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Conditions of persistence or extinction of a metapopulation of a colonizing annual species are
studied in a heterogeneous landscape, a mixture of two elementary landscapes. An elementary
landscape is a landscape whose age-structure is described by only one transition matrix, giving
the probability for a site to be disturbed, or to follow the process of succession. We "rst provide
an analytical study of the range of dispersal rates that allow metapopulation persistence in an
elementary landscape. Second, conditions for metapopulation persistence in a heterogeneous
landscape are derived from results obtained in each elementary landscape. Three cases are
distinguished. If the two ranges of dispersal rates de"ned in each elementary landscape
overlap, the metapopulation persists in any mixture of the elementary landscapes. If these two
dispersal rates ranges are non-overlapping, either the metapopulation goes extinct for some
values of the proportion of the elementary landscapes, or two discontinuous ranges of
dispersal rates allow the metapopulation persistence. The consequences of these results are
discussed in terms of landscape management. In particular, it is shown that under some
conditions, a rapid change in environment (from one elementary landscape to another one)
might less often lead to metapopulation extinction than a slower change.
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Introduction

Ecology, evolution and conservation biology
are sciences that need a proper understanding of
how species persist in their habitat, why they go
extinct and what the major processes at work
during the course of extinction are. Many species
are able to survive even though none of the local
populations are able to persist in the long term.
Species living in temporary habitats such as suc-
cessional environments provide an example of
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such a situation: they continually disappear from
local sites as these become unsuitable through
replacement by more competitive species or
through local disturbances (Huston & Smith,
1987). Each local population has thus a "nite
lifetime expectancy. Nonetheless, these may per-
sist regionally if they are able to establish local
populations elsewhere. Such an assemblage of
extinction-prone local populations connected to
each other by dispersal was called a metapopula-
tion by Levins in 1970. The persistence of this
assemblage depends on a balance between local
population extinctions and the founding of new
populations through dispersal. Another factor is
likely to play a predominant role in determining
( 1999 Academic Press
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the founding of new populations: the meta-
population habitat that will be called hereafter
a landscape (sensu Forman & Godron, 1981; Wu
& Levin, 1994).

In this context, a landscape can be de"ned as
a set of sites of various age since last disturbance.
Several models based on Levins (1970) consider
only favourable (colonizable) sites and assume
a constant extinction rate through disturbance.
Thus, the landscape is made of only two kinds of
sites, empty and occupied sites. The existence of
unsuitable (uncolonizable) sites is incorporated
in the possible cost of dispersal for those indi-
viduals (e.g. seeds) unable to discriminate among
colonizable and uncolonizable sites. Some
authors explicitly consider unfavourable sites
(Fahrig & Merriam, 1985; Lavorel et al., 1993;
Wiens et al., 1993), but assume that these sites
remain unsuitable, whether or not they are dis-
turbed. In fact, for many colonizing species living
in successional environments (Huston & Smith,
1987), disturbance may reset a late-successional
site into a colonizable, thus favourable site. Per-
manent unsuitability of a site may still be taken
into account by considering a cost of dispersal.
Among potentially suitable sites, natural distur-
bances (Connell & Slatyer, 1977; Sousa, 1984)
and relative competitive ability will determine the
overall pattern for the species considered
(Huston & Smith, 1987). The landscape is then
a mosaic of successional sites of di!erent ages
(Begon & Harper, 1996). The temporal dynamics
of the landscape sites (or the aging process of sites
in the landscape) can be represented by a matrix
of (disturbance/non-disturbance) transition
probabilities (Olivieri & Gouyon, 1985; Horvitz
& Schemske, 1986; Alvarez-Buylla & Garcia-
Barrios, 1993). A landscape whose sites dynamics
is de"ned by only one matrix will be called an
elementary landscape.

However, the schematic view of the landscape,
as described above, is quite simple and limited. In
particular, it supposes homogeneity of the meta-
population habitat. In such a model, all sites in
a given landscape undergo the same successional
events. However, it is obvious that many ecologi-
cal variations exist among sites of the same land-
scape (Holt, 1992). Variations in sites quality and
distribution and shapes of sites are the main
elements that are assumed to contribute to land-
scape heterogeneity (Wiens, 1997). The e!ects of
sites pattern have been investigated in previous
models (Hanski & Gyllenberg, 1993; Adler
& Nuernberger, 1994; Wu & Levin, 1994; Lavorel
et al., 1995; Hanski & Gyllenberg, 1997; Holt,
1997). The in#uence of the quality of sites them-
selves can be taken into account using the spa-
tially implicit representation of an elementary
landscape. Sites within the same landscape may
have di!erent probabilities of becoming de-
stroyed by disturbances. Furthermore, sites may
have di!erent characteristics leading to various
fecundities of the species considered and may
cease to be favourable more or less rapidly over
the course of time, according to the speed of the
succession. In this case, the landscape can be
viewed as composed of di!erent sets of sites, each
set (equal to an elementary landscape) exhibiting
a speci"c temporal dynamics. Such a landscape,
mixture of several elementary landscapes, will be
referred to as a heterogeneous landscape. The
temporal dynamics of its sites will be de"ned by
several transition matrices (one of each elemen-
tary landscape). A case study which may "t
roughly the heterogeneous landscape assump-
tions is the natural successional system of the
Skeppsvik Archipelago (Sweden) studied by Giles
& Goudet (1997). This area is subject to land
uplift so that there is a continuous creation of
new islands, which will di!er in age as the process
continues. The plant species considered, Silene
dioica, is a component of early stages of primary
succession on these islands and disappears as
later successional species invade each island.
In this system, colonization and successional
processes are quicker in the inner archipelago
than in the outer islands, subjected to stronger
wind, wave and ice action. This case study
system is thus composed of sites of di!erent
ages (the islands) distributed in two sets having
di!erent temporal dynamics: the set of sites in the
exposed part of the archipelago and the set of
sites in the protected part. Given the overall low
genetic di!erentiation observed among islands, it
is likely that the whole system function as an
island model of migration (Wright, 1931; Slatkin,
1977).

Dispersal plays a key role in the cohesion of
metapopulation systems from both the dynamic
and the genetic perspectives (Johnson & Gaines,
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1990; Hanski & Gilpin, 1991; Venable & Brown,
1993; Harrison & Hastings, 1996; Olivieri
& Gouyon, 1997). The evolution of dispersal will
be in#uenced by the heterogeneity of the land-
scape (Gustafson & Gardner, 1996). Since models
have addressed dynamics and patterns arising in
uniform environments (see Kareiva & Wenner-
gren, 1995), a great challenge is now to study how
habitat heterogeneity alters these patterns, and
what are the critical parameters in#uencing the
metapopulation dynamics (Wiens, 1997). In a
preliminary study, using numerical iterations,
Olivieri & Gouyon (1997) have analysed the
equilibrium metapopulation size as a function
of dispersal rate (probability of dispersal per
propagule per generation) in a heterogeneous
landscape, composed of two elementary land-
scapes. They have identi"ed a non-trivial predic-
tion, namely that the metapopulation may go
extinct in the heterogeneous landscape, whereas
the metapopulation is viable in each elementary
landscape.

Using a deterministic metapopulation model
(used to study the evolution of dispersal by
Olivieri et al., 1995), the aim of this paper is to
understand the metapopulation dynamics in
a heterogeneous landscape (e.g. a metapopula-
tion the habitat of which is composed of two
elementary landscapes) and to underline the criti-
cal features of the landscape that can in#uence
the metapopulation dynamics. In this aim, it is
necessary "rst to "nd persistence conditions of
the metapopulation in an elementary landscape.
Conditions that allow the persistence of a meta-
population inhabiting a heterogeneous landscape
are derived from the results on elementary land-
scapes. The critical parameters of the elementary
landscape are identi"ed as well as the conse-
quences of a change in the temporal dynamics of
sites within the metapopulation habitat on meta-
population viability. The possible consequences
of a change in agricultural practices (for example,
increase of soil fertilization) for metapopulation
viability of weedy species are given as a theoret-
ical example.

Model Description

Our study is based on a deterministic struc-
tured model that has been described in Olivieri
et al. (1995) and Ronce & Olivieri (1997). A meta-
population of an annual plant species is con-
sidered. As found in a number of plant species,
each individual produces two kinds of seeds:
seeds with a great ability to disperse, and
seeds that do not disperse (see Olivieri et al.
1983; Olivieri & Gouyon, 1985). The dispersal
rate D is the fraction of seeds that, each genera-
tion, leave the site where they were produced.
D is assumed to be "xed and genetically based.
The metapopulation is assumed to inhabit "rst
an elementary landscape, and then a heterogen-
eous landscape. Two processes are modelled,
"rst the aging process of sites, and second the
local population growth. These two processes
are assumed to be completely independent. No
demographic stochasticity and no Allee e!ect
are considered. Since we are concerned with
the metapopulation viability (i.e. whether
the metapopulation tends to grow or decline at
low densities), we need not consider regulation,
even if some kind of density dependence is
necessary to prevent the metapopulation from
demographic explosion (Hastings & Wolin,
1989).

THE METAPOPULATION IN AN ELEMENTARY
LANDSCAPE

Sites dynamics in the elementary landscape

The landscape is assumed to be made of an
in"nite number of sites (deterministic model),
each containing at most one population. Each
site is the largest spatial unit for which the prob-
ability of disturbance is independent of other
units (uncorrelated local disturbances). A given
site is characterized by its age, equal to the time
since the last disturbance, and may exist in any
age states 0, 1, 2,2, Z. State Z characterizes all
sites whose last disturbance event occurred at
least Z years ago. A site becomes unsuitable
when it reaches age Z, because the annual species
is excluded by the invasion of more competitive
species. Z is thus the maximal population lifetime
of the species considered (but the site could well
be suitable for another species: Z is a property of
both the species and the landscape). 1!A

i
is the

probability that a site of age i is disturbed and
again becomes empty. The empty sites that are



FIG. 1. Dynamics of local populations in an elementary
landscape. In each occupied site, seeds are produced. A
proportion (1!D) remain in their natal site whereas a
proportion D of them disperse. A proportion q of dispersed
seeds survive and form the migrant pool. Each site
of age i can be either disturbed, with probability 1!A

ior left undisturbed with probability A
i
, and then

proceeds to the following successional state i#1. New indi-
viduals are issued from dispersed and non-dispersed seeds,
except in sites of age 1, in which they are issued only from
dispersed seeds.
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potentially colonizable are the sites of age 0. They
proceed to age class 1 if they are not disturbed
with probability A

0
. In other words, A

0
is the

probability that an empty site is colonized.
Otherwise, the sites of age 0 will remain empty
through disturbance prior to reproduction of im-
migrants (probability 1!A

0
). Sites of age i are

the sites that have been occupied for i consecutive
seasons. They proceed to the age class i#1 with
probability A

i
that we assume equal to A

1
for

all i between 1 and Z!1. Alternatively, sites
of age i can be destroyed by disturbance with
probability 1!A

1
. Sites of age Z can be likened

to sites unoccupied but uncolonizable by the
species. They remain unsuitable with probability
A

Z
or can be disturbed with probability

1!A
Z
, in which case they become again empty

and suitable.
It is assumed that the stationary age

distribution of sites in the landscape has
been reached. A given elementary landscape is
therefore characterized by the equilibrium fre-
quencies of site (<

0
, <

1
,2, <

i
,2, <

Z
), which are

functions of A
i
and Z (Olivieri et al., 1995; see

Appendix A).
The smaller the value of Z, the faster the

species is excluded from a site by succession.
In the real world, replacement of colonizing
species by more competitive ones is expected
to be more gradual. Alternatively, one might
think of an agricultural environment in which
the species under study occupies temporarily
non-cultivated "elds, Z then representing
the length of rotation. Sites of age 0 would
correspond to "elds where use has just stopped,
and sites of age Z would represent cultivated
"elds.

¸ocal populations dynamics (Fig. 1)

At the beginning of each season, residents
of occupied sites reproduce and die. Let N

i
(t)

be the local population size in a site of age i at
time t, and f be the net potential fecundity,
equal to the number of seeds produced per
individual that would survive to adulthood the
following generation in the absence of distur-
bance and successional processes. The e!ective
seed number produced on a site of age i is fN

i
(t).

A fraction D of these seeds disperse whereas
a fraction (1!D) of them remain on their original
site. The migrant pool is composed of a
proportion q of dispersed seeds that survive
to dispersal. In an island model of migration,
each site of the landscape receives a similar
amount of dispersed seeds equal to fDq +Z~1

i/1
<
i
N

i
(t). In each site of age i (i51), f (1!D)N

i
(t)

resident seeds are produced. At time (t#1),
on a site of age i#1, new individuals are issued
from both dispersed seeds and non-dispersed
seeds except on sites of age 1, in which new
individuals are issued only from dispersed
seeds, that arrived on empty sites. With these
assumptions, variation of local population sizes
of reproducing adults in sites is described by the
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following (Z) equations:

N
0
(t)"0,

N
1
(t)"fDq

Z~1
+
i/1

<
i
N

i
(t!1),

N
i
(t)"f (1!D)N

i~1
(t!1)#fDq

]
Z~1
+
i/1

<
i
N

i
(t!1) for i3[2, Z!1].

To summarize, the mosaic age}structure of an
elementary landscape is de"ned by four para-
meters, the three probabilities of non-disturbance
of sites, A

0
, A

1
, A

Z
and the maximum age of a site

Z. The metapopulation dynamics is a function of
the net potential fecundity f, the dispersal rate
D and the survival during dispersal q.

THE METAPOPULATION IN A HETEROGENEOUS
LANDSCAPE: A MIXTURE OF TWO ELEMENTARY

LANDSCAPES

In this model, a heterogeneous landscape is
made of two elementary landscapes with a propor-
FIG. 2. The heterogeneous landscape, mixture of two elem
proportion a, L2 in proportion (1!a). The sites mosaic age-str
mosaic age-structure of L2, by A

20
, A

21
, A

2Z2
and Z

2
. The migra

L1 and L2.
tion a of landscape 1 and a proportion 1!a of
landscape 2 (Fig. 2). Each elementary landscape
is a set of sites having its own temporal dynamics,
and is thus characterized by the four parameters
described above, resulting in the equilibrium
frequencies of the sites, and by the fecundity
of plants inhabiting these sites. Two transition
matrices are thus de"ned. Local population
dynamics is the same as in an elementary land-
scape but dispersed seeds come from all occupied
sites of landscapes 1 and 2. We further assume
that the seeds fall equally among all sites of the
heterogeneous landscape (island model of migra-
tion).

Let N
1i

(t) be the local population size in a site
of age i of landscape 1, and N

2i
(t) the local

population size in a site of age i of landscape 2,
at time t. Let f

1
and f

2
be the net potential

fecundities de"ned, respectively, in landscapes
1 and 2, and Z

1
, Z

2
be the maximal population

lifetimes. The fraction of dispersed seeds that
is received by each site of the heterogeneous
entary landscapes L1 (sites S
1i

) and L2 (sites S
2i

). L1 is in
ucture of L1 is de"ned by A

10
, A

11
, A

1Z1
and Z

1
and the sites

nt pool is composed of seeds coming from all occupied sites of



FIG. 3. Net replacement number R
0

as a function of dis-
persal rate D, in a elementary landscape (q"1). Two cases
are illustrated: 1*R

0
(1)'1 and the metapopulation per-

sists for high values of D, (A
0
"0.3, A

1
"0.1, A

Z
"0.999,

Z"7, f"5.8). 22R
0
(1)(1 and A

1
f'1, and the meta-

population persists for intermediate values of D (A
0
"0.1,

A
1
"0.9, A

Z
"0.999, Z"7, f"4.8).
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landscape is

a f
1
Dq

Z1~1
+
i/1

<
1i

N
1i

(t)

#(1!a) f
2
Dq

Z2~1
+
i/1

<
2i

N
2i

(t).

Variation of local population sizes is described by
a system of equations, with

N
j0

(t)"0,

N
j1

(t)"Dq+
j

a
j
f
j

Zj~1
+
i/1

<
ji
N

ji
(t!1),

N
ji
(t)"f

j
(1!D)N

j(i~1)
(t!1)

#Dq+
j

a
j
f
j

Zj~1
+
i/1

<
ji
N

ji
(t!1)

for i3[2,Z
j
!1]

with j"1, 2, a
1
"a and a

2
"1!a.

The mosaic age structure of a heterogeneous
landscape is thus de"ned by nine parameters, the
two sets of four parameters associated, respec-
tively, with landscapes 1 and 2 and the propor-
tion a of landscape 1. The metapopulation
dynamics is a function of the two net potential
fecundities f

1
and f

2
associated with landscapes

1 and 2, the dispersal rate D of the species con-
sidered and the survival during dispersal q.

Analytical Solution of Metapopulation
Persistence

Using Mathematica software, we determined
the range of dispersal rate allowing metapopula-
tion persistence. A necessary condition for viabil-
ity is a metapopulation growth rate above one at
low densities, when density-dependence regula-
tion does not yet operate. From the equations
that describe the local variation of population
sizes, a matrix M is determined for each land-
scape (the whole mathematical analysis is given
in appendix A in the case of the elementary land-
scape; for the heterogeneous ones, a similar anal-
ysis can be developed but is not given). M is
a square matrix, such that N(t)"M )N(t!1),
where N(t) is the vector of the local population
sizes [N

i
(t) in the elementary landscape, N

1i
(t)

and N
2i

(t) in the heterogeneous landscape]. For
D"0, the matrix M is not positive and has its
eigenvalues all equal to 0. For DO0, M is a pos-
itive matrix and has a unique positive eigenvalues
(see Appendix A), which is the dominant eigen-
value and which determines the asymptotic prop-
erties of population growth (Perron}Frobenius
theorem, see Caswell, 1989). From the character-
istic equation of the matrix, we have derived the
net replacement number R

0
(see Gyllenberg et al.,

1997; Gyllenberg & Hanski, 1997). Another way
to "nd the net replacement number R

0
is to

consider the expected number of seeds, descend-
ants of a single founder seed, which will leave the
site until it goes extinct (see Section A.4 for the
elementary landscape and Appendix B for the
heterogeneous ones). If R

0
is greater or equal to

one, then the metapopulation will persist; other-
wise the metapopulation will go extinct. To "nd
the range of dispersal rates that allow the meta-
population persistence, we thus look for the
values of dispersal rate corresponding to a value
of R

0
greater than or equal to one. The extreme

values of the dispersal rate D that are the roots of
the equation R

0
(D)"1 determine the range of

dispersal rates that allow the metapopulation
persistence.

THE METAPOPULATION IN THE ELEMENTARY
LANDSCAPE

The complete analysis is given in Appendix A.
It is shown that the equation R

0
(D)"1 has at

most two roots and that the metapopulation



FIG. 4. In#uence of A
1
, f and Z on R

0
(q"1). The curve corresponds to R

0
(D)"1, the hatched area to R

0
(D)'1, and the

white area to R
0
(D)(1. (a) Variation of A

1
, case 1*A

0
"0.3, A

Z
"0.999, Z"7, f"5; case 2*A

0
"0.1, A

Z
"0.999, Z"5,

f"8. Case 1 ; case 2 . (b) Variation of f for di!erent values of A
1
, A

0
"0.3, A

Z
"0.99, Z"3. A

1
"0.1 ; A

1
"0.9 .

(c) Variation of Z, case 1*A
1
f(1 parameter values are as in Fig. 3 (case 1): case 2*A

1
f'1 parameter values are as in

Fig. 3 (case 2).
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persistence depends on two conditions. If R
0
(1)

(all seeds are dispersed) is greater than one, the
equation R

0
(D)"1 has exactly one root D

1
between 0 and 1. The range of dispersal rates that
allow the metapopulation persistence is thus
[D

1
, 1], and the metapopulation may persist even

for high dispersal rates (Fig. 3). Conversely, when
R

0
(1) is less than one, two cases can be distin-

guished. First, if the term A
1
]f is less than one,

then the equation R
0
(D)"1 has no root on [0, 1]

and the metapopulation goes extinct for all dis-
persal rates. Second, if the term A

1
]f is greater

than one, then the equation R
0
(D)"1 has at

most two roots on ]0, 1[, and the metapopulation
will persist only when the dispersal rate belongs
to the interval determined by these two roots (see
Fig. 3). The in#uence of landscape parameters on
the range of dispersal rates allowing metapopula-
tion persistence may be studied through their
in#uence on R

0
(D). Let us show in particular

the in#uence of A
1
, f and Z [Fig. 4(a)} (c)].

Figure 4(a) (cases 1 and 2) shows that A
1

has
a strong e!ect on the dispersal range: as expected,
the lower A

1
(the larger the disturbance rate), the

larger the dispersal rate must be for metapopula-
tion persistence. However, this pattern varies
with Z the maximal population lifetime: when
Z is low, the persistence range is reduced to
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intermediate values of dispersal. Figure 4(b)
shows that, for low values of Z, the threshold
value of f (below which the metapopulation is not
viable regardless the dispersal rate) increases with
A

1
, while the persistence range of dispersal

is reduced to intermediate values. Figure 4(c)
(case 1) shows that if A
1
]f(1, Z has virtually

no e!ect on the dispersal range. Conversely, if
A

1
]f'1 (case 2), as Z increases, the dispersal

range is very rapidly equal to ]0, 1].

2. THE METAPOPULATION IN THE HETEROGENEOUS
LANDSCAPE: MIXTURE OF TWO ELEMENTARY

LANDSCAPES L1 AND L2

In the heterogeneous landscape (see Appendix
B), the net replacement number R

0
(D) is a func-

tion of a and of the two net replacement numbers,
R

01
(D) and R

02
(D), derived respectively in each

elementary landscapes L1 and L2: R
0
(D)"

aR
01

(D)#(1!a)R
02

(D) [eqn (B.1)]. This allows
to determine R

0
(D) from R

01
(D) and R

02
(D),

and thus allows to conclude about whether
the metapopulation persists or goes extinct in the
heterogeneous landscape. Three cases must be
distinguished according to the value of dispersal
rate D.

Case 1: D is such that R
01

(D) and R
02

(D) are
both greater than one. R

0
(D) is then always

greater than one whatever the proportion of L1
(a), so that the metapopulation always persists for
this dispersal rate whatever the mixture of the
two elementary landscapes.

Case 2: D is such that R
01

(D) and R
02

(D) are
both below one. R

0
(D) is then less then one what-

ever a, and the metapopulation always goes ex-
tinct for this dispersal rate.

Case 3: D is such that either R
01

(D) is greater
than one and R

02
(D) is lower than one or the

reverse. R
0
(D) may be greater than one, if D is

such that (R (D)!1)/(1!R (D))'(1!a)/a .
$&&&&&&&&&&&&&&&&&&&&&&&&

FIG. 5. Net replacement number R
0

in a heterogeneous
landscape, as a function of the dispersal rate D, and a, the
proportion of the landscape 1. The hatched area corres-
ponds to values of a and D, such as R

0
(D)'1, the white area

to R
0
(D)(1, and the curve to R

0
(D)"1. Two cases must be

distinguished: (a) the two metapopulation persistence ranges
[D

1
!D@

1
] and [D

2
!D@

2
] de"ned, respectively, in L1 and

L2 overlap. (b, c) These two ranges are non-overlapping.
Either there exists a range of a for which the metapopulation
is not viable whatever D (b), or there exists a range of a for
which two discontinuous ranges of D allow the metapopula-
tion persistence (c). Parameters used (q"1): a*L1,
A

10
"0.4, A

11
"0.9, A

1Z1
"0.95, Z

1
"3, f

1
"8, L2,

A
20
"0.1, A

21
"0.9, A

2Z2
"0.999, Z

2
"7, f

2
"5.5, b1*L1,

A
10
"0.4, A

11
"0.8, A

1Z1
"0.95, Z

1
"3, f

1
"7.5, L2,

A
20
"0.4, A

21
"0.9, A

2Z2
"0.999, Z

2
"7, f

2
"4.5, b2*L1,

A
10
"0.3, A

11
"0.1, A

1Z1
"0.999, Z

1
"7, f

1
"5.8, L2,

A
20
"0.3, A

21
"0.9, A

2Z2
"0.999, Z

2
"7, f

2
"5.

01 02
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From these three cases, it can be shown that
(Fig. 5):

z If the two dispersal ranges that allow the meta-
population persistence in each elementary
landscape respectively overlap, then the meta-
population always persists whatever a in the
heterogeneous landscape [Fig. 5(a)].

z If these two ranges are discontinuous, there
exists a range of a for which either the meta-
population goes extinct regardless the dispersal
rate [Fig. 5(b)], or for which two di!erent and
discontinuous ranges of dispersal rate allow the
metapopulation persistence [Fig. 5(c)].

Discussion

THE METAPOPULATION DYNAMICS

The analysis presented earlier allows to study
the persistence and extinction of a metapopula-
tion in an elementary landscape and in a hetero-
geneous landscape. As in Gyllenberg et al. (1997),
the number R

0
plays a crucial role. In their paper,

these authors de"ne this term as &&the expected
number of new local entities produced in a virgin
environment by a typical local entity during its
lifetime''. This term is analogous to the basic
reproduction ratio used in the epidemiological
models which gives the expected number of sec-
ondary cases caused by one typical infected indi-
vidual during its entire infectious period in
a population consisting of susceptible individuals
only (Diekmann et al., 1990). In the case of meta-
population models, a population is analogous to
the infected individual, and the new founded
populations, to the secondary cases. Thus, this
term can be interpreted as the expected number of
new local populations produced by a local popu-
lation during its lifetime. In other words, a meta-
population can be seen as a system with two
demographic levels: the individual in the popula-
tion and the population in the metapopulation.
From this prospect, the net replacement number is
the "tness of a population, e.g. the number of
populations generated by a single population.

In our model, the number R
0

has been derived
in a purely mathematical way from the matrix
expression of the metapopulation dynamics,
without distinguishing the population level from
the individual level as we work on local popula-
tion sizes (N
i
). R

0
can also be calculated by

considering the expected number of seeds, de-
scendants of a single founder seed, which will
leave the site until it goes extinct. Instead of
counting from seeds to seeds, one can count from
plants to plants. Thus, R

0
can also be derived by

considering the expected number of plants, de-
scendants of a single founder plant and issued
from seeds which will leave the site until it goes
extinct (see Section A.4). Dealing with number of
seeds or individuals, these derivations of R

0
do

not take explicitly into account the two demog-
raphic levels. They appear thus in contrast with
the net replacement number of Gyllenberg et al.
(1997). In fact, in our deterministic model, an
in"nite number of sites is considered. Our math-
ematical derivation of R

0
assumes an in"nite

number of individuals since it is based on the
expression of the variation of N

i
. Indeed, if we

had a "nite number of individuals, the N
i
would

be on expectancy all equal to zero. However, the
biological derivation of R

0
is true even for a "nite

number of individuals. In this case, the number
R

0
is derived under the same conditions as

Gyllenberg et al. (1997) (in a virgin environment).
As long as the number of individuals is su$-
ciently low, our model behaves like one in which
the fraction of dispersed seeds could be replaced
by the expected number of seeds per site, which
itself is equivalent to a probability of colonization
when it is su$ciently less than one. In such a case,
it can be treated as a model in which a "nite
number of seeds would fall into an in"nite num-
ber of sites. Two implications arise: "rst, each
successful dispersed seed will create a new local
population, and second, a local population is
settled by the progeny of a single founder seed.
Thus, the new founded local populations are
equivalent to the number of new individuals able
to reproduce. Although the net replacement num-
ber R

0
is derived in our model from dynamics of

individuals, this term can be interpreted as the
expected number of new local populations pro-
duced by a local population during its lifetime.

The persistence or extinction of the meta-
population in a landscape depends only on the
expected number of seeds, descendants of a single
founder seed, which will leave the site until it
goes extinct. This might have been predicted
since local populations have a limited lifetime
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and dispersed seeds are the only ones allowing
the birth of new local populations. The values of
dispersal rate for which R

0
will be equal to one

will determine the range of dispersal rates that
allow the metapopulation persistence in each
landscape.

First, in an elementary landscape, the existence
of a metapopulation persistence range agrees
with the results of Ro! (1975), and Hanski &
Zhang (1993), who have analysed metapopula-
tion viability as a function of dispersal rate. How-
ever, in our model, the local carrying capacity
does not in#uence the metapopulation persistence
dispersal rate range as we studied conditions for
metapopulation growth at low density only. Our
model does not suppose the existence of a min-
imum viable population size as in Ro! (1975).
Two elements are crucial for the metapopulation
persistence: the value of the net replacement
number when all seeds are dispersed (R

0
(1)), and

the term A
1
]f, which can be interpreted as the

expected number of o!spring produced by a seed
on an occupied site if the site is not disturbed. In
all cases, the dispersal rate must exceed a min-
imum value in order that foundations of new
populations could compensate for extinctions.
When all seeds are dispersed, if R

0
(1) is above

one, the metapopulation persists even for high
values of dispersal. It is the case for some para-
meter values corresponding particularly to habi-
tats, for which either the frequency of empty sites
is high [as in Fig. 3 (case 1), <

0
"0.7499,

+Z~1
i/1
<
i
"0.2499, <

Z
"0.0002], or the suc-

cessional process is rapid. Conversely, in habitats
where the unsuitable sites are the most frequent
[Fig. 3 (case 2), <

0
"0.02, +Z~1

i/1
<
i
"0.01,

<
Z
"0.97], R

0
(1) is below one, since a majority of

dispersed seeds are lost on these sites. If the term
A

1
]f is below one, the number of progeny is not

su$cient to allow the growth of local popula-
tions and the metapopulation goes inevitably
extinct. If this term is above one, the metapopula-
tion may persist for intermediate values of dis-
persal rate. Note that there is a particular value of
dispersal rate for which R

0
is maximum. Below

this value, the number of dispersed seeds produc-
ed is not su$cient for the metapopulation to
have maximal growth. Over this value, the num-
ber of dispersed seeds produced is too high and
some are lost into unsuitable sites. The existence
of an optimal dispersal value (not necessarily
evolutionarily stable) has been shown in other
models as well (e.g. Ro!, 1975; Comins et al.,
1980; Motro, 1982).

Second, our analysis allows to predict condi-
tions that allow the persistence of a metapopula-
tion in the heterogeneous landscape from the
results on metapopulation dynamics in a elemen-
tary landscape and thus to understand the sur-
prising prediction shown by Olivieri & Gouyon
(1997) in the heterogeneous landscape. This anal-
ysis shows that the metapopulation is always able
to persist in the heterogeneous landscape (what-
ever the proportion of the two elementary land-
scapes) if the two dispersal ranges allowing the
metapopulation persistence, respectively, in the
two elementary landscapes overlap. Indeed, a suf-
"cient condition for metapopulation persistence
is that there exist common dispersal rates within
the two persistence ranges. When these two dis-
persal ranges are discontinuous, two cases have
been identi"ed: either there exist values of a such
that the metapopulation goes extinct whatever
the dispersal rate, or there exist values of a such
that two ranges of dispersal rate allow meta-
population persistence. The expression of the net
replacement number in the heterogeneous land-
scape as a function of the two net replacement
numbers determined, respectively, in each of the
two elementary landscapes gives insight on the
metapopulation dynamics. In particular, the
metapopulation may behave like a source}sink
metapopulation sensu Hanski & Simberlo!
(1997) in the heterogeneous landscape. Indeed,
for some values of dispersal, in one of the elemen-
tary landscapes, the net replacement number is
below one and in the other elementary landscape,
it is above one [e.g. Fig. 5(a) for a"0.2,
D3[D

2
, D

1
], R

01
(D)(1 and R

02
(D)'1]. Thus,

in the heterogeneous landscape one elementary
landscape behaves like a sink, whereas the other
behaves like a source. In this case, the meta-
population persists in the heterogeneous land-
scape only if the excess of dispersed seeds produc-
ed on the source elementary landscape compen-
sates the de"cit on the sink elementary landscape.
If the two elementary landscapes behave like
a sink [e.g. Fig. 5(b) and (c), D3yD

2
, D

1
y , the

metapopulation goes inevitably extinct. This re-
sult is in apparent contrast to the study of Jansen
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& Yoshimura (1998), who showed that a popula-
tion can persist in two sink habitats, when the
environmental conditions in one of them are not
constant but #uctuate. In fact, a habitat in their
model is a unique site. As Jansen & Yoshimura
(1998) themselves recognize in their discussion,
their prediction that a population can persist in
two sink habitats resumes to the prediction that
a metapopulation may be viable even though
each population has a "nite lifetime.

THE LANDSCAPE

The analytical derivation of the metapopula-
tion dynamics in the landscape identi"es the
main elements of the landscape, that determine
and in#uence the future of the metapopulation.

In the elementary landscape, as in Hanski
& Zhang (1993), our model predicts that species
living in unstable environments (with high turn-
over of sites) should have intermediate dispersal
rates, if the landscape has a low suitability
[Fig. 4(a), case 2, <

Z
"0.69, A

1
"0.4]. Because

we take process of succession into account, we
further predict that species should also have in-
termediate dispersal rates if the replacement of
the species by the process of succession is rapid
(low maximal population lifetime). This is be-
cause the average extinction rate of an occupied
site depends both on the disturbance rate
(1!A

1
) and on the process of succession. Un-

expectedly, as shown in Fig. 4(b), in a highly
disturbed landscape (high disturbance rate of
occupied sites associated with a reduced expected
lifetime of populations), the threshold value of f is
lower than in a more stable habitat (low distur-
bance rate of occupied sites and same maximal
population lifetime). In the "rst case, the fre-
quency of colonizable sites is large (<

0
"0.62)

and high dispersal rates are su$cient to allow
metapopulation persistence. Conversely, in the
latter case, as the frequency of non-colonizable
sites is very high (<

Z
"0.94), most dispersed seeds

are lost to these sink sites and the metapopula-
tion persists only for high values of local popula-
tion growth, found only when fecundity is large.
When Z tends to a large value [Fig. 4(c)], the
frequency of unsuitable sites is negligible. If the
number A

1
]f is lower than 1, the occupied sites

are frequently disturbed and the local population
growth is low. Thus, the metapopulation persists
for high dispersal rates if the survival rate of
dispersed seeds and the colonization rate of
empty sites are high enough [Fig. 4(c), case 1].
Conversely, if A

1
]f is greater than 1, the ex-

pected number of o!spring produced by a seed
on an occupied site is high and the metapopula-
tion persists rapidly for all dispersal rates as
Z increases [Fig. 4(c), case 2].

In the heterogeneous landscape, di!erent tem-
poral dynamics of sites resulting from ecological
variations within the same landscape can lead to
complex patterns of metapopulation dynamics
and especially to metapopulation extinction.
Many studies have shown that the spatial pattern
of the metapopulation habitat can a!ect dispersal
and metapopulation survival. Ecosystem frag-
mentation (Saunders et al., 1991), increased aver-
age isolation between sites, decreased site areas
(Hanski, 1994; Gustafson & Gardner, 1996) and
the arrangement of sites in the habitat (Adler
& Nuernberger, 1994) are the major cited factors.
But in our case extinction does not result from
either a decrease in the availability of suitable
sites, or from an increase in the fragmentation of
the landscape. The metapopulation extinction
is caused by changes in the proportions of the
elementary landscapes; these changes lead to
situations in which no dispersal rates allow
persistence.

The results obtained in the heterogeneous
landscape show that a modi"cation of the pro-
portion of one elementary landscape can have
various consequences for several di!erent causes.
This can be critical for metapopulation viability.
Indeed, imagine that the metapopulation habitat
is at "rst equivalent to landscape 2, that sites
dynamics is modi"ed so that the metapopulation
habitat becomes progressively a heterogeneous
landscape, made of landscapes 2 and 1, and
eventually becomes equivalent only to landscape
1. Assuming the cases of Fig. 5, two di!erent
scenarios can be envisaged:

Scenario 1: the metapopulation is able to per-
sist whatever the mixture of the two elementary
landscapes [see Fig. 5(a)]. If the initial dispersal
rate lies between D

1
and D@

2
, the metapopulation

will be viable whatever a. But, assume now that
the initial genetic variability was reduced by
natural selection acting on dispersal. If the initial
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dispersal rate lies between D
2

and D
1
, the meta-

population will persist only if the change in the
proportion of the landscape 1 is slow enough to
allow the evolution of a dispersal rate within the
persistence range of the metapopulation in the
new landscape ([D

1
, D@

1
]).

Scenario 2: let us assume that, as in Fig. 5(b),
there exists a large range of the proportion of the
landscape 1 for which no dispersal rates allow
metapopulation persistence. Only if landscape
proportions change drastically and variability in
dispersal rate is already present in the meta-
population will persistence be allowed.

In summary, if there exists a dispersal range
allowing metapopulation persistence whatever a,
the modi"cation of the habitat should be slow.
Conversely, if there exist some values of a for
which no dispersal rates allow metapopulation
persistence, the metapopulation will persist if the
landscape proportions change rapidly. However,
with an abrupt change there will be a transitory
period during which the landscape itself will not
be in equilibrium, with respect to frequencies of
patches in di!erent states. This was not taken
into account in our model. During this transitory
period, local populations may drop dangerously
low, even though the long-term deterministic ex-
pectation is a positive growth rate in the new
landscape at its equilibrium.

The present results can give insight into conse-
quences of di!erent management practices. In-
deed a change in a part of a landscape that
modi"es the landscape sites dynamics may lead
to metapopulation extinction, in particular if
only the disturbance rate of occupied sites is
modi"ed (results not shown). Thus, if in a local
region, agricultural practices or particular land
management pattern [like "re, grazing or #ood
water management (Noble & Gitay, 1996)] in-
crease the disturbance rate of some sites, this
could lead to the species extinction if the meta-
population habitat is initially equivalent to an
elementary landscape with low probability of dis-
turbance. This extinction can occur also if the
disturbance rate is decreased, for example by
management decisions such as protecting some
sites of the metapopulation habitat against
disturbing in#uences, if the habitat is initially
equivalent to an elementary landscape with high
probability of disturbance. Moreover, extinction
may result also from change in the maximal
population lifetime and fecundity. For instance, if
fertilizers are applied to some sites, fecundity in
these sites may be increased, but the successional
process may also be accelerated, thereby decreas-
ing the population lifetime (Z). This action may
lead to the metapopulation extinction, because
no dispersal rate allowing metapopulation per-
sistence may exist. The same process may arise if
initially all landscape sites receive fertilizers and if
progressively application of fertilizers is stopped.

Conclusion

A better understanding of metapopulation dy-
namics is of fundamental interest in evolution
and in ecology (Olivieri et al., 1990; Bascompte
& SoleH , 1995; Hanski & Gilpin, 1997) as well as in
landscape ecology (Wiens, 1997) and conserva-
tion biology (Doak & Mills, 1994, McCullough,
1996). This study points out how the landscape
structure can have complex e!ects on meta-
population dynamics. As landscape features
change, the evolution of dispersal is a critical
characteristic of the metapopulation. If the evolu-
tion of dispersal towards new values adapted to
the novel landscape features is not possible, the
metapopulation can be doomed to extinction.
But, even if it is possible, the existence of su$-
cient variation with regard to the speed of land-
scape change is a critical parameter for the future
of the species.

Thanks are due to J. Shyko! and A. Franc who
made particularly useful comments on early versions
of the manuscript. Mats Gyllenberg gave very useful
insights in the mathematical analysis. Bob Holt made
very relevant remarks on the submitted version and
one anonymous reviewer interestingly pointed out to
us that R

0
could be derived by considering the ex-

pected number of dispersed seeds produced by a dis-
persed seed. The "rst author acknowledges an FCPR
grant from the French Ministry of Agriculture.
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APPENDIX A

R0(D) in the Elementary Landscape

A.1. EQUILIBRIUM FREQUENCIES OF SITES IN

AN ELEMENTARY LANDSCAPE

It has been shown in Olivieri et al. (1995) that
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A.2. MATRIX EXPRESSION OF THE METAPOPULATION

DYNAMICS

M is the matrix such that N(t)"M )N(t!1),
where N(t) is the vector of local population sizes
(N
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A.3. MATHEMATICAL DERIVATION OF R
0
(D)

The characteristic equation of M is

Det [M!j I ]"0, (A.1)
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As >O0, dividing both sides of eqn (A.2) by >,
one obtains

1"(b
1
#2#b

Z~1
)j~1#x (b

2
#2#b

Z~1
)

]j~2#2#xk~1(b
k
#2#b

Z~1
)j~k#2

#xZ~2b
Z~1

j~Z`1. (A.3)

Let the right-hand side of eqn (A.3) be S(j, x, b
i
).

S(j,x, b
i
) is a strictly decreasing function of

j tending to #R as jP0` and to 0 as
jP#R. This proves that the characteristic
equation has a unique positive root j which is
the dominant root according to the Perron}
Frobenius theorem (see Caswell, 1989). Denote
S(j,x, b

i
) evaluated at j"1 by R

0
. The expres-

sion of R
0

is

R
0
"

Z~2
+
i/0

xi
Z~1
+

j/i`1

b
j
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or

R
0
(D)"f Dq

Z~2
+
i/0

f i(1!D)i
Z~1
+

j/i`1

<
j
.

A.4. BIOLOGICAL DERIVATION OF R
0
(D)

Consider the sites of the landscape almost
empty and a dispersed seed which arrives on
a site of the landscape just before the period of
disturbance. The aim is to calculate the expected
number of seeds, descendants of this founder,
which will leave the site.

z With probability <
Z
, the dispersed seed falls in

an unsuitable site and has no progeny.
z With probability <

i
(i3[1, Z!1]), the disper-

sed seed arrives on a suitable site of age i.

With probability A
1

(the site is not disturbed),
the founder seed will produce fD dispersed seeds
and f (1!D) non-dispersed seeds.

If the site is not disturbed the following genera-
tion, each of the f (1!D) non-dispersed seeds will
produce f D dispersed seeds. Thus, the founder
seed will have produced f D[ f (1!D)] dispersed
seeds.

By recurrence, in the jth time after the disper-
sed seed entered the site of age i, its expected
production of dispersed seeds is

A
1
[A

1
f (1!D)]j~i~1 f D.

z With probability <
0
, the dispersed seed falls in

a suitable site of age 0.
The same reasoning applies except that the

initial probability of non-disturbance is A
0
.

The expected production of dispersed seeds by
the founder seed is thus A

0
[A

1
f (1!D)]j~1 f D.

Each of all these dispersed seeds will survive
with probability q.

Therefore, the expected production of disper-
sed seeds produced by the founder seed is

Q(D)"f D qC<0
Z~1
+
j/1

A
0
[A

1
f (1!D)]j~1

#

Z~2
+
i/1

<
i

Z~1
+

j/i`1

A
1
[A

1
f (1!D)]j~i~1D .
Since <
i
"A

0
<
0
Ai~1

1
, ∀i3[1,Z!1],

Q(D)"f D qC
Z~1
+
j/1

<
j
[ f (1!D)]j~1

#

Z~2
+
i/1

Z~1
+

j/i`1

<
j
[ f (1!D)]j~i~1D ,

Q(D)"f D q
Z~2
+
i/0

f i (1!D)i
Z~1
+

j/i`1

<
j
.

This quantity is equal to R
0
(D).

Each dispersed seed will generate a plant able
to reproduce (i.e. the seed "nds a suitable site and
this site is not disturbed) with probability

<
0
A

0
#

Z~2
+
i/1

(<
i
A

1
)"1!<

0
!<

Z
.

This is true for the founder seed as well as its
progeny.

Therefore, a dispersed seed will produce, on
expectation:

z 1!<
0
!<

Z
plants able to reproduce.

z R
0

dispersed seeds and R
0
(1!<

0
!<

Z
) plants

able to reproduce.

Thus, R
0

is also equal to the expected number of
plants, descendants of a founder plant and issued
from seeds which will leave the site until it goes
extinct.

A.5. NUMBER OF ROOTS OF THE EQUATION R
0
(D)"1

To show that R
0
(D)"1 has at most two roots

on [0, 1], it is su$cient to show that R
0
(D) has

a unique extremum. Since R
0
(0)"0 and

R
0
(D)50 ∀D3[0, 1], this extremum is a max-

imum. By the change of variable x"f (1!D),
one gets

R
0
(x)"q( f!x)

Z~2
+
i/0

xi
Z~1
+

j/i`1

<
j
.

R
0
(x)"q( f!x)P(x), where P(x) is a polynomial

of degree (Z!2).
From now on, as D varies from 0 to 1, R

0
(x)

will be studied only for x3[0, f ]. We now dem-
onstrate that R

0
(x) has a unique extremum on

[0, f ].
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One can write R
0
(x) as a polynomial

R
0
(x)"

Z~1
+
k/0

r
k
xk

with r
k
, the coe$cients of the polynomial R

0
(x):

r
0
"q f

Z~1
+
j/1

<
j
,

r
k
"q C!<k#( f!1)

Z~1
+

j/k`1

<
jD , ∀k3[1,Z!2],

r
Z~1

"!q<
Z~1

,

r
0
'0 and r

Z~1
(0,

R
0
(0)"r

0
and R

0
( f )"0.

The function R
0
(x) depends on the sign of R@

0
(x)

(the derivative of R
0

with respect to x), which
itself depends on the sign of R(2)

0
(x),2 and so on

until R(Z~1)
0

(x). We now study the successive de-
rivatives of R

0
(x).

R(Z~1)
0

(x)"(Z!1)! ) r
Z~1

and is always negative,

R(k)
0

(x)"q( f!x)P(k)(x)!qkP(k~1)(x)

∀k3[1,Z!2].
In particular,

R(k)
0

(0)"k!r
k
,

R(k)
0

( f )"!kqP(k~1) ( f ).

R(k)
0

(0) has the sign of r
k
, and R(k)

0
( f ) is always

negative,

r
k
"qC!<k#( f!1)

Z~1
+

i/k`1

<
iD, ∀k3[1,Z!2].

Since <
k
"A

0
<
0
Ak~1

1
, we have

r
k
"qA

0
<
0
Ak~1

1 C!1#A
1
( f!1)

1!AZ~1~k
1

1!A
1
D .

r
k

has thus the sign of A
1

f!1!AZ~k
1

( f!1).
We may distinguish two cases:

Case 1: A
1
]f41. ∀k3]0,Z!1], r

k
(0.

Therefore, R(k)
0

(0)(0 and R(k)
0

( f )(0. Since
∀x3[0, f ], R(Z~1)

0
(x)(0, R(Z~2)

0
(x) is a strictly
decreasing, negative function of x. So is
R(Z~3)

0
(x),2 and so is R@

0
(x). Therefore, R

0
(x) is

a decreasing function of x, with a maximum at
x"0 and a minimum at x"f. We may further
distinguish two cases:

z if R
0
(0)(1, then ∀x3[0, f ], R

0
(x)(1, the

metapopulation is not viable ∀D3[0, 1]
z if R

0
(0)'1, then & !x

1
/R

0
(x

1
)"1. Therefore,

&!D
1
"1!x

1
/f such that R

0
(D

1
)"1, and the

metapopulation persists for D3[D
1
, 1].

Case 2: A
1
]f'1. In this case, r

k
may be pos-

itive for some values of k. Let us study the sign of
r
k`1

!r
k
.

∀k3[1,Z!2], r
k`1

!r
k

"q(<
k
!f<

k`1
)

"qA
0
<
0
Ak~1

1
(1!A

1
f ),

and thus r
k`1

!r
k
(0.

Therefore, we have

r
0
'0,

r
Z~1

(2(r
k
(2(r

1
,

r
Z~1

(0.

If ∀k3[1,Z!1], r
k
(0, then the demonstration

of case 1 applies.
If &j/r

Z~1
(r

Z~2
(2(r

j`1
(0(r

j
(2(r

1
,

then ∀k3[ j#1,Z!1], ∀x3[0, f ], R(k)
0

(x)(0.
In particular, ∀x3[0, f ], R(j`1)

0
(x)(0, R( j)

0
(x) is

thus a strictly decreasing function of x, with
R(j)

0
(0)"j!r

j
'0 and R(j)

0
( f )(0. Therefore,

&!m
j
3[0, f ]/R (j)

0
(m

j
)"0. Thus, for x3[0, m

j
],

R(j)
0

(x)50 and for x3[m
j
, f ], R(j)

0
(x)40.

R(j~1)
0

(x) is an increasing function of x on [0, m
j
]

and a decreasing function on [m
j
, f ], with

R(j~1)
0

(0)"( j!1)!r
j~1

'0 and R(j~1)
0

( f )(0.
Therefore, &!m

j~1
3[m

j
, f ]/R(j~1)

0
(m

j~1
)"0.

By continuing the recurrence, it follows that
R@

0
(x) is an increasing function of x on [0, m

2
]

and a decreasing function on [m
2
, f ], with

R@
0
(0)"r

1
'0 and R@

0
( f )(0. Therefore,

&!m
1
3[m

2
, f ]/R@

0
(m

1
)"0.

Thus, for x3[0, m
1
], R@

0
(x)50 and for

x3[m
1
, f ], R@

0
(x)40. Therefore, R

0
(x) is an in-

creasing function on [0,m
1
], and a decreasing

function on [m
1
, f ], and R

0
(x) has a unique max-

imum on [0, f ].
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z if R
0
(0)(1, then the equation R

0
(D)"1 has at

most two roots on [0, 1], which de"ne the per-
sistence range of the metapopulation,

z if R
0
(0)'1, then &!x

1
3[0, f ]/R

0
(x

1
)"1,

therefore &!D
1
"1!x

1
/f such that

R
0
(D

1
)"1, and the metapopulation persists

for D3[D
1
, 1].

To sum up these results for R
0

as a function of D,
D3[0, 1]:

z if R
0
(1)'1, the metapopulation persists for

D3[D
1
, 1].

z if R
0
(1)(1,

if A
1
f41, the metapopulation is not viable

∀D3[0, 1],
if A

1
f'1, the metapopulation can persist

for D3[D
1
, D

2
].

APPENDIX B

R0(D) in the Heterogeneous Landscape

The metapopulation habitat is a heterogen-
eous landscape, mixture of the two elementary
landscapes L1 and L2. L1 is in proportion a,
which varies from 0 to 1. Let <
1i

be the frequen-
cies of sites S

1i
of the elementary landscape L1.

<
2i

the frequencies of sites S
2i

of the elementary
landscape L2. f

1
and f

2
are the net potential

fecundities, and Z
1

and Z
2

the maximal popula-
tion lifetimes, in L1 and L2, respectively.

We use the biological interpretation of the
R

0
in the elementary landscape (see Section A.4).

A dispersed seed arrives in L1 with probability a,
and in L2 with probability (1!a). In each ele-
mentary landscape, its expected production of
dispersed seeds is:

in L1 R
01

(D)"f
1
Dq

Z1~2
+
i/0

f i
1
(1!D)i

Z1~1
+

j/i`1

<
1j

,

in L2 R
02

(D)"f
2
Dq

Z2~2
+
i/0

f i
2
(1!D)i

Z2~1
+

j/i`1

<
2j

.

Thus, in the heterogeneous landscape, the ex-
pected number of dispersed seeds produced by
a dispersed seed is

R
0
(D)"aR

01
(D)#(1!a)R

02
(D) . (B.1)


	Introduction
	Model Description
	FIGURE 1
	FIGURE 2

	Analytical Solution of Metapopulation Persistence
	FIGURE 3
	FIGURE 4
	FIGURE 5

	Discussion
	Conclusion
	REFERENCES
	APPENDIX A
	APPENDIX B

