In: Metacommunities: Spatial Dynamics and Ecological Communities
Edited by Marcel Holyoak, Mathew A. Leibold, and Robert D. Holt
The University of Chicago Press, 2005

CHAPTER 18

From Metacommunities to Metaecosystems

Michel Loreau, Nicolas Mouquet, and Robert D. Holt

Introduction

A defining feature of ecology over the last few decades has been a growing appre-
ciation of the importance of considering processes operating at spatial scales
larger than that of a single locality, from the scale of the landscape to that of the
region (Ricklefs and Schluter 1993; Turner et al. 2001). Spatial ecology, however,
has reproduced the traditional divide within ecology between the perspectives of
population and community ecology on the one hand and ecosystem-ecology on
the other hand.

The population and community ecological perspective has focused on popu-
lation persistence and species coexistence in spatially distributed systems (Hanski
and Gilpin 1997; Tilman and Kareiva 1997), and has a strong background in the-
oretical ecology and simple, generic mathematical models. The metapopulation
concept has occupied a prominent role in the development of this perspective
(Hanski and Gilpin 1997; Hoopes et al. chapter 2; Mouquet et al. chapter 10).
Its strength has been its ability to deliver specific testable hypotheses on the in-
creasingly critical issue of conservation of fragmented populations in human-
dominated landscapes. Because local extinction and colonization can be influ-
enced by interspecific interactions such as predation and competition, a natural
extension of the metapopulation concept is provided by the metacommunity
concept (Holyoak et al., chapter 1). Significant novel insights are being gained
from this new approach, as attested by the various contributions in this book.

Another perspective, however, has developed from ecosystem ecology, and is
represented by landscape ecology. Landscape ecology is concerned with ecologi-
cal patterns and processes in explicitly structured mosaics of nearby heteroge-
neous ecosystems (Turner 1989; Pickett and Cadenasso 1995; Forman 1995;
Turner et al. 2001). It has a strong descriptive basis and a focus on whole-system
properties, including abiotic processes. Models that address population persist-
ence and conservation from this perspective are usually more detailed; they con-
sider landscape structure and heterogeneity explicitly, and therefore aim to be
more realistic and directly applicable to concrete problems than the more general,
abstract models of classical metapopulation and community ecology (Gustafson
and Gardner 1996; With 1997; With et al. 1997).

The need to integrate the perspectives of community and ecosystem ecology
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has been increasingly recognized in recent years to understand such fundamental
ecological issues as the relationship between biodiversity and ecosystem func-
tioning, the interactions between food web structure and nutrient cycling, and
the role of species in ecosystems (DeAngelis 1992; Jones and Lawton 1995; Loreau
2000b; Kinzig et al. 2002; Loreau et al. 2002; Sterner and Elser 2002). Within the
field of spatial ecology, there is a similar need to integrate the perspectives of pop-
ulation and community ecology, including the metacommunity approach, on the
one hand, and ecosystem and landscape ecology on the other hand. The meta-
community concept has so far had an exclusive focus on the biotic components of
ecosystems. Many critical issues at the landscape or larger spatial scales, however,
require consideration of abiotic constraints and feedbacks to biotic processes. We
have recently proposed the metaecosystem concept as a theoretical framework for
achieving this integration of the community and ecosystem perspectives within
spatial ecology (Loreau et al. 2003a).

A metaecosystem is defined as a set of ecosystems connected by spatial flows of
energy, materials, and organisms across ecosystem boundaries. In contrast to the
metacommunity concept, which only considers connections among systems via
the dispersal of organisms, the metaecosystem more broadly embraces all kinds
of spatial flows among systems, including movements of inorganic nutrients, de-
tritus, and living organisms, which are ubiquitous in natural systems. There has
been considerable attention to impacts of spatial subsidies on local ecosystems
(Polis et al. 1997). Such studies, however, are limited, in that a subsidy entering
one local ecosystem must necessarily be drawn from another. Subsidies at one end
are losses at another end, and as such should have impacts on both source and
target ecosystems. Moreover, flows are rarely completely asymmetrical. Properties
of the higher-level system that arise from movements among coupled ecosystems
have seldom been considered explicitly.

Expanding the focus from metacommunities to metaecosystems allows one to
understand critical functional properties and processes at spatial scales larger
than that of the local ecosystems, which have been the object of greatest interest
in classical ecology. Metaecosystems can be defined at any scale from that of an
ecosystem cluster (Forman 1995}, in which the focus is on small-scale spatial pro-
cesses among contiguous ecosystems, to that of a region or even the entire globe,
for some processes such as spatial flows driven by highly mobile organisms or
global biogeochemical cycles involving large-scale air or sea currents. The meta-
ecosystem concept provides a theoretical framework for investigating many of the
issues that have been addressed form a more empirical perspective in landscape
ecology. It focuses on the properties of the higher-level, spatially extended dy-
namical system that emerges from movement at landscape to global scales. Just as
metacommunity theory is giving new concrete insights into the diversity and
structure of ecological communities by explicitly considering interactions be-
tween local- and regional-scale processes, the metaecosystem concept provides a
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new tool to understand emergent constraints and properties that arise from spa-
tial coupling of local ecosystems. Emergent properties have been widely discussed
within hicrarchy theory, which attempts to provide a framework for describing
and understanding the spatiotemporal complexity of ecosystems (Allen and Starr
1982; O'Neill et al. 1986). These properties, however, have rarely been studied in
a rigorous, quantitative way based on a firm foundation of lower-level inter-
actions.

In this chapter we examine from a theoretical standpoint three examples of
emergent properties that arise from spatial coupling of local systems and provide
abriefaccount of the theory that explains the emergence of these properties. Our
examples are taken from our recent work at the interface between metacommu-
nities and metaecosystems, and concern three major issues of current interest:
(1) the relationship between local and regional species diversity (a community
ecology issue); (2) the relationship between species diversity and ecosystem pro-
ductivity (an issue at the interface between community and ecosystem ecology);
and (3) material flows and ccosystem organization at large spatial scales (an eco-
system ecology issue).

Local and Regional Diversity

Species diversity has been studied historically within community ecology from
two different, nonoverlapping perspectives: a local perspective, based on niche
theory (MacArthur and Levins 1967), and a regional perspective, through island
biogeography (MacArthur and Wilson 1967). In the local perspective, inter-
actions between competing species constrain local diversity, and coexistence is
viewed either as a function of niche dimensions and resource heterogeneity
(MacArthur and Levins 1967) or of differences in species life-history traits (as in
the so-called colonization-competition trade-off models; Hastings 1980; Tilman
1994). In the regional perspective, the theory of island biogeography ignores lo-
cal dynamics and considers local diversity to be the result of regional processes of
immigration and extinction. In this theory, there are no limits to diversity except
those arising from the size of the regional species pool (continent size) and the
constraints on immigration events (continent-island distance). This apparent
contradiction was called “MacArthur’s paradox” (Schoener 1983; Loreau and
Mougquet 1999) because MacArthur’s contributions were central in the develop-
ment of both niche and island biogeography theory.

In reality the dynamics of species diversity at local and regional scales are not
independent of one another. Local « diversity and regional y diversity are mutu-
ally dependent through B diversity, the diversity among communities. It is there-
fore impossible to understand local diversity, regional diversity, and the relation-
ship between them without considering the dynamics that occur across the two
scales (Loreau 2000a). Although this mutual dependency of local and regional
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diversity has been recognized in principle (Cornell and Lawton 1992; Cornell
1993; Rosenzweig 1995), it has generally been ignored in the interpretation of
local-regional richness relationships (Cornell and Lawton 1992; Cornell 1993).
Even within metacommunity theory (Holyoak et al. chapter 1), the species-
sorting perspective (Leibold 1998) and much of the neutral theory (Hubbell
2001) are based on the implicit assumption that local diversity is influenced by
regional diversity but there is no feedback of local diversity on regional diversity,
just as in the classical theory of island biogeography. In a true metacommunity
perspective, local and regional diversity should be emergent properties that arise
from the dynamics of species interactions across scales and constrain each other.
The source-sink metacommunity perspective that two of us have recently devel-
oped (Mouquet and Loreau 2002, 2003) shows precisely this.

Mouquet and Loreau’s (2002) metacommunity model concerns sessile organ-
isms with a dispersal stage, such as plants and some marine invertebrates, or ter-
ritorial animals with natal dispersal. It incorporates spatial structure both within
and among communities. At the local scale (within communities) the model con-
siders the environment as a collection of identical discrete sites, each of which can
be occupied by a single individual. It uses the classical formalism of metapopula-
tion models (Levins 1969, 1970) applied at the scale of the individual (Hastings
1980, Tilman 1994; see also Mouquet et al. chapter 10). The model assumes ex-
ploitation competition for space; once a plant occupies a site, it keeps it until its
death (Loreau and Mouquet 1999). There is no direct competitive exclusion be-
cause of interference or competition for other resources; a species’ competitive
ability is determined by its capacity to occupy new sites (reproduction parameter)
and keep them (mortality parameter). Thus, the proportion of vacant sites ob-
tained by each species is proportional to the quantity of propagules it produces,
This is a simple extension of competitive lottery models as developed by Chesson
and Warner (1981). At the regional scale (among communities), dispersal among
communities is assumed to occur through a passive immigration-emigration
process. Heterogeneity of environmental conditions at the regional scale is ob-
tained by changing species-specific parameters in each community. This assumes
that species exhibit different phenotypic responses in different communities as a
result of different local environmental factors,

These assumptions are expressed in mathematical terms as follows. Define P,
as the proportion of sites occupied by species i in community k. There are S
species that compete for a limited proportion of vacant sites V, in each community
k, and there are N such communities. Each species i is characterized by a set of
reproduction-dispersal parameters b,,, which describe the rate at which new indi-
viduals are produced in community /and establish in community k. When k = /,
b, corresponds to local reproduction, and when k # [, b, corresponds to disper-
sal from community / to community k. Each species 1 dies in community k at a
mortality rate mi,. When a species immigrates into a particular community, it
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takes the parameters corresponding to that community. This model reads as fol-
lows:

A V.3 baPy — my P (18.1)
dt =1
where
Vi=1- Y P, (18.2)
j=1

Mougquet and Loreau (2002) showed thata necessary condition for there to be an
equilibrium in this model is $ = N. Thus, there cannot be more species than com-
munities in the metacommunity at equilibrium. This rule provides an equivalent
to the competitive exclusion principle in a local community (Levin 1970). They
further showed that at equilibrium each species satisfies:
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I=1

The parameter r, can be interpreted as the local basic reproductive rate of species
iin community k (equation 18.5). Multiplying r,, by the proportion of vacant sites
at equilibrium, V¥, we obtain the local net reproductive rate of species iin com-
munity k at equilibrium, R, (equation 18.4). Finally, w, is the total quantity of
propagules produced by species i that arrive in community k per unit time at equi-
librium (equation 18.6). Consequently, R, is the regional average net reproductive
rate of species i, weighted by the total quantity of propagules arriving in each com-
munity, at equilibrium (equation 18.3). Clearly, for the metacommunity to reach
equilibrium, R, must be equal to one (equation 18.3), that is, each individual of
each species must produce one individual on average during its lifetime in the
metacommunity as a whole.

Because all the regional average net reproductive rates must be equal at equi-
librium, this sets a constraint of regional similarity between coexisting species.
Whatever the local net reproductive rates, they have to be equal when averaged at
the scale of the region. And since net reproductive rates are simply basic repro-
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ductive rates multiplied by the proportion of vacant space in each community,
this constrains basic reproductive rates too. The latter must be sufficiently bal-
anced over the region for equation 18.3 to be possible. Local coexistence is then
possible in a metacommunity when species are locally different but regionally
similar with respect to their reproductive rates. Local coexistence is explained by
compensations among species’ competitive abilities at the scale of the region. As
a corollary, the net reproductive rate, and hence also the basic reproductive rate,
of any species cannot be lower than that of any other species in all communities
simultaneously. This condition requires habitat differentiation among species,
that is, each species should be competitively dominant in at least one community.
Thus, in a metacommunity, the number of species that coexist locally and re-
gionally will be highest when species have different niches (habitat differentiation
constraint}, but similar competitive abilities (regional similarity constraint), at
the scale of the region.

These rules place strong constraints on both local and regional species diver-
sity. Within these constraints, however, a wide variation of local and regional
diversity is possible, and this variation is driven in particular by changes in dis-
persal among communities. To demonstrate the effect of dispersal on species
diversity, assume for simplicity that a proportion of the total reproductive output
remains resident while the rest emigrates through a regional pool of dispersers
that are equally redistributed in all other communities, and that the proportions
of dispersers (a) and nondispersers (1 — a) are equal for all species and all com-
munities. Parameter a may thus also be interpreted as a measure of the relative
importance of regional versus local dynamics. With these assumptions,

b, = (1 —a),fork=1, (18.7a)

b= —2 ¢, fork#1, (18.7b)

N-—1
in equation (18.1). Here ¢, is the potential reproductive rate of species i in com-
munity [, which encapsulates local reproduction, short-distance dispersal and
establishment capacities. The model can then be rewritten as

a

dp, _

dt IN-1
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This model was simulated until equilibrium for a metacommunity consisting of
twenty species competing in twenty communities. Simulations used an extinc-
tion threshold of 0.01, which provides a good approximation of stochastic extinc-
tions at low population size (Loreau and Mouquet 1999), and a matrix of species’
local basic reproductive rates corresponding to a deviation of 5% from strict
regional similarity. In the case of strict regional similarity the matrix is completely
symmetrical with each species being the best competitor in one community
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Figure 18.1 Local (a, circles, mean = standard deviation across communities), among-community
(B, triangles), and regional (v, diamonds) diversity as functions of dispersal (proportion of dispersers

a) ina competitive metacommunity; 4, is the dispersal value at which local species diversity is maxi-

mal. Modified from Mouquet and Loreau (2003},

(Mouquet and Loreau 2002). The three components of species diversity (c, Band
v) were related through the additive partitioning advocated by Lande (1996) and
Loreau (2000a):

vy=B+a, (9)

where ais the mean alpha diversity of local communities.

Varying dispersal has a dramatic effect on the three components of diversity
(figure 18.1; Mouquet and Loreau 2003). When dispersal is zero, local (@) diversity
is minimal (1 species) whereas among-community (f) and regional (y) diversities
are maximal; in each community a different species is locally the best competitor.
As dispersal increases to an intermediate value a,, , an increasing number of
species are maintained by immigration above the extinction threshold so that o
diversity increases, while at the same time communities become more similar in
composition so that p diversity decreases. Regional diversity, however, remains
relatively constant. As dispersal increases above a,
sity decrease while B diversity stays close to zero because the best competitor at the
scale of the region tends to dominate each community, and other species are pro-
gressively excluded. At high dispersal, the metacommunity functions effectively as
a single community in which one species outcompetes all others. A hump-shaped
relationship between local diversity and dispersal emerges from these constraints.

both local and regional diver-
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In the ascending part of the curve, y diversity is determined by regional environ-
mental heterogeneity, and dispersal acts to transfer its effect from the among-
community (B) to the local (a) component of diversity. In the descending part of
the curve, dispersal leads to homogenization of the metacommunity, which has a
negative effect on regional, and hence also local, diversity.

These results clearly show that dispersal is a major determinant of the rela-
tionship between local and regional diversity. To further explore this issue, Mou-
quet and Loreau (2003) varied maximum regional species richness by varying the
degree of regional environmental heterogeneity in the metacommunity for each
dispersal value. Variation in environmental heterogeneity was obtained by defin-
ing a parameter E, measuring the environmental condition of community kin a
range from 0 to 1, and a parameter H, measuring the niche preference of species i
to environmental conditions, also in a range from 0 to 1. The potential reproduc-
tive rate of species 1in community k, ¢,,, was assumed to be greater as its niche op-
timum was closer to the local environmental condition {¢, = (1 — | B - H.-I ) X
3}. Variation of regional environmental heterogencity was then generated by
varying the distribution of E, values across communities. Figure 18.2 shows the
resulting relationships between local and regional diversity for various levels of
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Figure 18.2 Relationships between local and regional species richness for various values of dispersal
in a competitive metacommunity {a = 0.1, black squares; a = 0.075, gray circles; a = (1025, white dia
monds). For cach dispersal value the gradient of regional species richness was obtained by varying the
degree of regional heterogeneity. These results were obtained for low Lo intermediate dispersal values.
At high dispersal, local and regional diversitics are equal and the relationship is linear. Modified from
Mouquet and Loreau (2003).
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dispersal. When dispersal is low, local species richness is limited by the locally
dominant species irrespective of regional species richness, and the resulting rela-
tionship between local and regional diversity is saturating. When dispersal is
higher, local species richness becomes equal to regional species richness and the
relationship between local and regional diversity is linear.

Local versus regional diversity plots have often been interpreted as indicative
of community saturation; unsaturating linear curves would be typical for unsat-
urated, noninteractive communities, whereas saturating curves would indicate
saturated, interactive communities (Terborgh and Faaborg 1980; Cornell and
Lawton 1992; Cornell 1993). The above results show that this interpretation is
unwarranted (see also Shurin and Srivastava, chapter 17). Saturation of local-
regional richness curves does not tell us anything about community saturation
arising from species interactions, but is more fundamentally related to the scale at
which alocal community is defined and the dispersal properties of the organisms
considered (Loreau 2000a). Generally speaking, expanding the scale at which
local communities are defined amounts to transferring the environmental hetero-
geneity that is responsible for the bulk of diversity from the regional to the local
scale, hence from B to a diversity. Increasing dispersal across the landscape has a
similar effect. The effects of scale and dispersal can be studied quantitatively using
modeling frameworks such as that presented here.

Species Diversity and Ecosystem Productivity

The relationship between species richness and ecosystem properties such as pro-
ductivity has become a central issue in ecological and environmental sciences (see
reviews in Tilman 1999; Waide et al. 1999; Loreau 2000b; Mittelbach et al. 2001;
Lorcau et al. 2001, 2002; Kinzig et al. 2002). It is a unifying fundamental question
that requires merging concepts from ecosystem and community ecology. These
two subdisciplines have increasingly diverged historically, and merging them is a
challenge for modern ecology. This challenge is made particularly important by
the current need to understand the potential consequences of biodiversity loss for
ecosystem functioning. The traditional approach to diversity-productivity rela-
tionships has been to regress species diversity on productivity—or, more exactly,
on factors, such as climate and soil fertility, that determine productivity—across
sites with different environmental characteristics (Huston 1994; Waide etal. 1999;
Grime 2001). In contrast, recent experimental and theoretical work has focused
on the specific effect of species diversity on productivity when all other factors are
held constant (Tilman 1999; Loreau 2000b; Loreau et al. 2001, 2002; Kinzig et al.
2002). The two approaches have led to different results, which can be reconciled
by recognizing that they address different causal relationships at different scales
(Loreau 1998, 2000b; Loreau et al. 2001).

Diversity-productivity relationships are also expected to depend strongly on



From Metacommunities o Metaecosystems 427

the kind of diversity present in a community, that is, on the coexistence mecha-
nisms that are responsible for the maintenance of diversity within the community
(Mouquet et al, 2002). Different coexistence mechanisms involve different envi-
ronmental and evolutionary constraints on organisms, and these constraints
shape both the diversity and productivity of the communities and ecosystems
these organisms form. Diversity-productivity relationships then emerge as prod-
ucts of environmental and evolutionary constraints, in which diversity deter-
mines productivity as much as productivity determines diversity. What kind of
diversity-productivity relationship emerges from source-sink processes in a
metacommunity?

Mouquet and Loreau (2003) and Loreau et al. (2003b) explored this issue with
two different metacommunity models. The first model is the one presented
above, which describes exploitation competition for space. In this model, each
species’ local productivity is assumed to be determined by its local competitive
ability (Tilman et al. 1997; Loreau 1998; Mouquet et al. 2002). Ecosystem pro-
ductivity in community k, @, is therefore taken to be the product of the propor-
tion of sites occupied by each species and its local reproductive rate (which is cor-
related with competitive ability in this model), summed over all species (Loreau
and Mouquet 1999):

3
@, =Y ;P (18.10)
=]

Similarly, space occupation by the community as a whole is taken to be simply the
summed proportions of sites occupied by all species.

As dispersal increases, average productivity and space occupation across the
metacommunity decrease (figure 18.3A). This occurs because the mass effect
(Shmida and Ellner 1984), which maintains local species diversity at low to mod-
erate dispersal, also acts to dilute the locally best adapted species—the best com-
petitor—in a mass of locally less adapted species (Loreau and Mouquet 1999).
Combining this result with the hump-shaped relationship between local species
diversity and dispersal (figure 18.1), a hump-shaped relationship also emerges
between average productivity and local species richness (figure 18.3B; note that
productivity is on the vertical axis, so that the humped relationship is portrayed
in a vertical configuration relative to productivity-diversity plots with productiv-
ity on the horizontal axis). At the regional scale, however, the relationship be-
tween average productivity and regional species richness is either positive or null
(figure 18.3C) because regional species richness is constant or decreases with in-
creasing dispersal (figure 18.1).

These results provide theoretical support for the hypothesis that different
diversity-productivity relationships may emerge at different spatial scales, al-
though the mechanisms involved are different from those proposed in other stud-
ies (Bond and Chase 2002; Chase and Leibold 2002). Bond and Chase (2002),
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using a verbal model, suggested that regional complementarity among species
could lead to a positive relationship between productivity and regional species
richness. In contrast, a hump-shaped relationship would be found at the local
scale because local species richness would increase first through local niche
complementarity (generating a positive relationship with productivity) and then
through a source-sink effect (generating a negative relationship with productiv-
ity). Mouquet and Loreau’s (2003) results confirm Bond and Chase’s intuition,
but they involve no local niche complementarity. Both the local hump-shaped
and the regional positive diversity-productivity relationships arise from pure
source-sink metacommunity processes.

Loreau et al. (2003) developed a more mechanistic consumer-resource model
to explore the effects of species diversity on ecosystem productivity and its tem-
poral stability in a metacommunity or metaecosystem under fluctuating environ-
mental conditions. This model makes similar assumptions to the previous one, in
particular the fact that dispersal is global and identical for all species, and dis-
persers are redistributed uniformly across the landscape. The main differences lie
in the presence of an explicit consumer-resource local interaction, which allows a
more straightforward measurement of productivity, and the presence of environ-
mental fluctuations. The model reads as follows:

IN.(1 M
ﬁ = [e,c,(IR(1) — nmy I N,(£) + (—er&(ﬂ — aN(1)
dt M= 135 '
IR (1) >
(—;1— =L —LR(t) — RJ(I)ZL’J-);(!L)MIU) (18.11)
al ' ' =1

where N(t) is the biomass of species i (e.g., a plant) and R (¢) is the amount of
limiting resource (e.g., a nutrient such as nitrogen) in community jat time t. The
metacommunity consists of M communities and S species in total. Species i con-
sumes the resource at a rate ¢,(f), converts it into new biomass with efficiency ¢;,
and dies at rate m, in community j. The resource is renewed locally through a con-
stant input flux I, and is lost at a rate [. All species disperse at a rate a. Consump-
tion rates ¢,(1) vary as local environmental conditions change through time, and
are assumed to reflect the matching between species traits and environmental
conditions as above. Defining again H, as the constant trait value of species i and
E(t) as the fluctuating environmental value of community j, consumption rates
are given specifically by:

(0 =15- |H - E®|. (18.12)

Fluctuations of local environmental values are assumed to be sinusoidal with
period T

{sin x‘-i-ﬂ) + l‘, (18.13)
- T,
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and to be out of phase in the various communities, by choosing x; such that £ (0)
1and E(0) = E_,(0) — 1/6 for j = 2 to 7. With this assumption, there is always
a community in which each species is superior, but because of temporal fluctua-
tions, that community shifts in space over time, thus requiring some dispersal for
long-term coexistence. The period of fluctuations was chosen to be large enough

so that there was competitive exclusion in the absence of dispersal.
Lastly, ecosystem productivity at time f is defined as the production of new bio-

mass per unit time, which, averaged across the metacommunity, is

5 M
z e, (DR(1) N{r)
o) = (18.14)
M
This model leads to the same hump-shaped relationship between local diver-
sity and dispersal as does the previous model (figure 18.4A). In contrast to the
previous model, however, average productivity here follows a hump-shaped pat-
tern similar to that of species diversity (figure 18.4B). Similarly, the coefficient of
variation of productivity—a common standardized measure of variability (Doak
et al. 1998; Ives et al. 1999; Lehman and Tilman 2000; Ives and Hughes 2002)—
follows an inverse pattern (figure 18.4C). As a consequence, variations in disper-
sal rate generate strongly nonlinear, parallel variations in local species diversity,
average productivity, and the stability (sensu reduced variability) of productivity.
Differences from the previous model are explained by the specific effects of
biodiversity made possible by environmental fluctuations. Biodiversity has been
shown to act as biological insurance for local ecosystem functioning by allowing
functional compensation among species or phenotypes in time (McNaughton
1977; Yachi and Loreau 1999; Ives et al. 1999; Lehman and Tilman 2000; Norberg
et al. 2001). Such insurance effects include an increase in the temporal mean of
productivity when there is selection for adaptive responses to environmental fluc-
tuations, and a decrease in productivity’s temporal variability because of tempo-
ral complementarity among species responses (Yachi and Loreau 1999; Loreau
2000b). Here, however, these effects occur despite the fact that local coexistence is
impossible, and thus no temporal insurance effect can occur within a closed sys-
tem. Therefore, insurance effects shown by this model are entirely generated by
the spatial dynamics of the metacommunity. When different systems experience
different environmental conditions and fluctuate asynchronously, different spe-
cies thrive in each system at each point in time, and dispersal ensures that the spe-
cies adapted to the new environmental conditions locally are available to replace
less adapted ones as the environment changes. As a result, biodiversity enhances
and buffers ecosystem processes through spatial exchanges among local systems
in a heterogeneous landscape, even when such effects do not occur in a closed ho-
mogencous system. This is the spatial insurance hypothesis (Loreau et al. 2003).

As shown by figure 18.4, however, spatial insurance effects are strongly
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dependent on dispersal rate, which determines metacommunity connectivity.
Local species diversity and the insurance effects that it generates are highest at an
intermediate dispersal rate, and collapse at both low and high dispersal rates. At
both ends of the dispersal gradient functional compensations and adaptive shifts
between species are prevented, leading to a relatively low average productivity as
well as large fluctuations in productivity as the single surviving species tracks en-
vironmental fluctuations.

Material Flows and Ecosystem Organization

The last example of an emergent property arising from spatial coupling of local
systems is the pattern of material flows in a metaecosystem. Flows of nutrients,
whether in the form of inorganic elements, detritus, or living organisms, can ex-
ertimportant influences on the functioning of local ecosystems (Polis et al. 1997).
Less appreciated is the fact that these flows may also impose global constraints at
the scale of the entire metaecosystem, thereby generating a strong interdepend-
ence among local ecosystems.

To highlight these constraints, we concentrate on the simplest possible model
of a closed nutrient-limited metaccosystem. Consider two connected local eco-
systems, 1 and 2, each of which in turn consists of two interacting compartments,
plants (with nutrient stock P) and inorganic nutrients (with stock N). Spatial
flows among ecosystems are assumed to occur among similar compartments (i.c.,
from inorganic nutrient to inorganic nutrient, and from plants to plants). They
are also assumed to be independent of local interactions among ecosystem com-
partments, such that spatial flows and local growth rate are additive in the dy-
namical equation for ¢ach ecosystem compartment. Let F. denote the directed
spatial flow of nutrient stored in compartment X from ecosystem i to ecosystem j,
@, primary production in ecosystem i, and R, the flow of recycled nutrient within
ecosystem i. Local and global mass balance leads to the following set of equations
describing the dynamics of the metaecosystem:

=F,—F,—® +R, (18.15a)

= n B
dN, _ B, = Fp —®,+ R, (18.15b)
dt o " i _

2
B g, = Fpy—®,+ R, (18.15¢)
di . .

5
"”: =F,- Fr'_u - (:b: + R, (18.15d)

dt
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This description in terms of directed flows among ecosystems and compart-
ments (figure 18.5A) can be reduced to a simpler description in terms of net flows
as follows:

LA Al (18.16a)
dt
L/ ~iB G, (18.16b)
dt
2l
i”—':FP—G,, (18.16¢)
dt
dp, .
—2=-F,+G, (18.16d)
dt
where F, = F,, — F, , is the net spatial flow of nutrient of compartment X from

ecosystem 2 to ecosystem 1, and G, is net local plant growth in ecosystem i.

Note that, as required for closed systems, local mass is conserved in the absence
of spatial flows and global mass is conserved with spatial flows. Additional con-
straints emerge from spatial coupling of local ecosystems as the metaecosystem
reaches equilibrium. At equilibrium the left-hand side of equations 18.15 and
18.16 vanishes, which imposes

F%=—F%=G*= -G, (18.17)

where asterisks denote functions evaluated at equilibrium. This set of equalities
can be interpreted as a double constraint, which can easily be generalized to
metaecosystems with an arbitrary number of local ecosystems and an arbitrary
number of ecosystem compartments (Loreau et al. 2003a): (1) A source-sink con-
straint within ecosystem compartments. For each compartment, positive growth
in some ecosystems must be balanced by negative growth in other ecosystems at
equilibrium, which means that some local ecosystems must be sources whereas
others must be sinks; and (2) A source-sink constraint between ecosystem com-
partments. The total net spatial flow across the boundaries of each ecosystem
must vanish at equilibrium, which means that some compartments must be
sources whereas others must be sinks.

In our simple metaecosystem with two ecosystems and two compartments,
these constraints result in a global material cycle such that net flows at equilib-
rium are either in the direction N, = P, = P, = N, — N, (figure 18.5B) or in the
opposite direction depending on the sign of F% (or any other function) in equa-
tion 18.17. In this global cycle, even though production and nutrient recycling oc-
cur within each ecosystem (figure 18.5A), one ecosystem acts as a net global pro-
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Figure 18.5 Material lows in a closed nutrient-limited metaecosystem consisting of two connected
local ecosystems, 1 and 2, cach of which in turn consists of two interacting compartments, plants (P)
and inorganic nutrient (N }: (A) directed nutrient flows, and (B) net nutrient flows at equilibrium.

ducer (N, — P)) whereas the other acts as a net global recycler (P, — N,) (figure
18.5B). When there are more than two ecosystem compartments and local eco-
systems, the pattern of material circulation in the metaecosystem may be more
complex, but all local ecosystems are embedded in a web of material flows con-
strained by the functioning of the metaecosystem as a whole (Loreau et al. 2003a).

This simple metaecosystem model shows that strong constraints on local eco-
system functioning emerge from spatial coupling of ecosystems. When these con-
straints can be met, they imply that local ecosystems can no longer be governed
by local interactions alone. Instead, by being part of the larger-scale metaecosys-
tem, local ecosystems are constrained to become permanent sources and sinks for
different compartments, and thereby to fulfill different functions in the meta-
ecosystem, It is also conceivable, however, that these constraints may be impos-
sible to meet in some cases; during transient dynamics parts of the metaecosys-
tem will then absorb others by progressively depriving them of the limiting
nutrient. Specifically, nutrient source-sink dynamics within metaecosystems may
drive or accelerate successional changes, until equilibrium is achieved and the
final metaecosystem state becomes compatible with global source-sink con-
straints. Whether energy and material transfers across ecosystem boundaries are
strong enough to drive succession, however, depends on their magnitude relative
to that of the colonization processes that bring new species into local ecosystems
and thereby change their properties. This suggests that combining an explicit ac-
counting of spatial flows of energy and materials with the dynamics of coloniza-
tion of new patches by organisms in an integrated metaecosystem approach may
provide a promising novel perspective on succession theory.

Conclusions

Extending metacommunity theory to a full theory of metaecosystems represents
an important and timely development for spatial ecology—a development that
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has the potential to integrate the perspectives of community, ecosystem, and
landscape ecology. At a time when humans are profoundly altering the structure
and functioning of natural landscapes, understanding and predicting the conse-
quences of these changes is critical for designing appropriate conservation and
management strategies. Metacommunity and metaccosystem perspectives pro-
vide powerful tools to meet this goal. By explicitly considering the spatial inter-
connections among systems, they have the potential to provide novel fundamen-
tal insights into the dynamics and functioning of ecosystems from local to
regional scales, and to increase our ability to predict the consequences of land-use
changes on biodiversity and the provision of ecosystem services to human soci-
eties.

In this chapter we have provided some examples of significant emergent prop-
erties that arise from spatial coupling of local ecosystems. These range from the
coupled dynamics of local and regional diversity, through diversity-productivity
relationships at local and regional scales, to patterns of nutrient flows from land-
scape to global scales. In all these examples, metaecosystem connectivity, as de-
termined by the spatial arrangement of component ecosystems and the move-
ments of organisms, energy, and inorganic substances across these ecosystems,
exerts strong constraints on the structure, functioning, and stability of the system
at both local and regional scales. It also drives many of the community and eco-
system properties that are traditionally studied at separate scales without consid-
eration of these critical connections among scales. This shows that the metacom-
munity and metaecosystem perspectives offer a promising theoretical framework
to explore hierarchical systems and emergent properties in a spatial context.

We acknowledge that the theoretical models we have reviewed have a number
of simplifying assumptions and hence a number of limitations, and that empiri-
cal support is still largely missing. The assumptions that are probably most criti-
cal in our metacommunity models concern the rules that constrain local inter-
actions (competitive lottery), and the nature of the dispersal process (global,
passive dispersal, with no life-history correlates). Modifying these assumptions to
make the models better suited for organisms other than plants is likely to change
some of the emergent properties we have investigated (such as diversity-
productivity relationships), although others (such as local-regional diversity re-
lationships) may be more robust because the mechanisms involved are relatively
general. In contrast, our metaecosystem model can be made very general (Loreau
et al. 2003a). The challenge here will be to devise more detailed, yet tractable,
models capable of providing new insights into more targeted issues for specific
systems.

The objective of the models presented in this chapter, however, was not to pro-
vide detailed predictions for specific systems, but instead to examine the poten-
tial of metacommunity and metaecosystem approaches for exploring new issues
and providing new insights into old issues. We feel that, in this respect, these
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approaches have proven very successful and offer a rich avenue for future theoreti-
cal, experimental, and empirical developments. Our hope is also that they will
help stimulate the emergence of a mechanistic theoretical landscape ecology.

Literature Cited

Allen, I E HL, and T2 B. Starr. 1982, Hicrarchy: Perspectives for ecological complexity. University of Chi-
cago Press, Chicago, 11

Bond, E. M., and ]. M. Chase. 2002. Biodiversity and ecosystem functioning at local and regional spa-
tial scales. Ecology Letters 5:467-470.

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

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

Cornell, FL V. 1993, Unsaturated patterns in species assemblages: The role of regional processes in set-
ting local species richness. Pages 243-252 in R.E. Ricklefs and D. Schluter, eds, Species diversity
in ccological commumities: Historical and geographical perspectives. University of Chicago Press, Chi-
cago, 11

Cornell, H. V., and J. HL. Lawlon. 1992, Species interactions, local and regional processes, and limits to
the richness of ecological communities: A theoretical perspective. Journal of Animal Ecology 61:
1-12.

Doak, D. 1, D. Bigger, E. K. Harding, M. A, Marvier, R. . O'Malley, and D. Thomson. 1998, The sta-
tistical inevitability of stability-diversity relationships in community ccology. American Natural-
ist 151:264-276.

DeAngelis, D. L. 1992, Dynamics of nutrient cycling and food webs. Chapman and Hall, London, UK.

Forman, R1 T 1995, Land inosaics: The ecology oflandscapes and regions. Cambridge University Press,
Cambridge, UK.

Grime, 1. P 2001, Plant strategies, vegetation processes and ecosystem properties. 2nd edition. Wiley, New
York.

Gustafson, E.J, and R.H. Gardner. 1996, The effect of landscape heterogeneity on the probability of

patch colonization. Ecology 77:94-107.
Hanski, 1. A., and M. E. Gilpin. 1997. Metapopulation biology: Ecology, genetics and evolution. Aca-
demic Press, San Diego,

[las

ngs, A. 1980, Disturbance, coexistence, history and the competition for space. Theoretical Pop
ulation Biology 18:363-373.

Hubbell, 5. P. 2001, The unified newtral theory of biodiversity and biogeography. Princeton University
Press, Princeton, NJ.

Huston, M. A. 1994. Biological diversity. Cambridge University Press, Cambridge, UK.

Ives, A, R, and I, B. Hughes. 2002, General relationships between species diversity and stability incom-
petitive systems. American Naturalist 159:388-395.

Ives, AL R., K Gross, and ). L. Klug. 1999. Stability and variability in competitive communities. Science
2806:542-544.

Jones, C.G., and J. H. Lawton. 1995, Linking species and ecosystems. Chapman and Hall, New York.

Kinzig, A. I, S.W. Pacala, and 1. Tilman. 2002, The functional consequences of biodiversity: Empivical
progress and theoretival extensions. Princeton University Press, Princeton, NJ.

Lande, R. 1996. Statistics and partitioning of specics diversity, and similarity among multiple com
munities. Oikos 76:5-13.

Lehman, C. L., and D, Tilman. 2000. Biodiversity, stability, and productivity in competitive commu-
nities. American Naturalist 156:5334-552.



From Metacommunities to Metaccosystems 437

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

Levin, S. A, 1970. Community equilibria and stability, and an extension of the competitive exclusion
principle. American Naturalist 104:413-423.

Levins, R. 1969. Some demographic and genetic consequences of environmental heterogeneity for
biological control. Bulletin of the Entomological Society of America 15:237-240.

e, 1970. Extinction. Pages 77-107 in M. Gerstenhaber, ed. Somie mathematical problems in biol-
ogy. American Mathematical Society, Providence, RI.

Loreau, M. 1998, Biodiversity and ecosystem functioning: a mechanistic model. Proceedings of the
National Academy of Sciences, USA 95:5632-5636.

. 2000a. Are communities saturated? On the relationship between o, pand y diversity. Ecology
Letters 3:73-76.
. 2000, Biodiversity and ecosystem functioning: Recent theoretical advances. Oikos 91:3-17.

Lorcau, M., and N. Mouquet. 1999. Immigration and the maintenance of local species diversity.
American Naturalist 154:427-440.

Loreau, M., N. Mougquet, and R. D. Holt. 2003a. Meta-ecosystems: A theoretical framework for a spa-
tial ccosystem ccology. Ecology Letters 6:673-679.

Loreau, M., N. Mouquet, and A. Gonzalez. 2003b. Biodiversity as spatial insurance in heterogeneous
landscapes. Proceedings of the National Academy of Sciences, USA 100:12765-12770.

Lorcau, M., S. Naeem, and P. Inchausti. 2002. Biodiversity and ccosystem functioning: Synthesis and
perspectives, Oxford University Press, Oxford, UK.

Loreau, M., S. Nacem, P Inchausti, J. Bengtsson, [. P. Grime, A, Hector, D. U. Hooper, M. A. Huston,
. Raffaclli, B. Schimid, D. Tilman, and D. A. Wardle. 2001. Biodiversity and ecosystem funetion-
ing: Current knowledge and future challenges. Science 294:804-808.

MacArthur, R.H., and R. Levins. 1967, The limiting similarity, convergence, and divergence of coex-
isting species. American Naturalist 101:377-387.

MacArthur, R.H., and E.O. Wilson. 1967, The theory of island biogeography. Princeton University
Press, Princeton, NJ.

McNaughton, 8.]. 1977, Diversity and stability of ccological communities: A comment on the role of
empiricism in ecology. American Naturalist 111:515-525.

Mittelbach, G.G., C. E Steiner, 8. M. Scheiner, K. L. Gross, [1. L. Reynolds, R. B. Waide, M. R. Willig,
5.1 Dodson, and L. Gough. 2001. What is the observed relationship between species richness and
productivity? Ecology 82:2381-2396.

Mouquet, N., and M. Loreau. 2002. Coexistence in metacommunities: The regional similarity hy-
pothesis. American Naturalist 159:420-420.

-, 2003, Community patterns in source-sink metacommunities. American Naturalist 162:544-

57.

w

Mouquet, N., . L. Moore, and M. Loreau. 2002. Plant species richness and community productivity:
Why the mechanism that promotes coexistence matters. Ecology Letters 5:56-65,

Norberg, J., 1. P Swaney, . Dushoff, ]. Lin, R. Casagrandi, and 8. A, Levin. 2001. Phenotypic diversity
and ecosystem functioning in changing environments: A theoretical framework, Praceedings of
the National Academy of Sciences, USA 98:11376-11381.

O'Neill, R. V., D. L. DeAngelis, | B. Waide, and 1. E H. Allen. 1986, A hierarchical concept of ecosystems.
Princeton University Press, Princeton, NJ.

Pickett, 8. T. A, and M. L. Cadenasso. 1995, Landscape ecology: Spatial heterogeneily in ecological sys-
tems, Science 269:331-334.

Polis, G. A., W. B. Anderson, and R. 1. Holt. 1997. Toward an integration of landscape and food web
ceology: The dynamies of spatially subsidized food webs. Annual Review of Ecology and System-
atics 28:289=-316.

Ricklefs, R. E., and D. Schluter. 1993, Species diversity in ecological communities: Historical and geo-
graphical perspectives, University of Chicago Press, Chicago, 1L.



438 Chapter Eighteen

Rosenzweig, M. L. 1995, Species diversity in space and time. Cambridge University Press, Cambridge,
UK.

Schoener, T, W, 1983. Rale of species turnover decreases from lower to higher organisms: A review of
the data. Qikos 41:372-377,

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

Sterner, R.W., and J.]. Elser. 2002. Ecological stoichiometry: The biology of elements from molecules to
the biosphere. Princeton University Press, Princeton, NJ.

‘Terborgh, )., and ], Faaborg. 1980. Saturation of bird communitics in the West Indies. American Nat-
uralist 116:178-195.

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

- 1999, The ecological consequences of changes in biodiversity: A search for general principles.

licology 80:1455-1474.

Tilman, 2., and P. Karciva. 1997. Spatial ccology: The role of space in population dynamics and inter
specific interactions. Princeton University Press, Princeton, NJ.

Tilman, D., C. L. Lehman, and K. T. Thomson. 1997. Plant diversity and ecosystem productivity: The-
oretical considerations. Proceedings of the National Academy of Sciences, USA 94:1857-1861.
Turner, M. Gi. 1989. Landscape ecology: The effect of pattern on processes. Annual Review of Ecology

and Systematics 20:171-197.

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

Waide, R, B., M. R, Willig, C. E. Steiner, G. Mittelbach, L. Gough, 8. 1. Dodson, G. P Juday, and R. Par
menter. 1999. The relationship between productivity and species richness. Annual Review of Ecol-
ogy and Systematics 30:257-301.

With, K. A. 1997 The application of neutral landscape models in conservation biology. Conservation
Biology 11:1069-1080.

With, K. A, R. H. Gardner, and M. G. Turner. 1997, Landscape connectivity and population distribu-
tions in heterogeneous environments. Oikos 78:151-169.

Yachi, S., and M. Loreau. 1999, Biodiversity and ecosystem productivity ina fluctuating environment:

The insurance hypothesis. Proceedings of the National Academy of Sciences, USA 96:1463-1468.




	Page 1.pdf
	Metacommunities_Ch18.pdf



