ¹

e
and R

0
depend on patch radius R.

Therefore, we will formulate several plausible
mechanisms for ¹ local

e
and c , and derive expres-

sions for these parameters as a function of patch
radius R. Since the objective is only a comparison
of R

0
and ¹

e
for the FL and the MS cases, it

su$ces to know how the colonization and extinc-
tion parameters scale with R, i.e. proportionality
constants are irrelevant.

We will derive these expressions for the hexag-
onal and square patch con"gurations described
above using some assumptions which simplify
computations, and present the results for this
simple case. Then we will discuss how the results
may be a!ected when these assumptions are re-
laxed. The assumptions, in addition to the two
assumptions above, are the following.

f There is no in#uence of dispersal on local popu-
lation size (neither by emigration, nor by immi-
gration; see however the remark made in the
section about dispersal after depletion).

f Spatial correlation of local extinction times
plays no role in metapopulation persistence.

f The colonization rate is constant and can be
split into c

out
and c

in
:

c"c
out

c
in
, (3)
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where the parameter c
out

is the emigration rate
(the number of dispersers produced per unit
time) per occupied patch, and the quantity c

in
is

the probability that a disperser reaches a patch
and settles successfully. Then

R
0

c
in

"c
out

¹ local
e

(4)

is the number of dispersers produced by an
occupied patch during its lifetime as an occu-
pied patch, and

R
0
"c

out
c
in
¹ local

e
(5)

is the fraction of those dispersers eventually
settling successfully.

f Local populations are almost always at carry-
ing capacity which is an increasing power func-
tion of R. More precisely, we will assume that
populations grow quickly to the carrying capa-
city K, the maximum number of individuals
a patch can sustain, and remain there most of
the time. We will assume that K*1, and that
K scales linearly with area, that is,

K"C
1
R2 . (6)

where C
1
:"1/R2

min
with R

min
being the min-

imum patch radius to sustain one individual
(here after C

i
, with i any integer, will denote

a species-speci"c and/or system-speci"c con-
stant). Equation (6) is supported both theoret-
ically and empirically (Hanski, 1997; Kindvall
& AhleH n, 1992, and references therein). How-
ever, other empirical data do not display any
signi"cant relationship with R (Kindvall &
AhleH n, 1992, and references therein; Manne
et al., 1998), while Hanski et al. (1996) "nd that

K\R (7)

Nevertheless, it will turn out that any positive
power of R will su$ce to reach the same quali-
tative conclusions.

Mechanisms for T local
e

Local extinction can be due to demographic
and environmental stochasticity, catastrophes
and genetic processes such as random drift and
inbreeding depression (Scha!er, 1981). Here only
demographic and environmental stochasticity
are studied, although the impact of catastrophes
(Spiller et al., 1998; Wardle et al., 1997) and gen-
etic processes (Boecklen, 1986; Frankham &
Ralls, 1998; Saccheri et al., 1998) can obviously
play a role as well.

DEMOGRAPHIC STOCHASTICITY

Using a stochastic di!erential equation with
only demographic stochasticity, Foley (1997) de-
rives the following dependence of the expected
time to local extinction ¹ local

e
on patch radius R :

¹ local
e

(R)&eeR2 (8)

with e~1@2 the characteristic radius of extinction.
Foley (1997) "nds that e is proportional to
a/Var(a

1
). Here a is the (mean) net overall repro-

duction rate, and a
1

is the (mean) net reproduc-
tion rate for one individual; Var(a)"Var(a

1
) /N,

where N is the number of individuals. Equation
(8) is valid as long as [a/Var(a

1
)] lnK is su$-

ciently large, K being the carrying capacity.

ENVIRONMENTAL STOCHASTICITY

Using a stochastic di!erential equation with
environmental stochasticity, Foley (1997) derives

¹ local
e

(R)Je2(a@V!3(a)) -/C1R2

!1!2
a

Var(a)
ln C

1
R2 (9)

with a again being the net overall reproduction
rate.

If [DaD/Var(a)] lnC
1
R2 is large and a negative,

then eqn (9) approaches

¹ local
e

(R)JlnC
1
R2. (10)

For small [ DaD/Var(a)] lnC
1
R2 with a positive

or negative, eqn (9) reduces to (see also Good-
man, 1987)

¹ local
e

(R)J(lnC
1
R2)2 (11)

which entails that R
min

is indeed a threshold.



FIG. 2. Graphs of the extinction rate e :"1/¹1@local
e

as a function of the rescaled patch radius R@ :"2DaD/Var(a), ln C
1
R2 for

environmental stochasticity. The solid curve represents the full relationship of eqn (9) for negative a (thick curve) and positive
a (thin curve). The dotted curves are the approximations: (a) ( ) eqn (9), a(0; ( ) ) ) ) )) eqn (10). (b) ( ) eqn (9), a(0; ( )
eqn (9), a'0; ( ) ) ) ) ) ) eqn (11). (c) ( ) eqn (9), a'0; ( ) ) ) ) ) eqn (12).
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For large [ DaD/Var(a)] lnC
1
R2 with a positive,

eqn (9) behaves according to

¹ local
e

(R)JRk (12)

with k"4(a/Var(a)) ; see also Fig. 2. Foley (1997)
gives estimations of a/Var(a) which are usually
between 0 and 1, but occasionally just below zero
or very large.

Assuming environmental stochasticity but
without a stochastic di!erential equation, Allen
et al. (1992) also derive eqn (12) where k ranges
between 1 and 2. Hanski uses eqn (12) and re-
ports k-values of 0.92, 1.82, 4.60 for shrews
(Hanski, 1997) and 1.002, 2.118, 1.580 for butter-
#ies (Hanski, 1992). Using the population viabil-
ity analysis package ALEX (Possingham et al.,
1992; Possingham & Davies, 1995), Day &
Possingham (1995) report a relationship similar
to eqn (12) with k"1.

With respect to the joint e!ect of both environ-
mental and demographic stochasticity, Foley
(1997) notes that adding demographic stochastic-
ity to environmental stochasticity hardly a!ects
the dependence of ¹ local

e
(R) on R. This is due to

the marginal e!ect of demographic stochasticity
when population number is high.

Mechanisms for cout(R )

For the dispersal rate from a patch c
out

(R),
several mechanisms can be imagined, such as
dispersal due to the avoidance of competition,
a constant fraction of dispersers or resource de-
pletion. A more phenomenological approach
uses a maximum distance of dispersal. Let us take
a closer look at these options.

AVOIDING COMPETITION

Assume that the population is at carrying ca-
pacity where any excess reproduction does not
vanish because of competition as in the logistic
growth model, but it vanishes because of disper-
sal to avoid competition (Hansson, 1991). This
may be valid for territorial species. If the net
reproduction rate is again denoted by a, then
c
out

(R) is given by

c
out

(R)"KaJR2 (13)

again assuming that eqn (6) holds.

CONSTANT FRACTION OF DISPERSERS

If a constant fraction u of the population dis-
perses (e.g. juveniles leave a patch at the end of
the season), and the population is assumed to be
at carrying capacity which obeys eqn (6), then

c
out

(R)"KuJR2 (14)

which is similar to eqn (13).

DISPERSAL AFTER DEPLETION

If a patch is left only when the resources are
depleted (Bell, 1991; Hansson, 1991), then for
dispersal to come about, the resource recovery
rate must be lower than its depletion rate. If
this is indeed the case, then the dispersal rate is
proportional to the number of organisms present
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in the patch, which itself is presumably propor-
tional to this resource threshold and hence to
area by assumption. Therefore,

c
out

(R)JR2 (15)

which is similar to eqns (13) and (14). If the patch
is left by (almost) all organisms at the same
time, then extinction and colonization become
correlated, which alters expression (2) to
R

0
"Kc

in
JR2c

in
which will turn out not to

a!ect the results of this paper qualitatively. How-
ever, this correlation between extinction and col-
onization may cause extinctions between patches
to become correlated; in that case one of the
assumptions above is violated, which may well
a!ect the results of this paper.

MAXIMUM DISTANCE OF DISPERSAL

Another approach, suggested by Vos et al.
(1999), is based on the assumption that dispersers
are only produced in an outer strip or ring of the
patch. If R

s
is the width of the outer strip of each

circular patch, then c
out

(R) is proportional to
the number of organisms living in this strip,
and hence to the area of this strip (assuming
e.g. constant density within the strip), which is
nR2!n (R!R

s
)2. Then,

c
out

(R)"G
C

2
RR

sA2!
R

s
R B for R*R

s
,

C
2
R2 for R)R

s
,

(16)

where C
2

is a constant. So, assuming R*R
s
,

c
out

(R)JR. This linear behavior with a threshold
is qualitatively similar to di!usion with logistic
growth. Indeed, in the latter case one can show
that the density of organisms is at the carrying
capacity, except for a strip near the edge of the
patch, which has an approximately constant
width. Equation (16) seems to be supported by
Woodro!e & Ginsberg (1998), who remark that
patch edge size rather than population size deter-
mines the dispersal rate.

Mechanisms for cin(R )

The probability that a disperser arrives at any
patch conditional on leaving a certain patch,
c
in
(R), involves at least three factors: the behavior

(movement pattern, velocity) of the disperser, the
risk the disperser runs while dispersing and the
settlement process (patch selection strategy). As
far as the "rst factor is concerned, we will assume
that the disperser moves at a constant speed.
Two movement mechanisms will be considered:
straight walk and random walk. With regard to
the second factor, we will assume that there is
a constant mortality rate j. As for the third fac-
tor, for each of the two movement mechanisms
one or two patch selection strategies will be
chosen.

STRAIGHT WALK

Straight walk is de"ned as movement at a
constant velocity v (constant in magnitude and
direction). The patch selection strategies to be
discussed are nearest-neighbor dispersal, the
&&settlement-death'' strategy, adapted from Vos
et al. (1999) and the &&pie-slice'' strategy, implicit
in Lindenmayer & Possingham (1995). For both
strategies we have in a patch con"guration with
n ("4, 6) nearest neigbors

c
in
(R, n)"+

i

p
survival

[d
i
(R)]p

settlement
[d

i
(R), n],

(17)

where p
survival

(d
i
) is the probability of surviving

distance d
i
to patch i (center-to-center distance),

which is given by

p
survival

(d
i
)"e~j1(di~(3@2)R) (18)

and where p
settlement

(d
i
, n) is the probability of

settlement at distance d
i
, in which the two patch

selection strategies di!er. Here i refers to any
patch surrounding the patch abandoned by the
disperser, and j

1
is the mortality rate per unit

distance: j
1
"j/v. One can interpret j~1

1
as the

average distance traveled before dying. Expres-
sion (18) for p

survival
(d

i
) is just the survival func-

tion with hazard function j(t"d
i
/v)"j; the

presence of e(3@2)j1R in eqn (18) is due to the fact
that part of the trip of distance d

i
lies within

either the patch of origin (R) or the patch of
destination (approximately (1/2)R ; in fact it is
a lower bound); intermediate patches are not
considered.
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Straight =alk and Nearest-Neighbor Dispersal

For nearest-neighbor dispersal, p
settlement

is
simply

p
settlement

(d
i
, n)

"G
1
n

if patch i is a nearest neighbor,

0 for all other patches.
(19)

With lattice distance ¸,hR, h being a constant
re#ecting the total area density which is the same
in the FL and MS cases, we arrive at

c
in
(R, n)"e~j1R(h~3@2). (20)

Straight =alk and the Settlement-death Strategy

The settlement-death strategy assumes that
dispersers prefer nearby patches over distant
patches, and large patches over small patches.
Mathematically,

p
settlement

(d
i
, n)"

A
i
e~j2di

+
i
A

i
e~j2di

(21)

where A
i
is the size of patch i which will drop out

from the equation because all patches are identi-
cal, and j

2
is the constant settlement rate per unit

distance. j~1
2

can be interpreted as the average
distance an individual wants to travel. Evidently
j~1
2

may depend on j~1
1

: the willingness of
a mouse to cross a large open grass land may be
much smaller than its willingness to walk from
stepping stone to stepping stone which is presum-
ably safer. In eqn (21) the normalization stems
from the assumption that without death settle-
ment will always occur. Although eqn (18) is often
used (e.g. MacArthur & Wilson, 1967; Hanski,
1997, where j

1
is called a) and will also be used

here, it should be noted that Hill et al. (1996)
show some empirical data supporting a power
function, i.e. p

survival
(d

i
, n)\d~s

i
where s is a pos-

itive parameter, while Gilpin & Diamond (1976)
study various values for the parameter y in the
expression p

survival
(d

i
)\e~d0~1diy, d

0
being a con-

stant and "nd that y"0.553 "ts their data best.
However, neither Hill et al. (1996) nor Gilpin
& Diamond (1976) provide an explanatory
mechanism. With again lattice distance ¸,hR,
c
in
(R, n) turns into

c
in
(R, n)"

G
e(3@2)j1RA

j
2

j
1
#j

2
B
2

for(j
1
#j

2
)Rh;1,

n (j
2
Rh)2 sin 2n/n

2n
e~j1R(h~(3@2))~j2Rh

for j
1
Rh<1 and j

2
Rh;1 Aso

j
2

j
1

;1B ,

e~j1R(h~(3@2))

for j
2
Rh<1. (22)

See Appendix A for details of the derivation of
these approximations.

Straight=alk and the Pie-slice Strategy

The pie-slice strategy is more spatially explicit.
It assumes that dispersers choose a patch to dis-
perse to with a probability proportional to its
size as it appears on the horizon of the disperser.
This leads to

p
settlement

(d
i
, n)"

f
i
Du

i
(R, n)

2n
. (23)

Here, Du
i

is the angle of the horizon covered
by patch i, and f

i
is the fraction of the patch

that is observable (i.e. not blocked from view by
another patch) by the disperser from its patch of
origin.

One can show (see Appendix A) that the
following asymptotic expression for c

in
(R, n)

holds:

c
in
(R, n)+

n
n

e~j1R(h~3@2) arccosC1!
1

2h2 D
for j

1
Rh<1. (24)

No such approximation is possible for small
j Rh.
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RANDOM WALK

Random walk (i.e. di!usion) can also be used
as an approach to c

in
(R) (see Appendix B). One

may use the solution to the stationary (Lx/Lt"0)
di!usion equation with a sink term p"!jx,
where x is disperser density and j again denotes
the death rate. Let D be the di!usion coe$cient
outside the patches, and de"ne j

1
:"Jj/D

which may be interpreted as the mortality rate
per unit distance dispersed. c

in
(R) is here de"ned

as the quotient of the rate of dispersers entering
destination patches and the rate of dispersers
leaving the patch of origin, which is c

out
(R):

c
in
(R)"

:LAin
(D+x, dA)
c
out

(R)
(25)

where LA
in

denotes the combined boundaries
of the destination patches, and (D+x, dA) is
the component of the gradient of the disperser
density perpendicular to the destination
patch boundary, i.e. the #ux over the destination
patch boundary. For the pie-slice strategy and
su$ciently large j

1
Rh, this reduces to (see

Appendix B)

c
in
(R, n)+nRSh!

1
2

e~j1R(h~3@2)

]arccos C1!
1

2h2 D for j
1
Rh<1.

(26)

Results: Te(R ) and R0(R )

With all functions of eqn (2) having been de-
"ned, ¹

e
(R) and R

0
(R) can be calculated. Taking

all suggested mechanisms for c
out

into account,
one obtains

c
out

(R)JRc (27)

with 0)c)2. Likewise, all dispersal strategies
for c

in
(R) can be summarized as

c
in
(R)JG

e~j1R(bh~h0) for j
i
Rh;1

Rle~j1R(h~h0) for j
i
Rh<1 (28)
with b"0 or 1, l"0, 1 or 2, and h
0
"1, 3/2, or

3/2!(j
2
/j

1
)h; i stands for both 1 and 2. If b"1,

l"0. Now, with eqns (8), (10)}(12), (27) and (28),
eqns (1) and (2) yield the following expressions for
¹

e
(R) and R

0
(R):

¹
e
(R)\¹ local

e
(R) for large R
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eeR2 A

a
[Var(a)]

1

K<1B ,
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a
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1
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(29)

and

R
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e
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JRc]G
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i
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Rle~j1R(h~h0) (j
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Rh<1)
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e

dgggggggegggggggf
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a
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DaD
[Var(a)]
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lnC
1
R2 A

!a
[Var(a)]

K<1B ,

(30)

where in the ¹local
e

-term the "rst expression
is valid for demographic stochasticity and the
others are valid for environmental stochasticity,
and K"C

1
R2.

It is easy to see that ¹
e
(R) increases with R for

large R, so using this measure of metapopulation



FIG. 3. Plots of R
0
(R)"Ce~jR`eR2Rc`l vs. R for several

values of j2!8e(c#l), where c#l'0, and C"1:
( ) ) ) ) ) ) j2!e (c#l)'0; ( ) j2!e(c#l)"0; ( )
j2!e(c#l)(0.
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persistence supports the widely adopted view
that habitat fragmentation is harmful. However,
this is generally not true if R

0
is used as the

measure of metapopulation persistence. Consider
the case with only environmental stochasticity.
If we make the assumptions that j

1
'0 and

c#l'0, then we see that there will be an
optimal patch size if R

0
(R) is used as the

measure of metapopulation persistence. As R in-
creases, R

0
(R) will sooner or later enter the region

for which j
i
Rh<1, where the decreasing

exponential term of c
in
(R) dominates causing

R
0
(R) to decrease with R in that region.

Mathematically,

R
0
(R)Jf (R)Rc`le~j1R(h~h0) if j

i
Rh<1, (31)

where f (R) is a function which increases with R,
yet slower than an exponential function.

With only demographic stochasticity, and
the same assumptions j

1
'0 and c#l'0,

we get

R
0
(R)Je~j1R(h~h0)`eR2Rc`l if j

i
Rh<1. (32)

It is not di$cult to see that R
0
(R) will

eventually increase monotonically with R,
but for j2!8e(c#l)'0, j :"j

1
(h!h

0
)

there are two extrema as Fig. 3 shows. This
means that for demographic stochasticity, enlarg-
ing patch size may cause a (temporary) decrease
in R

0
(R).

Before discussing the consequences of these
"ndings, let us look at an example. Since in real-
ity there is always some environmental stochas-
ticity and the carrying capacity K of the patch is
not extremely small (otherwise we would not
regard it as habitable), eqn (12) is the most widely
applicable choice for ¹local

e
. Assuming straight

walk and the settlement-death strategy [eqn (A.1)],
we arrive at

R
0
(R)JRc`ke(3@2)jR

S
1
(j

1
#j

2
)

S
1
(j

2
)

(33)

which is plotted in Fig. 4. The optimum value for
R

0
(R) occurs when the derivative of R

0
(R) with
respect to R equals 0:

dR
0
(R)

dR
"0N

c#k
R

#

3
2

j
1

"!

d ln (S
1
(j

1
#j

2
)/S

1
(j

2
))

dR
(34)

Using eqn (A.2), this leads to the following condi-
tion for the optimal radius R

opt
:

R
opt

j~1
1

*

c#k
h!3/2

for c#k'0 and j
2
R

opt
h<1, (35)

R
opt

"0 for c#k)0.

This optimal radius can indeed be seen in the
plots of R

0
(R) in Fig. 4. For the nearest-neighbor

dispersal strategy, the equality sign in the "rst
equation of eqn (35) applies.

Discussion

The results show that two di!erent measures of
metapopulation persistence lead to two di!erent
opinions on the FLOMS problem if environ-
mental stochasticity with or without demog-
raphic stochasticity is assumed. On the one hand,
someone who wants to maximize the coloniz-
ation potential R

0
will advocate an intermediate



FIG. 4. Plots of R
0
(R) vs. R using environmental stochasticity and the settlement-death strategy for di!erent values of

j
1

and j
2

and k :"c#k (k"0 (dot-dashed line), k"1 (black line), k"2 (grey line), k"3 (dashed line), k"4 (dotted line)).
Here h"2, but similar results are obtained with higher values of c ; R

0
is just smaller and R

opt
is shifted to the left.
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value of reserve size. On the other, someone
wishing to postpone metapopulation extinction
as long as possible will support maximizing re-
serve size, because this eventually increases the
extinction time ¹

e
. A strong argument of pro-

ponents of &&the larger, the better'' is that comput-
ing the exact value of the reserve size which
optimizes R

0
may be a di$cult task because it

depends on species-speci"c parameters; miscalcu-
lations may have large consequences, especially
when the calculated optimal reserve size is rela-
tively small. Maximizing reserve size seems much
safer in this respect.

However, the conclusion &&the larger, the
better'' is possibly only valid for large R, be-
cause ¹

e
may have local optima at intermedi-

ate values of R. Of course, for any given area,
there is a physical limit to the maximum
reserve size that can be achieved. It is therefore
possible that one would choose this maximum
reserve size in a given area, but that, at least in
theory, a smaller size has a larger extinction time.
We remark that there is no direct relation be-
tween the speci"c values of R where R

0
and

¹
e

achieve their optimum.
If R

0
is small enough such that the meta-

population is doomed for all R, there is a third
possible opinion, which states that there should
be a larger amount of habitable area to be dis-
tributed, because the main problem in this case is
habitat loss, not habitat fragmentation. Habitat
fragmentation becomes the basic problem once
R

0
ceases to be so small, that is, when a viable

metapopulation is theoretically possible.
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If the choice of the metapopulation persistence
measure leads to disagreement even for a single
species, one can expect even more discord when
decisions in#uencing several species simulta-
neously need to be taken, especially when these
species interact either directly or indirectly, for
instance in a predator}prey system, or when
a species is su!ering from an infectious disease.
In those, cases habitat fragmentation may have
additional e!ects which are di$cult, if not
impossible, to handle under the assumptions
made here (see e.g. Hassell et al., 1991; Hess,
1996).

This discussion is only warranted of course if
one accepts the basic reproduction ratio R

0
as

a measure of persistence. R
0

has been found to be
a useful measure of infectious disease persistence.
In that context it is interpreted as the number of
individuals which are infected by a single infec-
tious host. It has been shown that there is the
following threshold behavior: if R

0
'1 then the

disease persists, if R
0
(1 then it cannot persist

(Diekmann, 1993; Diekmann et al., 1990). An
important assumption for this threshold behav-
ior at R

0
"1 is that in the invasion phase, when

the number of infected individuals is small, infec-
tious particles do not fall on already infected
hosts. If hosts are well mixed (i.e. they move
around), this assumption can be reasonable for
many infectious agents. Now, it seems natural to
use R

0
and its threshold behavior at R

0
"1 in

a metapopulation context where patches take the
role of hosts and dispersers take the role of
spreading infectious particles. The analogous as-
sumption for the threshold behavior at R

0
"1 is

then that in the invasion phase, when the patch
occupation level is low, dispersers do not arrive
in patches that are already occupied. Indeed,
there are metapopulation models where this as-
sumption is made, such as the Levins (1969)
model, where all patches are supposed to be
equally accessible. However, in the present set-
ting, patches are "xed in a lattice and dispersal is
distance-dependent, so patches are not equally
accessible at all; even in a virgin environment (i.e.
all patches except one are empty) dispersers will
almost immediately settle in patches which are
already occupied. Hence, the criterion R

0
'1 no

longer guarantees metapopulation persistence.
This criterion would only be valid in the thought
experiment in which patches are immediately
replaced by a new empty patch every time a
disperser arrives. So, the criterion now becomes
R

0
'b for a certain b'1. It is, however, an

unsolved mathematical problem to determine
analytically the value of b for the "xed lattice
structure discussed in this paper. For the related
contact process with nearest-neighbor dispersal
in a square lattice, upper and lower bounds for
b have been found analytically (Durrett, 1992;
Durrett & Levins, 1994), while numerical studies
give b+1.65 when ¹ local

e
"1 (Brower et al., 1978;

Mollison, 1986) and b+2.13 when c"1 (Dur-
rett & Levins, 1994). This shows that b depends
on the spatial con"guration (which determines
¹ local

e
and c). Hence, b may di!er between the FL

and MS cases! Thus, the combination of R
0

and
b instead of R

0
by itself needs to be speci"ed to

act as a persistence measure, and as the numerical
examples above show, this can be done in practi-
cal applications.

Nevertheless, there are several reasons why
R

0
by itself is worth considering as a persistence

measure.
First of all, the condition for deterministic

metapopulation extinction,

R
0
(1 (36)

still holds, because.if less than one disperser sent
out by a patch eventually settles in a patch, the
metapopulation goes extinct. That is, eqn (36) is
a su$cient, but no longer a necessary condition
for metapopulation extinction.

Secondly, the overestimation of persistence
may not be as severe as it looks. In the case of an
infectious disease, every infectious particle falling
on an already infected host, is completely wasted;
it will not contribute to the persistence of the
disease. But in the metapopulation case, disper-
sers arriving in an already occupied patch can
still serve to increase metapopulation persistence
by contributing to the local dynamics. In particu-
lar, they facilitate the rescue of local populations
on the brink of extinction (the rescue e!ect,
Brown & Kodric-Brown, 1977; Hanski, 1983). In
this respect, occupied patches act in a way as if
they were empty, and the assumption for the
threshold behavior at R

0
"1 is not as severely

violated as it seemed at "rst.
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Thirdly, this contribution to local dynamics in
the "xed lattice can also be an advantage in the
following sense. Suppose that dispersers always
arrive in empty patches, thereby satisfying the
assumption for the threshold behavior at R

0
"1.

Then at R
0
'1 it may still not lead to meta-

population persistence if there is an Allee e!ect,
that is, if more than one disperser is needed to
start o! a new local population. On the other
hand, in the "xed lattice structure with distance-
dependent dispersal the Allee e!ect will be over-
come quickly.

The results of this paper were derived for
the most minimal setting in which the
FLOMS problem makes sense. It remains to
show that the results are qualitatively robust
to relaxing the assumptions of this minimal
setting. We will discuss the most prominent of
them.

THE MECHANISMS FOR ¹ local
e

(R), c
out

(R) AND c
in
(R)

The mechanisms for ¹locale (R), cout (R) and cin (R)
may be inadequate, especially the ones describing
cin . It is evident that the exponential part of cin(R)
for large j1Rh plays a crucial role in the existence
of an intermediate optimal reserve size. If Hill
et al. (1996) are right about a power function
instead of an exponential function, then there is
no "nite non-zero optimal reserve size. Therefore,
more research is needed to enable models of
dispersal and patch selection strategies for di!er-
ent classes of organisms (such as small mammals,
birds, butter#ies, and plants) that more closely
adhere to what these organisms actually do when
dispersing.

The power-law behavior of ¹locale (R) for envir-
onmental stochasticity as opposed to exponential
increase is the other crucial factor for the exist-
ence of an optimal reserve size. However, this
behavior is not likely to change if local extinction
were modeled in more detail.

As stated before, we used the (in our opinion)
most minimal setting in which the FLOMS prob-
lem makes sense. This minimal setting comprises
only the basics of the metapopulation concept for
a single species: local extinction through demo-
graphic and environmental stochasticity, and
recolonization driven by straight or random
dispersal with a mortality risk. Of course, as
mentioned previously, there are many more
mechanisms by which fragmentation may be
harmful or bene"cial to metapopulation persist-
ence. These mechanisms not only include single-
species e!ects but also multiple-species e!ects,
such as on the one hand increased local extinc-
tion risk because of the Allee e!ect, edge e!ects,
minimum territory size, loss of key species in
a food web and destabilization of mutualistic
interactions, and on the other hand reduction of
epidemic diseases, risk spreading in stochastic
environments (bet hedging), increased genetic
diversity, and the emergence of refugia from
predators and competitors (Burkey, 1996; Ver-
boom et al., 1993). These complicated mecha-
nisms, which cannot be treated easily under the
assumptions of this paper, may lead to di!erent
conclusions about the optimal size and number
of reserves for a metapopulation, and deserve
therefore to be studied. The outcome of this
paper may serve as a null hypothesis for such
further studies.

VARIANCE IN PATCH SIZE AND PATCH DISTRIBUTION

The analysis in this paper does not take vari-
ance in patch size and the spatial distribution of
patches into account. Variance in patch size was
found by Day & Possingham (1995) to be of
importance to the metapopulation extinction
probability. They compared a scenario involving
variable patch size with a scenario assuming
equal patch size, where the total area of the eight
patches under study is the same in both scen-
arios. For low colonization rates, systems with
variable patch size are least extinction prone,
whereas for high colonization rates equal patch
size provides the longest expected lifetime of the
metapopulation. Variance in patch distribution
has been studied by Adler & Nuernberger (1994),
who reported a signi"cant e!ect of this spatial
distribution on metapopulation persistence. Day
& Possingham (1995) found only minor e!ects,
but their study was not as extensive as Adler
& Nuenberger's study and they used a di!erent
model.

What could be done in the present setup to
incorporate variance in patch size is to "rst re-
state the FLOMS problem by comparing few
patches with a large mean patch size and many
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patches with a small mean patch size, and then to
check the behavior of the mean RM 0(RM ) where RM is
the mean patch size. The problem is what mean
to choose for RM 0. Possibly, ideas from Gyllenberg
& Hanski (1997), who study R0 in a Levins-type
metapopulation model with patches of di!erent
sizes, can be used for this purpose.

As far as patch distribution in space is con-
cerned, the analysis in this paper, notably the
formulation of the colonization potential which
is representative of the entire metapopulation,
cannot be extended in a simple way to cover patch
con"gurations other than a regular lattice. It seems
impossible to foretell whether the results will be
similar or di!erent from the regular pattern.

INFLUENCE OF DISPERSAL ON EXTINCTION

The assumption of the absence of the in#uence
of dispersal on local population size and thereby
on extinction is too crude. Gyllenberg & Hanski
(1992, 1997) have modeled the in#uence of disper-
sal on local population size mechanistically.
However, the exercise of this paper cannot be
repeated for their model because their model
explicitly assumes a disperser pool which can-
not be made consistent with distance-dependent
dispersal (where distance in turn depends on
R). Models which incorporate both patch-
size-dependent local dynamics and distance-
dependent dispersal are needed.

The connection between colonization and ex-
tinction may also be due to a di!erent, although
related, process. As Woodro!e & Ginsberg (1998)
note, patch (edge) size rather than population size
determines the dispersal rate, making the patch
boundaries (and hence small patches) into popu-
lation sinks, i.e. a)0. In this case, Foley's models
for the extinction rate prescribe behavior accord-
ing to eqn (11) rather than eqn (12), but this does
not change the qualitative dependence of R

o
and

¹
e

on R.

SPATIAL CORRELATION OF LOCAL EXTINCTION TIMES

The in#uence of spatial correlation of local
extinction times on metapopulation persistence
has been studied, but the literature suggests that
it can go either way. For instance, using a
Markovian metapopulation model with a "nite
number of patches, Akiakaya & Ginzburg (1991)
state that &&Three Small'' may be better than
&&Single Large'' if spatial correlation is not too
large. This agrees with the results of Frank
& Wissel (1998) who, using a model similar to
Akiakaya & Ginzburg, conclude that the meta-
population extinction time is signi"cantly larger
than local extinction time only if the dispersal
distance exceeds the correlation length.

In this paper, the total habitable area was
taken to be constant; changing patch size meant
changing patch density simultaneously. This is of
course the essence of the FLOMS problem. But
the question is whether this problem is relevant,
and hence whether the results of this paper are in
any way applicable. If one can start from scratch
to develop a given ("xed) amount of natural area,
FLOMS is indeed the relevant problem, waiving
the fact that there are more degrees of freedom
for refuge design than just reserve size, such as
reserve shape and spatial pattern (see e.g. Wilson
& Willis, 1975). In practice, however, nature is
already present (although declining). Decisions
need to be made about where to develop
nature (often in exchange for the destruction
of habitat elsewehere in favor of roads or build-
ings), about where to put a corridor, or just
about what to do about habitat fragmentation
and habitat loss in general. The "rst issue is pre-
dominantly a FLOMS problem, but the second
and third may involve much more, one reason
being that habitat loss and habitat fragmentation
often occur together. It would be advantageous to
distinguish the e!ects of habitat fragmentation
from those of habitat loss in a process that in-
volves both, perhaps along the lines of Bascompte
& SoleH (1996). But this is beyond the scope of this
paper which just aimed to provide a view on the
FLOMS problem in a minimal setting.

And all in all, most of the arguments above
about the consequences of relaxing the assump-
tions in this minimal setting contribute to the
robustness of the qualitative results that R

0
often

shows a global optimum, whereas ¹
e
usually does

not. Until empirical data or re"ned models (dis-
perser behavior in particular needs looking into)
convincingly show otherwise, one must be very
careful in choosing few large instead of many
small patches, but also in interpreting this warn-
ing as a license to fragment habitat.
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APPENDIX A

Straight Walk and Exponential Decline
outside Circular Patches in a Lattice

For the settlement-death strategy with straight
walk in a hexagonal (n"6) or square (n"4)
lattice, eqns (17), (18) and (21) can be worked out
to give
c
in
(R, n)"e(3@2)j1R

+=
k/1

+=
l/0

ne~(j1`j2)RhJk2`l2~2kl#04n(1~2@n)

+=
k/1

+=
l/0

ne~j2RhJk2`l2~2kl#04n(1~2@n)
": e3@2j1R

S
1
(j

1
#j

2
)

S
1
(j

2
)

. (A.1)
Note that h, the constant representing the density
of habitable area, must be greater than 3/2; this is
always satis"ed, since the patches should not
overlap which entails h'2 for n"4 and
h'121@4+2 for n"6. Approximation of the
double sum S1(x) in eqn (A.1) by its "rst term
leads to

S1(x)+ne~xRh for large xRh (A.2)

which is a lower boundary of S1. Approxi-
mation of S1(x) by the corresponding integral
gives

S1(x)+
2n

(xRh)2 sin 2n/n
for small xRh (A.3)

which is an upper boundary of S
1
. See

Fig. A1 for an impression of the accuracy
of these approximations. With eqns (A.2)
and (A.3), c

in
(R, n) can be approximated



FIG. A1. Plots of approximations (A.2) and (A.3) to S
1

as functions of the rescaled patch radius R@"xRh for n"4 (left)
and n"6 (right). The approximations are plotted as quotients q relative to S

1
; ( ): q (R@)"eqn (A.2)/S

1
(R@),

( ): q (R@)"S
1
(R@)/eqn (A.3). S

1
is de"ned in eqn (A.1).
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by

c
in
(R, n)"G

e(3@2)j1RA
j
2

j
1
#j

2
B
2

n(j
2
Rh)2 sin (2n/n)

2n
e~j1R(h~(3@2))~j2Rh

e~j1R(h~(3@2))

For the pie-slice strategy with straight walk,
simple geometry teaches that Du

i
(R, n) is given

by

Du
i
(R, n)"2 arccosC1!

1

2h2u2
i
D (A.5)

where u
i
:"d

i
/¸ is the distance from patch

center to patch center expressed in units
of the lattice distance ¸. Note that
Du

i
(R, n),Du

i
is independent of the size of the

patches.
The fraction f

i
depends on whether there are

patches in front of patch i, blocking the view from
the patch of origin. To facilitate straightforward
calculation, we assume that
f
i
"G

0 if patch i is entirely unobservable,

1 if patch i is partly or entirely observable,

1!+ i~1
j/0

Du
j

Du
i

if patch i is the furthest patch, i.e. if + i~1
j/0
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j
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j/0
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j
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(A.6)
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for j
1
Rh<1 and j

2
Rh@1 (so j

2
/j

1
;1),

for j
2
Rh<1. (A.4)

The unobservable patches are easily found,
because the quotient of their coordinates are
either the same as that of a closer patch, or
+m

j/0
Du

j
*2n for a patch m which is closer than

they are.
The survival probability p

survival
(R) can be writ-

ten in terms of u
i
as well:

p
survival

(R)"e~jÇ(di~(3@2)R)"e~jR(u
i
h~(3@2))

(A.7)
Thus,
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FIG. A2. Plots of the approximation (A.9) to S
2

as a function of the rescaled patch radius R@"j
1
Rh for n"4 (left) and

n"6 (right). The approximation is plotted as a quotient q relative to S
2

for three values of h, that is q"eqn (A.9)/
S
2
(R@). S

2
is de"ned in eqn (A.8). ( ) ) ) ) ) ) h"8; ( ) h"4; ( ) h"2.
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A fairly good approximation to the sum S
2
in eqn

(A.8) is its "rst term for which all f
i
and u

i
are 1:

S
2
+

n
n

e~jÇRharccosC1!
1

2h2D for large j
1
Rh

(A.9)

as can be seen from Fig. A2. No such simple
approximation is possible for small j

1
Rh because

of the dependence of the arccos term on h, which
is also evident from Fig. A2. With this approxi-
mation eqn (A.8) yields

c
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(R, n)+

n
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e~jÇR(h~3@2) arccosC1!
1

2h2 D
for j

1
Rh<1 (A.10)

APPENDIX B

Random Walk and Exponential Decline
outside Circular Patches in a Lattice

Here expressions are derived for c
in
(R) using

the stationary (Lx/Lt"0, x is disperser density)
di!usion equation (Carslaw & Jaeger, 1959;
Crank, 1975) with a constant net death rate j out-
side circular patches with radius R and di!usion
coe$cient D,

D A
L2x
Lr2

#

1
r
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Lr B!jx"0 (B.1)
subject to the boundary conditions
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The solution is, de"ning j
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where I
j
and K

j
are the j-th-order modi"ed Bessel

functions of the "rst and second kind. The
boundary condition (B.2) requires

C
1
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2
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3
"0 (B.5)

leaving only the solution
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The second boundary condition (B.3) gives
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For eqn (25) with the pie-slice strategy it follows
that
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where either f
i
"1 for all i, or f

i
is given by eqn

(A.6), and Du
i
and C

4
are given by eqns (A.5) and

(B.7), respectively. The term 1
2

is subtracted from
d
i
to account for the fact that part of d

i
lies inside

the patch of destination. For large j
1
Rh, we can

replace the sum in eqn (B.8) by its "rst term and
approximate K
1

to get
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