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abstract: We present a model of a source-sink competitive meta-
community, defined as a regional set of communities in which local
diversity is maintained by dispersal. Although the conditions of local
and regional coexistence have been well defined in such systems, no
study has attempted to provide clear predictions of classical
community-wide patterns. Here we provide predictions for species
richness, species relative abundances, and community-level func-
tional properties (productivity and space occupation) at the local and
regional scales as functions of the proportion of dispersal between
communities. Local (a) diversity is maximal at an intermediate level
of dispersal, whereas between-community (b) and regional (g) di-
versity decline as dispersal increases because of increased homoge-
nization of the metacommunity. The relationships between local and
regional species richness and the species rank abundance distribu-
tions are strongly affected by the level of dispersal. Local productivity
and space occupation tend to decline as dispersal increases, resulting
in either a hump-shaped or a positive relationship between species
richness and productivity, depending on the scale considered (local
or regional). These effects of dispersal are buffered by decreasing
species dispersal success. Our results provide a niche-based alter-
native to the recent neutral-metacommunity model and have im-
portant implications for conservation biology and landscape
management.

Keywords: dispersal, metacommunity, local and regional species rich-
ness, species abundance patterns, source-sink, productivity.

It is well established that communities are organized at
multiple scales and that the interactions between these
scales determine both the local and the regional patterns
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of species richness (Ricklefs 1987; Levin 1992; Zobel 1997;
Loreau 2000). These considerations reflect the growing
interest among ecologists in studying communities as or-
ganized into networks linked by dispersal, called meta-
communities (Wilson 1992; Holt 1993; Leibold 1998; Han-
ski 1999; Hubbell 2001; Mouquet and Loreau 2002). The
appreciation of both local and regional processes in the
context of community ecology is not necessarily new, but
only recently has the metacommunity concept been clearly
defined (Wilson 1992; Holt 1993).

Various mechanisms of species coexistence have been
proposed in such a metacommunity framework. The best
known is the competition-colonization trade-off (Levins
and Culver 1971; Horn and MacArthur 1972; Tilman
1994), where the combination of community extinction
and recolonization and appropriate trade-offs between
species’ competitive and colonizing abilities explain a high
level of species richness. The species-sorting perspective
(Leibold 1998) explains local species richness as a function
of differential priority effects and dispersal limitation at
the scale of the region. More recently Hubbell (2001) has
proposed a neutral theory in which mainland diversity is
a function of speciation-extinction balance, whereas local-
scale diversity adds a drift (local-extinction) component.
Even if Hubbell’s model is closer to a continent-island
system than to a metacommunity in which communities
are linked through immigration and emigration, it can be
viewed as the endpoint of a continuum of coexistence
mechanisms within the metacommunity framework, just
as it is in metapopulation theory (Hanski and Gyllenberg
1993). Another very important mechanism of species co-
existence in metacommunities is the source-sink effect
(Levin 1974; Shmida and Ellner 1984; Holt 1993; Pulliam
2000; Mouquet and Loreau 2002). At the metacommunity
scale, a source-sink (Pulliam 1988) or mass (Shmida and
Ellner 1984) effect occurs because species are not excluded
from communities where they are bad competitors, be-
cause they immigrate (Brown and Kodric-Brown 1977;
Loreau and Mouquet 1999) from other communities
where they are good competitors.

This idea of a source-sink dynamic at the metacom-
munity scale has been studied theoretically with weighted
competitive-lottery models (Shmida and Ellner 1984;
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Chesson 1985; Iwasa and Roughgarden 1986; Mouquet
and Loreau 2002) and classical Lotka-Voltera competition
models (Levin 1974; Amarasekare and Nisbet 2001). These
studies have provided strong evidence that the regional
dimension of species interactions could promote the local
coexistence of competing species through a transfer of the
effects of regional habitat heterogeneity to the local scale
(Levin 1974; Amarasekare and Nisbet 2001; Mouquet and
Loreau 2002) and regional similarity between competing
species (Mouquet and Loreau 2002). This approach pro-
vides a niche-based alternative to recent neutral-based
metacommunity models because coexistence results from
regional niche differentiation and dispersal between com-
munities (Mouquet and Loreau 2002). It also differs from
competition-colonization models because it does not con-
cern transient local coexistence between species with dif-
ferent life cycles.

Although the conditions for local and regional coexis-
tence in metacommunities have now been extensively in-
vestigated, few studies have provided clear predictions
about classical community-ecological patterns. Some pre-
dictions are available from the neutral perspective (Hub-
bell 2001; Chave et al. 2002) and, to a certain extent, for
the competition-colonization models (Tilman 1994; Kin-
zig et al. 1999; Chave et al. 2002; Mouquet et al. 2002),
but none for source-sink metacommunities. Here we pro-
vide such predictions for species richness, species relative
abundances, and community-level functional properties
(productivity and space occupation) at the local and re-
gional scales as functions of the proportion of dispersal
between communities. We have also studied the conse-
quences of varying the proportion of successful dispersal.
We have found some clear patterns that vary as functions
of the proportion of dispersal between communities.

These predictions are important for many reasons. They
correspond to what ecologists commonly measure in the
field and use to infer the mechanisms behind species co-
existence (Hubbell 2001; but see Chave et al. 2002). They
can be viewed as an alternative explanation of classical
community patterns that has been revived by the recent
neutral model proposed by Hubbell (2001). They address
some fundamental issues in ecology, such as the relation-
ship between local and regional species richness, the re-
lationship between species diversity and productivity, and
the consequences for biodiversity of altering landscape
structure, within a common framework, and they are cru-
cial to decisions about conservation biology and landscape
management, in the context of increasing landscape per-
turbation by human activities (Lawton and May 1995;
Turner et al. 2001).

Model and Methods

Because of its basic structure, our model portrays sessile
organisms with a dispersal stage, such as plants or marine
sessile organisms and, on a different scale, territorial or-
ganisms with natal dispersal, but the results are relevant
to all kinds of organisms that make up competitive
metacommunities.

The Model

We use a model (Mouquet and Loreau 2002) that includes
three hierarchical levels (individual, community, and
metacommunity) and in which local dynamics (commu-
nity) are described by the formalism developed for meta-
populations (Levins 1969, 1970), but each site is occupied
by a single individual (as in Tilman 1994). The regional
dynamic is obtained as in continent-island models through
immigration (Gotelli 1991; Loreau and Mouquet 1999)
but with an explicit origin for immigration that is a func-
tion of emigration from other communities in the
metacommunity.

At the local scale, Pik is the proportion of sites occupied
by species i in community k (note that i always refers to
species and k to communities). Each community consists
of S species that compete for a limited proportion of vacant
sites, Vk. The metacommunity is constituted by N com-
munities that differ in their local conditions, so species
exhibit different phenotypic responses in the different
communities. To take into account this regional hetero-
geneity, we used a multiple indexing of species life-history
trait parameters. Each species i is characterized by a set
of reproduction parameters, cik, each of which measures
the potential local reproductive rate of species i in com-
munity k, and a set of mortality rates, mik.

At the regional scale we assumed a constant proportion
a of dispersal between communities. In each community,
this proportion represents the fraction of the local repro-
ductive output that emigrates. For simplicity we assumed
that this proportion was equal for all species in all com-
munities, so it could be used as a simple measure of meta-
community connectivity. Roughly speaking, a measures
the relative importance of regional and local influences in
local communities, as well as the degree of coupling be-
tween population dynamics within the metacommunity.

For each species in each community, we considered an
explicit immigration function Iik. Emigrants were com-
bined into a regional pool of dispersers that was equally
redistributed to all other communities, except that no in-
dividual returned to the community it came from. After
immigration, individuals took the parameters correspond-
ing to the community they immigrated to. Dispersal suc-
cess, v, is the probability that a migrant will find a new
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community. It depends on several factors such as mortality
during dispersal or failure to find a suitable community.

Formally, the equations for such a metacommunity are

dPik p [vI � (1 � a)c P ]V � m P , (1)ik ik ik k ik ikdt

where

N
a

I p c P (2)�ik il ilN � 1 l(k

and

S

V p 1 � P . (3)�k jk
jp1

We define the local basic reproductive rate of a species
as the ratio of its potential local reproductive and mortality
rates:

cikr p . (4)ik mik

It has been shown previously that, in such a system, this
rate determines local competitive ability because compe-
tition for space takes the form of a weighted lottery (Lo-
reau and Mouquet 1999).

Numerical Simulations

In general, we numerically simulated a metacommunity
consisting of 20 species competing in 20 communities. We
chose the matrix of species’ local basic reproductive rates
(eq. [4]) to fit the constraint of regional similarity (Mou-
quet and Loreau 2002). The rates were chosen such that
each species was the best competitor in one community,
the second best competitor in another community, the
third in a third, and so on. The matrix corresponded to
a deviation of 5% from the strict similarity case, in which
the matrix of species parameters is completely symmetrical
at the scale of the region (Mouquet and Loreau 2002).
The values of local basic reproductive rates ranged from
0.66 to 16.66.

To study the relationship between local and regional
species richness, we generated different regional species-
pool sizes by varying the degree of regional heterogeneity.
The maximal regional heterogeneity corresponded to the
case presented above (20 communities with different local
conditions). Species were characterized by a parameter xi

between 0 and 1 ( ), and environ-x p 0.0, 0.05, … 1.0i

mental conditions in each community were characterized

by a parameter Ek between 0 and 1. We obtained the dif-
ferent levels of heterogeneity by choosing Ek from different
classes of values H such that there were 1, 4, 6, 10, 13, 16,
or 20 different types of communities (when ,H p 1

for all k; when , , whereE p 0.5 H p 20 E p E � 0.05k k k�1

; other cases were intermediate). We assumed thatE p 01

the closer a species’ parameter was to the environmental
value of a community, the more competitively successful
that species was in that community (c p (1 � FE �ik k

). We considered mortality equal in all speciesx F) # 3i

( for all i). The values of local basic reproductivem p 0.3i

rates therefore ranged from 0.5 to 10. To avoid any con-
founding effect, we considered only the case in which dis-
persal success was maximal ( ).v p 1

In both cases, we used a Euler approximation (Dt p
) of equation (1) and ran the simulations until an0.001

equilibrium was reached in all communities. At the be-
ginning of each simulation, we attributed the same pro-
portion of sites to each species in all communities
( , for all i and k). After a period of time cor-P p 0.01ik

responding to the very early stage of community devel-
opment, we assumed a species was extinct when its pro-
portion of occupied sites was lower than 0.01, in order to
mimic the effect of stochastic extinction. Considering an
extinction threshold gives a good approximation of sto-
chastic extinction in such lottery models (Loreau and
Mouquet 1999).

For simplicity, the results we present here were obtained
with a single set of species parameters, but the qualitative
conclusions of our simulations are robust to significant
deviations from those parameter values. To determine
whether our results depended on a special distribution of
species parameters, we performed simulations with dif-
ferent sets of species parameters with 5% and 15% devi-
ation from the strict-similarity case (as defined above) and
found no qualitative differences. To determine whether our
results depended on initial conditions (initial proportion
of sites occupied), we performed other simulations with
different initial proportions of occupied sites, and we
found no significant differences in the resulting equilib-
rium communities.

Community-Level Properties

Community-level properties were measured after the equi-
librium was reached in all communities. We measured the
three components of species diversity (Whittaker 1972):
local within-community (a) diversity, diversity between
communities (b), and total regional (g) diversity. We re-
lated these components to each other using an additive
partitioning

g p b � a (5)
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(where is the mean a diversity in the metacommunity),a

rather than using Whittaker’s original multiplicative form
because this partitioning has well-defined statistical prop-
erties and can be used to compare communities with dif-
ferent levels of g diversity (Lande 1996; Loreau 2000).

We assumed that each species’ local productivity was
determined by its local competitive ability (Tilman et al.
1997; Loreau 1998; Loreau and Mouquet 1999; Cardinale
et al. 2000; Mouquet et al. 2002). Community productivity
was therefore correlated with both the number of sites
occupied per species and their local reproductive rates
(which are correlated with species’ competitive abilities in
our model) in that community according to the following
relationship (Loreau and Mouquet 1999):

S

F p c P . (6)�k ik ik
i

Space occupation was simply equal to the sum of the pro-
portions of sites occupied by all species. We present average
values of productivity and space occupation averaged over
the whole metacommunity.

Results

Community Patterns with Maximum
Dispersal Success ( )v p 1

Species Abundance Patterns. Figure 1 shows species relative
abundances in a local community at equilibrium as a func-
tion of the proportion of dispersal within the metacom-
munity in the case when regional heterogeneity is maximal.
When dispersal was zero, dominance by the best local
competitor was complete (Sp. A in fig. 1). As dispersal
increased, some species were rescued from competitive
exclusion because they immigrated from communities
where they were dominant. The local best competitor oc-
cupied fewer sites, and species relative abundances became
more equitable and independent of their local competitive
abilities (fig. 1). Under high dispersal, however, the po-
tential for local coexistence decreased because the species
that was the best competitor at the scale of the region (Sp.
B in fig. 1a) progressively excluded other species from the
metacommunity. Note that, under high dispersal (a p

), a species other than species B was still present. This0.9
species was a good competitor at the scale of the region
and could exist at such high dispersal value when other
species were excluded, but this species was also finally
excluded at very high dispersal values ( ). The locallya 1 0.9
best competitor was excluded relatively rapidly as dispersal
value increased, because the determinant of species dom-
inance changed from local to regional competitive ability.
Species were ranked according to their local competitive

ability at low dispersal, but this relation disappeared as
dispersal increased (fig. 1b).

To study species rank abundance distributions, we used
a larger metacommunity (40 species and 40 communities).
The matrix of species parameters was chosen such that
each species was the best competitor in one community
and the distribution of parameters corresponded to a de-
viation of 5% from the strict similarity case. Local basic
reproductive rates ranged from 0.16 to 24. The extinction
threshold was fixed at 0.001. The species rank abundance
distributions were strongly affected by the level of dispersal
between communities and the scale considered. At the
local scale (fig. 2a; table 1), the distribution shifted from
geometric at very low values of dispersal ( ) toa p 0.001
lognormal at intermediate values of dispersal ( )a p 0.5
and to geometric again at high values of dispersal (a p

). Patterns were also consistent with the log series and0.98
the broken-stick distribution at intermediate dispersal val-
ues. At the regional scale (fig. 2b; table 1) the trend was
from a flat distribution to a log series or a broken-stick
distribution at intermediate values of dispersal (0.2 !

) and to a geometric series at high values of dis-a ! 0.95
persal ( ).a p 0.98

Local and Regional Diversity. Increasing dispersal resulted
in homogenization of the species composition within the
metacommunity. When dispersal was zero, local (a) di-
versity was minimum (one species), whereas between-
community (b) and regional (g) diversities were maxi-
mum (fig. 3): in each community a different species was
the locally best competitor. As dispersal increased to an
intermediate value , more species were maintained byamax

immigration above the extinction threshold, and local di-
versity increased. Communities then became more similar
in species composition, and between-community diversity
decreased. Because all species remained in the metacom-
munity, regional diversity remained constant. When dis-
persal was greater than , local diversity decreased be-amax

cause the best competitor at the scale of the region
dominated each community, and other species were pro-
gressively excluded. In this case, the species that were not
excluded were present in all communities, between-
community diversity was zero, and regional diversity was
equal to local diversity and decreased. Finally, when dis-
persal was highest, the metacommunity functioned as a
single large community, in which the regionally best com-
petitor excluded all other species; local and regional di-
versity were minimum.

When we varied the maximal regional species richness
using different degrees of regional heterogeneity, we found
the maximal local diversity for high values of regional
heterogeneity and intermediate dispersal. Regional diver-
sity was highest at high values of regional heterogeneity
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Figure 1: a, Species relative abundance (logarithm) at equilibrium in one community of the metacommunity as a function of dispersal between
communities. The bold curve represents the best local competitor (Sp. A), and the dashed curve represents the best regional competitor (Sp. B).
The other lines represent other species. b, Species relative abundances in the same community with species ranked in order of their local competitive
abilities for four different values of dispersal, 0.1, 0.3, 0.6, and 0.9 (corresponding to the four vertical dashed lines in a). Results are from numerical
simulations for a metacommunity of 20 species competing in 20 communities and an extinction threshold of 0.01 and . The matrix of species’v p 1
local basic reproductive rates is as defined in the text for the general case.

and low dispersal. Figure 4 illustrates how the relationship
between local and regional diversity varied with increasing
dispersal when we obtained the gradient of regional di-
versity by varying regional heterogeneity. At low dispersal,
regardless of regional species richness, the local species
richness was limited by the locally dominant species, and

the resulting relationship between local and regional di-
versity was saturated. At intermediate to high dispersal,
local species richness was maximal and equal to the re-
gional species richness; the relationship was linear.

Community-Level Functional Properties. The average pro-
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Figure 2: Species rank abundance curves at equilibrium for different
values of dispersal. The abundance of each species is plotted on a log-
arithmic scale against the species rank, in order from the most abundant
to the least abundant species. a, Local relative species abundances in one
community of the metacommunity. For clarity, symbols have been used
to differentiate between the starting points of the different curves: dia-
mond, ; square, ; circle, ; triangle, . Thea p 0.5 a p 0.8 a p 0.2 a p 0.01
curves for and have been omitted because they werea p 0.001 a p 0.98
confounded with the curve obtained for . b, Regional relativea p 0.01
species abundances: average of local species abundances over the whole
metacommunity. The curve for has been omitted because ita p 0.001
was confounded with the curve obtained for . Results are froma p 0.01
numerical simulations for a metacommunity of 40 species competing in
40 communities.

Table 1: The shape of the species rank abundances
obtained in one community (local) and averaged over
all communities (regional) for different values of dis-
persal (shown in fig. 2)

Dispersal

Local scale Regional scale

N Distribution N Distribution

.001 2 Geometric 40 Flat

.01 4 Log series 40 Flat

.2 40 Log series 40 Broken stick

.5 26 Log normal 26 Log series

.8 8 Broken stick 8 Broken stick

.95 4 Log series 4 Log series

.98 2 Geometric 2 Geometric

Note. We have used four classical species abundance models:

geometric, log series, log normal, and broken stick (May 1975)

plus a flat model (all species abundances equal). Expected values

were obtained as by Magurran (1988) and were compared to

observed values with a x2 goodness-of-fit test. For each dispersal

value we have selected the model that best fit the observed

distribution.

ductivity and space occupation decreased as dispersal in-
creased (fig. 5a). When dispersal was low, the dominant
species in each community was the one with the highest
local basic reproductive rate, and it occupied most of the
sites. Equation (6) shows that productivity was then high.
As dispersal increased, species with low local reproductive
rates were maintained by immigration, occupying more
sites, but, on average, fewer sites were occupied in the
whole community, and species rescued by immigration
had lower cik, which resulted in decreasing average pro-
ductivity. We plotted average productivity against local

species richness in figure 5b. Because the local species rich-
ness shows a hump-shaped relationship with dispersal (fig.
3), whereas productivity continuously decreases (fig. 5a),
a humped curve emerged, which shows that at the local
scale the relationship between productivity and local spe-
cies diversity can be positive or negative depending on
which side of the hump is observed. At the regional scale,
however, the relationship between regional species richness
and productivity was either positive or null (fig. 5c) be-
cause the regional species richness was constant or de-
creased with increasing dispersal (fig. 3).

Community Patterns with Varying Dispersal Success

We consider the effect of dispersal success (v) on com-
munity-level properties and ecosystem functioning in figure
6. In all cases, the shapes of the relationships between species
dispersal and the community-level properties were quali-
tatively similar, but varying v did alter the position of the
curve.

Figure 6a shows that, as dispersal success decreased,
higher dispersal values were needed before any species
could be rescued from competitive exclusion and before
exclusion by the regionally best competitor occurred. Note
that at high dispersal values species extinction resulted
from both competition with the regionally competitive
species and the loss of too many individuals during the
dispersal event. The relationship between the proportion
of dispersal and local species richness shifted to the right
(fig. 6b). In other words, the importance of regional dy-
namics decreased as dispersal success decreased, and
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Figure 3: Species richness as a function of the proportion of dispersal
between communities. Circles p local (a); triangles p between-
community (b); diamonds p regional (g) scales. is the dispersalamax

value at which species diversity is maximal.

Figure 4: Relationship between local and regional species richness for
different values of dispersal between communities ( , black squares;a p 0.1

, gray circles; , white diamonds). For each dispersala p 0.075 a p 0.025
value, we obtained the gradient of regional species richness by varying
the degree of regional heterogeneity. These results were obtained for
dispersal at low to intermediate values. At high dispersal, local and re-
gional diversity are equal and the relationship is linear.

higher values of dispersal were needed to generate the same
effects of dispersal on local and regional coexistence.

The effect of dispersal success on local productivity de-
pended on dispersal values (fig. 6c). When dispersal was
zero, productivity was high regardless of dispersal success.
For intermediate values of dispersal, because the intensity
of regional dynamics decreased as dispersal success de-
creased, the negative effect of dispersal on productivity
was buffered, and local productivity was higher for low
dispersal-success values. Finally, for high values of dis-
persal ( ), too many individuals were lost during thea 1 0.8
dispersal phase, local species abundances decreased
strongly, and productivity was lower for low dispersal-
success values.

Discussion

Our results help to generalize and complement previous
results on source-sink metacommunities (Levin 1974;
Shmida and Ellner 1984; Chesson 1985; Iwasa and Rough-
garden 1986; Wilson 1992; Holt 1993; Pulliam 2000; Amar-
asekare and Nisbet 2001; Mouquet and Loreau 2002). They
provide the first predictions about the composition and
properties of source-sink metacommunities. The relevance
of our model to other theoretical approaches is discussed
elsewhere (Mouquet and Loreau 2002); here we focus on
interpreting our results and their limitation.

Dispersal as a Link between Local and
Regional Species Richness

We found a humped relationship between local (a) species
richness and dispersal values (see also Mouquet and Lo-
reau 2002). Dispersal acts to transfer the effects of regional
heterogeneity to the local scale, such that species that can
only coexist regionally when communities are closed also
coexist locally when communities are open. Because dis-
persal leads to a progressive homogenization of the meta-
community, it also has an overall negative effect on local
and regional species richness from intermediate to high
dispersal values.

From our results, one would expect that systems in
which regional processes make a moderate contribution
to local dynamics (intermediate dispersal) should have
higher local species richness than systems with a large
difference between the strengths of regional and local pro-
cesses. For example, Forbes and Chase (2002) studied the
effects of habitat connectivity in experimental zooplankton
metacommunities and found that increasing connectivity
(dispersal in our model) led to a decrease in both regional
and between-community diversities. This effect appeared
to be driven by one species, which could be interpreted
as the regionally best competitor. In another recent study,
using data on 34 neighboring ponds in an interconnected
pond system, Cottenie et al. (2003) showed that the degree
of connectivity of the metacommunity and local environ-
mental conditions were important determinants of species
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Figure 5: a, Average productivity (circles) and space occupation (dia-
monds) as functions of the proportion of dispersal between communities.
b, The relation between local species richness and local productivity when
dispersal was varied. c, The relation between regional species richness
and local productivity when dispersal was varied. Simulation details as
in figure 1. is the dispersal value at which species richness is maximal.amax

richness. Even though these studies concerned multitrophic
communities, whereas our model concerns competitive
metacommunities, they do illustrate the possibility we found
in our model for either a positive or a negative effect of
dispersal on species coexistence in a metacommunity.

We also found that the shape of the relationship between
local and regional species richness was a function of dis-
persal between communities. The shape of this relation-

ship has been used to infer the relative importance of local
and regional processes in the formation of natural com-
munities (see Srivastava 1999 for review). Classically, a
saturated relationship is interpreted as indicating that local
processes are acting, whereas a linear relationship suggests
that regional processes are more important (after Terborgh
and Faaborg 1980), but this interpretation has recently
been criticized (Huston 1999; Srivastava 1999; Loreau
2000; Shurin et al. 2000; Mouquet et al. 2003). Our meta-
community model shows that a simple mechanism of local
interaction can generate different relationships between
local and regional species richness given particular values
for the dispersal between communities and the degree of
regional heterogeneity. Dispersal acts as a homogenizing
factor, transferring the effect of regional heterogeneity to
the local scale and thus from the b to the a component
of species diversity (Loreau 2000). Our results therefore
confirm that the shape of the relationship between local
and regional species richness cannot reveal the underlying
ecological processes. Detailed knowledge of dispersal pro-
cesses and species interactions is necessary to interpreta-
tion of these relationships.

Species Abundance Patterns

Our model shows that species abundance patterns vary
with the level of dispersal between communities. They are
therefore functions of both dispersal and local and regional
competitive abilities rather than of local competitive ability
alone. Smoother distributions like the lognormal are found
at low and intermediate values of dispersal because some
species are maintained by a mass effect. High dispersal
tends to homogenize the metacommunity, making the spe-
cies rank abundance relationship steeper. Moreover, we
show that spatial scale has a critical effect on the shape of
these patterns. For example, at very low dispersal, a geo-
metric curve is found at the local scale, whereas a flat
curve is found at the regional scale.

Species rank abundance distributions are often sup-
posed to give a better picture of the community structure
than simple measures of richness or diversity (May 1975;
but see Hughes 1986 and Loreau 1992). Recently the work
by Hubbell (2001) on neutral metacommunities has em-
phasized the interest in such community patterns. Hubbell
claimed that the excellent matching between real data and
predictions from his model validated the neutral model
(but see Chave et al. 2002). Our results show that similar
species abundance patterns can be generated in the context
of the niche theory applied at the metacommunity scale.
Like Hubbell, we show that the dispersal is important in
shaping this relationship and that the equilibrium distri-
bution becomes steeper and more geometric-like with in-
creasing community isolation (as dispersal decreases).
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Figure 6: a, Species relative abundance (logarithm) in one community
of the metacommunity as a function of the proportion of dispersal be-
tween communities when the species dispersal success (v) is 0.1. The
bold curve represents the best local competitor (Sp. 1), and the dashed
curve the best regional competitor (Sp. 2). b, Local species richness and
local productivity (c), as functions of the proportion of dispersal, for
three values of dispersal success: (circles), 0.5 (squares), and 0.1v p 1
(triangles). Means and standard deviations are given in b; standard de-
viations are omitted for clarity in c. Except for v values, the simulation
details are as in figure 1.

However, Hubbell found this geometric distribution be-
cause the local communities are isolated and drift is im-
portant, whereas in our model, it results from competitive
exclusion by the locally best competitor. Moreover, unlike

Hubbell, we show that the distribution reverts to a geo-
metric series at very high values of dispersal because of
competitive exclusion by the regionally best competitor.

Our source-sink metacommunity model based on
strong competitive interactions and regional niche differ-
entiation therefore has the same predictive power for spe-
cies abundance patterns as does the neutral model. We do
not argue that either model is better than the other at
explaining natural data—as Hubbell (2001) suggests, they
can be viewed as complementary—but we stress the need
to reevaluate carefully the use of species abundance pat-
terns in community ecology to infer processes behind spe-
cies coexistence.

Relationship between Productivity and Species Richness

Our results support the view that the current debate on
the relationship between ecosystem functioning and spe-
cies richness can gain insight from examination of the scale
at which species richness is considered (Bond and Chase
2002; Chase and Leibold 2002) and of the mechanism that
promotes coexistence (Mouquet et al. 2002).

Our model stresses the influence of dominant species
on community-level functional properties such as pro-
ductivity. As we have shown, the most locally abundant
species is not necessarily the best local competitor, that is,
the most productive species. When dispersal increases
from low to intermediate, local species richness can in-
crease at the same time as the numerical dominance (and
thus primary productivity) of the best local competitor
decreases. The result is a negative relationship between
local species richness and productivity. At the regional
scale, however, regional species richness does not vary and
has no relationship with productivity. When dispersal fur-
ther increases to high values, local species richness and
regional species richness become equal and decrease just
as does productivity, thereby generating a positive corre-
lation between productivity and species richness at both
local and regional scales. Interestingly, our model, in which
the mechanism for coexistence is a source-sink relation-
ship and regional niche complementarity, makes some pre-
dictions that are the opposite of those from models based
on local niche complementarity (Tilman et al. 1997; Lo-
reau 1998).

It has also recently been proposed that the productivity-
diversity relationship was a function of the scale considered
(Bond and Chase 2002). Using a verbal model, Bond and
Chase (2002) argued on the basis of Mouquet and Loreau
(2002) that in the context of a metacommunity a regional
complementarity among species could lead to a positive
relationship between productivity and regional species
richness, whereas a hump-shaped relationship could be
found at the local scale. Our results confirm their intuition
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at the regional scale, but at the local scale we found the
same pattern (hump-shaped relationship) in the absence
of any local niche differentiation. Bond and Chase consider
that local species richness increases first through local
niche complementarity (generating a positive relationship
with productivity) and then through a source-sink effect
(generating a negative relationship with productivity). In
contrast, our model demonstrates the possibility of a ho-
mogenization effect at high dispersal values, which results
in a decline in species richness and productivity. This result
suggest that, in the context of a metacommunity, the shape
of the relationship between species richness and produc-
tivity will result from a coupling between local and regional
niche differentiation and dispersal of organisms between
communities.

To measure community productivity, we assumed that
species productivity is correlated with species abundances
and reproductive rates. Because reproductive rate deter-
mines species competitive ability, the better a species is at
competing the more productive it will be (Tilman et al.
1997; Loreau 1998; Loreau and Mouquet 1999; Cardinale
et al. 2000; Mouquet et al. 2002). This assumption can be
criticized, so we have developed a more mechanistic ver-
sion of our model with competition for nutrients, in which
the best competitor is the species with the highest uptake
of the limiting nutrient. This model predicts qualitatively
similar results (Loreau et al. 2003).

Altering the Flux of Individuals between Communities

Our understanding of the consequences of habitat per-
turbation might change when we view systems as organ-
ized into metacommunities. Human perturbation can ei-
ther reduce or increase the flux of organisms between
communities by changing species’ dispersal abilities or by
changing the nature of the environment itself (through
addition of obstacles to dispersal or corridors). Our work
shows that dispersal has both positive and negative effects
on species richness (fig. 3) and that these effects are buf-
fered when species dispersal success varies (fig. 6b). There-
fore, when systems are organized into metacommunities,
the consequences of altering the flux of individuals be-
tween communities can be positive, negative, or null de-
pending on dispersal before the perturbation and species
characteristics. Connectivity (dispersal in our model) must
therefore be a key issue in ecological management deci-
sions (Doak 1995; Huxel and Hastings 1999). More will
be presented on this topic elsewhere.

Limitations

Like any model, ours involves a number of simplifying
assumptions. We have assumed that all species have the

same dispersal ability, whereas in reality species are likely
to differ in this trait, for example, in the case of a trade-
off between dispersal and local competitive ability (Levins
and Culver 1971; Hastings 1980; Tilman 1994). Integrating
different dispersal strategies into our model is beyond the
scope of this discussion, but we can suggest some general
predictions. First, a trade-off between dispersal ability and
local competitive ability would make coexistence more dif-
ficult, because each species that would potentially be a
good competitor in at least one locality would have a lower
ability to disperse from source to sink areas. If the trade-
off involved regional competitive ability, however, the po-
tential for local coexistence would be higher because re-
gional competitive exclusion would require higher dispersal
values.

Our model requires differentiation between two or more
spatial scales that are identical for the interacting species.
This differentiation is present in plants or marine sessile
organisms whose life cycles include a fixed and a mobile
stage. For mobile animals this distinction can be set by
the environment itself, as for fish communities living on
coral reefs, or can result from territoriality. In the general
case, however, each species perceives the environment at
its own scale, and we acknowledge that our separation of
it into two scales (local and regional) is an oversimplifi-
cation. Future models should integrate a species-specific
perception of scales.

We have considered competition to obey a lottery
(Chesson and Warner 1981) with an infinite number of
sites and single-site occupancy. This type of competitive
model may be valid for a number of plant and animals
communities with strong recruitment limitation (Sale
1982; van der Maarel and Sykes 1993; Hubbell et al. 1999).
We recognize that other types of competition rules might
change some of our results (Pacala and Rees 1998), but
similar results were obtained for other metacommunity
models based on different forms of competition, such as
direct interference (Amarasekare and Nisbet 2001) and
exploitation competition for a limiting nutrient (Loreau
et al. 2003). We therefore believe that our main findings
are qualitatively robust.

Because local competitive ability is related to the ratio
of potential local reproduction to mortality, we have only
varied local reproductive parameters to vary species com-
petitive ability, but the assumption for equal mortality
might be important in such a lottery model (Muko and
Iwasa 2000). More research is needed before a conclusion
on this point can be reached.

Unlike other metapopulation models, ours does not
consider the possibility of stochastic extinction of local
populations because we wished to explore the effects of
dispersal uncluttered by coexistence mechanisms other
than the source-sink effect. Stochastic extinction might be
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an important process, particularly for metacommunities
constituted of small populations, and it would be an in-
teresting extension of the model to explore.

We have assumed that dispersers are naı̈ve, that is, do
not actively select their habitat. MacArthur (1972; Holt
1997) pointed out that an organism from a source should
have no interest in dispersing to a sink, so naı̈ve dispersal
should be selected against. However, Holt (1997) dem-
onstrated that, when environmental conditions in a habitat
fluctuate, dispersing offspring to sink habitats can increase
the long-term growth rate of a population because dis-
persal into sinks can be advantageous if sinks sometimes
become sources and vice versa.

Finally, we assume that each species is a good competitor
in at least one community and thus that species are locally
adapted, but from an evolutionary point of view, local
adaptation is a negative function of immigration intensity
(Slatkin 1987). A metacommunity organization should
therefore lead to a kind of decoupling between the traits
of species and the conditions they experience in a local
community (Thompson 1999). In closed systems species
should be well adapted to local constraints, whereas in
open systems they should escape from local selective pres-
sures and be “nonadapted” (Wright 1930; Holt 1993). The
degree of dispersal between communities should therefore
fix a limit to dispersal between communities in the long
term, beyond which species will not be locally adapted and
the promotion of coexistence by the source-sink effect will
vanish.

Metacommunity Ecology in the Field

Metacommunity ecology is just emerging, and much re-
mains to be done if we are to understand the different
kinds of mechanisms acting to promote coexistence in
such multiscale organized systems (i.e., competition-
colonization, species sorting, neutral, and source-sink).
Species diversity in natural communities probably results
from a combination of these different mechanisms along
a continuum, and their relative contributions to phenom-
ena that ecologists observe in the field must now be de-
termined. Doing so would require reviewing the patterns
predicted by the four different models of metacommun-
ities in a comparative study designed to find patterns spe-
cific to each model and to differentiate among the pro-
cesses behind the patterns.

Our study opens the way, showing that the patterns of
rank abundance can probably not be used to differentiate
between the neutral (Hubbell 2001) and source-sink
mechanisms because the two models overlap in their pre-
dictions. The only difference appears at high dispersal val-
ues, where the source-sink model predicts a reversion to
a geometric rank abundance distribution at the local scale.

Unfortunately, we do not know of any field study that has
demonstrated such a pattern and would permit the dif-
ferentiation between the two models. Some elements of
comparison between the neutral and the competition-
colonization models also appear in recent work by Chave
et al. (2002). To go further in quantifying the relative
contributions of these different processes to the properties
of ecological communities, one must build models that
will incorporate these different mechanisms into the same
framework. Such a thorough and complete comparison of
predicted patterns is essential but is beyond the scope of
the present study. We hope our work will stimulate ecol-
ogists to go further in this direction.

Another issue important to empirical tests of the validity
of metacommunity models is identification of parameters
that can be measured in the field. Hubbell’s neutral model
has few adjustable parameters and is therefore broadly
applicable, but at the same time these parameters are de-
scriptive and very difficult to measure in the field unless
they are inferred from the community-level patterns the
model is supposed to describe, a process that introduces
an important element of circularity. Source-sink meta-
community models (Wilson 1992; Holt 1993; Amarasekare
and Nisbet 2001; Mouquet and Loreau 2002; the present
paper) require parameters that are more likely to be mea-
sured in the field, like species dispersal, competitive ability,
and dispersal success. For example, we have shown that
any kind of species rank abundance patterns can be gen-
erated by variation of only one parameter, dispersal (con-
nectivity), which can be measured in the field. Ecologists
will now have to cross the community patterns observed
in the field with species and landscape characteristics to
test empirically the validity of the source-sink effect as a
potential mechanism of species coexistence in ecological
metacommunities.

Conclusions

Local communities are shaped by local ecological factors
but also by exchanges with neighboring or more distant
systems through dispersal. We have shown how the meta-
community approach can change and improve our under-
standing of the patterns in ecological communities. Our
results stress the need for more approaches in community
ecology that mix the different scales of ecological systems
to explain the essence of community-level properties and
to make more accurate predictions (at appropriate scales)
for conservation biology and landscape management. Our
simple model requires more complex modeling approaches
that will incorporate different species’ life-history traits,
landscape complexity, as well as demography and evolution
into the same framework to elucidate fully the effects of
dispersal on species diversity in a metacommunity.
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Acknowledging the openness of ecological systems and
considering explicit immigration-emigration dynamics
also provide a new perspective on ecological niche theory.
We have shown that, even when niche theory does not do
a good job of predicting community patterns at the local
scale, pushing some ecologists toward other views of com-
munities, like those in neutral models, it may nevertheless
be appropriate when applied at the regional scale. We do
not argue that one model is better than another but that
the niche theory will gain from being reinterpreted in the
broader context of metacommunity ecology, which should
therefore not be excluded from any attempt to establish
unified theories of biodiversity.
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Fragmentées, Extinction, Sélection d’Habitat, et Biologie
de la Conservation.

Literature Cited

Amarasekare, P., and R. M. Nisbet. 2001. Spatial hetero-
geneity, source-sink dynamics, and the local coexistence
of competing species. American Naturalist 158:572–584.

Bond, E. M., and J. M. Chase. 2002. Biodiversity and eco-
system functioning at local and regional spatial scales.
Ecology Letters 5:467–470.

Brown, J. H., and A. Kodric-Brown. 1977. Turnover rates
in insular biogeography: effect of immigration on ex-
tinction. Ecology 58:445–449.

Cardinale, B. J., K. Nelson, and M. A. Palmer. 2000. Link-
ing species diversity to the functioning of ecosystems:
on the importance of environmental context. Oikos 91:
175–183.

Chase, J. M., and M. A. Leibold. 2002. Spatial scale dictates
the productivity-biodiversity relationship. Nature 416:
427–430.

Chave, J., H. Muller-Landau, and S. A. Levin. 2002. Com-
paring classical community models: theoretical conse-
quences for patterns of diversity. American Naturalist
159:1–23.

Chesson, P. L. 1985. Coexistence of competitors in spatially
and temporally varying environments: a look at the
combined effects of different sorts of variability. The-
oretical Population Biology 28:263–287.

Chesson, P. L., and R. R. Warner. 1981. Environmental
variability promotes coexistence in lottery competitive
systems. American Naturalist 117:923–943.

Cottenie, K., E. Michels, N. Nuytten, and L. De Meester.
2003. Zooplankton metacommunity structure: regional
versus local processes in highly interconnected ponds.
Ecology 84:991–1000.

Doak, D. F. 1995. Source-sink models and the problem of
habitat degradation: general models and applications to
the Yellowstone grizzly. Conservation Biology 9:1370–
1379.

Forbes, A. E., and J. M. Chase. 2002. The role of habitat
connectivity and landscape geometry in experimental
zooplankton metacommunities. Oikos 96:433–440.

Gotelli, N. J. 1991. Metapopulation models: the rescue
effect, the propagule rain, and the core-satellite hy-
pothesis. American Naturalist 138:769–776.

Hanski, I. 1999. Metapopulation ecology. Oxford Univer-
sity Press, Oxford.

Hanski, I., and M. Gyllenberg. 1993. Two general meta-
population models and the core-satellite species hy-
pothesis. American Naturalist 142:17–41.

Hastings, A. 1980. Disturbance, coexistence, history and
the competition for space. Theoretical Population Bi-
ology 18:363–373.

Holt, R. D. 1993. Ecology at the mesoscale: the influence
of regional processes on local communities. Pages 77–
88 in R. E. Ricklefs and D. Schluter, eds. Species diversity
in ecological communities: historical and geographical
perspectives. University of Chicago Press, Chicago.

———. 1997. On the evolutionary stability of sink pop-
ulations. Evolutionary Ecology 11:723–731.

Horn, H. S., and R. H. MacArthur. 1972. Competition
among fugitive species in a harlequin environment.
Ecology 53:749–752.

Hubbell, S. P. 2001. The unified neutral theory of biodi-
versity and biogeography. Princeton University Press,
Princeton, N.J.

Hubbell, S. P., R. B. Foster, S. T. O’Brien, K. E. Harms,
R. Condit, B. Wechsler, S. J. Wright, and S. Loo de Lao.
1999. Light-gap disturbances, recruitment limitation,
and tree diversity in a neotropical forest. Science 283:
554–557.

Hughes, R. G. 1986. Theories and models of species abun-
dance. American Naturalist 128:879–899.

Huston, M. A. 1999. Local processes and regional patterns:
appropriate scales for understanding variation in the
diversity of plants and animals. Oikos 86:393–401.

Huxel, G. R., and A. Hastings. 1999. Habitat loss, frag-
mentation, and restoration. Restoration Ecology 7:309–
315.

Iwasa, Y., and J. Roughgarden. 1986. Interspecific com-
petition among metapopulations with space-limited



556 The American Naturalist

subpopulation. Theoretical Population Biology 30:194–
214.

Kinzig, A. P., S. A. Levin, J. Dushoff, and S. Pacala. 1999.
Limiting similarity, species packing, and system stability
for hierarchical competition-colonization models. Amer-
ican Naturalist 153:371–383.

Lande, R. 1996. Statistic and partitioning of species di-
versity, and similarity among multiple communities. Oi-
kos 76:5–13.

Lawton, J. H., and R. May. 1995. Extinction rates. Oxford
University Press, Oxford.

Leibold, M. A. 1998. Similarity and local co-existence of
species in regional biotas. Evolutionary Ecology 12:95–
110.

Levin, S. A. 1974. Dispersion and population interactions.
American Naturalist 108:207–228.

———. 1992. The problem of pattern and scale in ecology.
Ecology 73:1943–1967.

Levins, R. 1969. Some demographic and genetic conse-
quences of environmental heterogeneity for biological
control. Bulletin of the Entomological Society of Amer-
ica 15:237–240.

———. 1970. Extinction. Pages 77–107 in M. Gersten-
haber, ed. Some mathematical problems in biology.
American Mathematical Society, Providence, R.I.

Levins, R., and D. Culver. 1971. Regional coexistence of
species and competition between rare species. Proceed-
ings of the National Academy of Sciences of the USA
68:1246–1248.

Loreau, M. 1992. Species abundance patterns and the
structure of ground-beetle communities. Annales Zool-
ogici Fennici 28:49–56.

———. 1998. Biodiversity and ecosystem functioning: a
mechanistic model. Proceedings of the National Acad-
emy of Sciences of the USA 95:5632–5636.

———. 2000. Are communities saturated? on the rela-
tionship between alpha, beta and gamma diversity. Ecol-
ogy Letters 3:73–76.

Loreau, M., and N. Mouquet. 1999. Immigration and the
maintenance of local species diversity. American Nat-
uralist 154:427–440.

Loreau, M., N. Mouquet, and A. Gonzalez. 2003. Biodiver-
sity as spatial insurance in heterogeneous landscapes.
Proceedings of the National Academy of Sciences of the
USA (in press).

MacArthur, R. H. 1972. Geographical ecology. Harper &
Row, New York.

Magurran, A. E. 1988. Ecological diversity and its mea-
surement. Princeton University Press, Princeton, N.J.

May, R. M. 1975. Patterns of species abundance and di-
versity. Pages 81–120 in M. L. Cody and J. M. Diamond,
eds. Ecology and evolution of communities. Belknap,
Cambridge, Mass.

Mouquet, N., and M. Loreau. 2002. Coexistence in meta-
communities: the regional similarity hypothesis. Amer-
ican Naturalist 159:420–426.

Mouquet, N., J. L. Moore, and M. Loreau. 2002. Plant
species richness and community productivity: why the
mechanism that promotes coexistence matters. Ecology
Letters 5:56–66.

Mouquet, N., P. Munguia, J. M. Kneitel, and T. E. Miller.
2003. Community assembly time and the relationship
between local and regional species richness. Oikos 103:
618–626.

Muko, S., and Y. Iwasa. 2000. Species coexistence by per-
manent spatial heterogeneity in a lottery model. The-
oretical Population Biology 57:273–284.

Pacala, S. W., and M. Rees. 1998. Models suggesting field
experiments to test two hypotheses explaining succes-
sional diversity. American Naturalist 152:729–737.

Pulliam, H. R. 1988. Sources, sinks, and population reg-
ulation. American Naturalist 132:652–661.

———. 2000. On the relationship between niche and dis-
tribution. Ecology Letters 3:349–361.

Ricklefs, R. E. 1987. Community diversity: relative roles
of local and regional processes. Science 235:167–171.

Sale, P. F. 1982. Stock recruit relationship and regional
coexistence in a lottery competitive system. American
Naturalist 120:139–159.

Shmida, A., and S. Ellner. 1984. Coexistence of plant spe-
cies with similar niches. Vegetatio 58:29–55.

Shurin, J. B., J. E. Havel, M. A. Leibold, and B. Pinel-
Alloul. 2000. Local and regional zooplankton species
richness: a scale-independent test for saturation. Ecol-
ogy 81:3062–3073.

Slatkin, M. 1987. Gene flow and the geographic structure
of population. Science 236:787–792.

Srivastava, D. S. 1999. Using local-regional richness plots
to test for species saturation: pitfalls and potentials.
Journal of Animal Ecology 68:1–16.

Terborgh, J. W., and J. Faaborg. 1980. Saturation of bird
communities in the West Indies. American Naturalist
116:178–195.

Thompson, J. N. 1999. Specific hypotheses on the geo-
graphic mosaic of coevolution. American Naturalist
153(suppl.):S1–S14.

Tilman, D. 1994. Competition and biodiversity in spatially
structured habitats. Ecology 75:2–16.

Tilman, D., C. L. Lehman, and K. T. Thomson. 1997. Plant
diversity and ecosystem productivity: theoretical con-
siderations. Proceedings of the National Academy of
Sciences of the USA 94:1857–1861.

Turner, M. G., R. H. Gardner, and R. V. O’Neill. 2001.
Landscape ecology in theory and practice: pattern and
processes. Springer, New York.

van der Maarel, E., and M. T. Sykes. 1993. Small-scale



Source-Sink Metacommunities 557

plant-species turnover in a limestone grassland: the car-
ousel model and some comments on the niche concept.
Journal of Vegetation Science 4:179–188.

Whittaker, R. H. 1972. Evolution and measurement of
species diversity. Taxon 21:213–251.

Wilson, D. S. 1992. Complex interactions in metacom-
munities, with implications for biodiversity and higher
levels of selection. Ecology 73:1984–2000.

Wright, S. 1930. Review of the genetical theory of natural
selection by Ronald. A. Fischer. Journal of Heredity 21:
349–356.

Zobel, M. 1997. The relative role of species pools in de-
termining plant species richness: an alternative expla-
nation of species coexistence. Trends in Ecology & Evo-
lution 12:266–269.

Associate Editor: Peter J. Morin


