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Food webs are highly complex ecological networks, dynamic in
both space and time. Metacommunity models are now at the core
of unified theories of biodiversity, but to date they have not
addressed food web complexity. Here we show that metacom-
munity theory can explain the emergence of species-rich food
webs with complex network topologies. Our analysis shows that
network branching in the food web is maximized at intermediate
colonization rates and limited dispersal scales, which also leads
to concomitant peaks in species diversity. Increased food web
complexity and species diversity are made possible by the struc-
tural role played by network branches that are supported by
omnivore and generalist feeding links. Thus, in contrast to
traditional food web theory, which emphasizes the destabilizing
effect of omnivory feeding in closed systems, metacommunity
theory predicts that these feeding links, which are commonly
observed in empirical food webs, play a critical structural role as
food webs assemble in space. As this mechanism functions at the
metacommunity level, evidence for its operation in nature will be
obtained through multiscale surveys of food web structure.
Finally, we apply our theory to reveal the effects of habitat
destruction on network complexity and metacommunity diversity.

spatial ecology | patch-dynamic models

he science of networks is deepening our understanding of

biodiversity in complex ecosystems (1). Food webs are ar-
chetypal ecological networks that have important temporal and
spatial dimensions crucial to their assembly and persistence (2).
Spatial food web data reveal patterns of species interactions that
are structured in space, and theory suggests that this spatial
structure may underlie a general explanation of food web com-
plexity (3-7). Recently metacommunity theory has successfully
invoked spatial processes such as dispersal to explain patterns of
biological diversity from local to regional scales (8-11). How-
ever, to date metacommunity theory has focused on communities
structured by competitive interactions, and although attempts
have been made to extend the approach to the study of simple
trophic interactions (12, 13), the study of larger, more complex
trophic networks has largely remained—with rare exceptions (14,
15)—outside its purview (2).

The need for a general spatial theory of food webs is acute
given current rates of biodiversity loss under global environ-
mental change. Habitat destruction and fragmentation are
changing not only species richness, but also the diversity and
patterns of species interactions that link them in networks (16).
Over time food webs disassemble in nonrandom patterns as the
spatial network of interconnected patches of habitat is altered,
eroded, and isolated (17). Shifts in food web interactions arising
from spatial habitat compression also perturb the ecosystem
functions at local and metacommunity scales (18). Efforts to
restore functional food webs in fragmented landscapes will re-
quire an explicit theory of how food webs assemble and disas-
semble in space and how their complexity varies with habitat
connectivity and spatial scale.

Here we extend metacommunity theory to show that the scale
and rate of dispersal can explain the emergence of food web
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complexity. Our theory explains how food web complexity is
assembled and maintained at regional scales despite simple rules
that strongly constrain its structure and diversity at small scales
(Fig. 1). We show that dispersal in the metacommunity mediates
food web branching and diversity and that, at the metacommunity
scale, network branching arises due to the structural support
provided by omnivore and generalist feeding modules. Here
generalist feeding refers to the ability of a consumer to switch its
feeding between different resources from distinct food chains in
different patches within the metacommunity. Omnivory, on the
other hand, is defined when a consumer is able to switch its
feeding between different resources within a single food chain—
that is, to feed on species at different trophic levels within the
same food chain. Our demonstration of the role of omnivory in
sustaining complex network topologies and maintaining high-
diversity communities stands in stark contrast to previous theo-
retical predictions that suggested omnivory should destabilize
food webs (19). Finally, we show that habitat destruction can lead
to reorganization of the trophic network which can, despite ulti-
mately causing the collapse of the food web, bring about sur-
prising transient increases in diversity. This effect is explained by
our theory and could be tested in the field. These results provide
a foundation for a metacommunity theory of food webs.

Modeling Framework

We use a spatially explicit patch-dynamic model to represent
a set of local patches, each of which can contain subpopulations
of several trophically interacting species. Each species sub-
population produces colonizers to establish new subpopulations
in available patches at a rate c¢. Subpopulations of each species
also suffer extinction locally within patches at a rate e. Long-term
or equilibrium patch occupancy of each species is determined
by the balance between patch colonization and extinction. Our
metacommunity model is thus a spatially explicit version of an
extended metapopulation patch-dynamic model (20), capable of
tracking the patch occupancy of multiple species competing for
habitat patches and feeding on each other within patches (14, 15).
This approach allows us to investigate the role of space in deter-
mining the equilibrium structural properties—specifically the net-
work complexity and diversity—of spatial food webs assembled
by colonization-extinction dynamics at the metacommunity scale.
We consider food webs as directed graphs or networks, with
species represented by vertices and feeding links by directed
arrows from resources to consumers. This approach enables us to
define network complexity by the degree to which the food web is
characterized by the branching of feeding links at forks in the
network—that is, the degree to which multiple consumers are
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Fig. 1.

A simple example of how food web complexity might emerge at large spatial scales through the spatial aggregation of local food chain networks

with increasing spatial extent within a metacommunity. (Upper) Numerous local habitat patches, represented by squares, contain various local food chains.
The concentric circles show different sample sizes, and the large arrow shows the direction of increasing spatial extent. As spatial scale increases, and as more
species and potential feeding interactions are sampled, the observed trophic complexity of the regionally aggregated food web [depicted by the network
diagrams (Lower)] increases despite the complexity within local patches being constrained to simple network configurations—in this case, simple food chains.
(Lower) The observed regional food web networks that correspond to increasing spatial extent. In this paper we assume complete competitive exclusion of
inferior competitors from a given resource within patches, such that the only way two species that potentially feed on a common resource can coexist within
a patch (e.g., species 2 and 4 competing for species 1) is if one species is an omnivore capable of switching its feeding to another species in the local food
chain, as when species 4 switches its feeding predominantly toward species 2 when 2 excludes 4 from resource species 1.

able to regionally persist by sharing common resources at the
metacommunity scale. At any given fork in a network we define
the link from a resource vertex to the competitively superior
consumer as a “primary link” and any additional links to other
independent consumers as “branching links”. We refer to the
consumer at the end of a branching link as the “branching
consumer”. Thus, a primary link refers to the dominant (or only)
feeding link directed away from a given species vertex, whereas
branching links refer to any additional feeding links directed
away from a species vertex toward the various consumer vertices.
In this paper we define food web branching, and hence com-
plexity, by using the minimum number of branching links that
would be required to connect all species in the metacommunity
food web. Specifically, we define branching in the food web by
the minimum number of branching links that a spanning tree or
subnetwork of the food web would require to be able to span or
connect all species nodes in the food web after all its omnivore
links have been removed (SI Appendix). The minimum number
of branching links required to connect all species in a food web
then gives a measure of the degree of resource sharing by con-
sumers at the metacommunity scale.

To isolate the effects of spatial processes on food web as-
sembly we remove the confounding effects of other, nonspatial,
coexistence mechanisms that can lead to network branching,
such as the ability of consumers to partition and share resources
within patches. Thus, linear chains are the most complicated
network topology possible within a patch, although more com-
plicated topologies can emerge across patches. We also assume
that all species in the metacommunity have the same life-history
trait parameter values (i.e., colonization, ¢, and extinction, e,
rates), although they may differ in their competitive ability to
displace other species from a given resource within a patch.
Thus, trophic complexity cannot arise in our study because of
innate differences in life-history strategies related to colonization
or extinction rates between species (e.g., competition—coloniza-
tion trade-offs) (21-23) or because of local mechanisms of co-
existence (24), even though these are likely to play a role in
nature. We do, however, consider differences that arise when
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species that feed on fewer resources (more specialized consum-
ers) are competitively superior at excluding their more general-
ist competitors from local resource patches. Previous work
suggests that specialists have higher fitness and competitive
ability than generalists when both are constrained to a shared
local resource (25, 26). Our approach is thus tailored to identi-
fying how colonization rate and scale influence food web struc-
ture, and how network structure, in turn, affects realized species
richness in the metacommunity.

We first present analytical results that derive the conditions for
the emergence of trophic complexity at the metacommunity level.
We then report the results of numerical simulations based on
spatially explicit lattice models that demonstrate the range of food
web structures that emerge within large metacommunities where
dispersal rate and scale are varied. We also present the effects of
habitat destruction on spatial food web diversity and complexity.

Results

The Role of Omnivore and Generalist Feeding Links in Simple
Metacommunity Networks. We first analytically demonstrate, for
simple trophic configurations, how a simple patch-dynamic
framework can be used to explain the spatial emergence of net-
work branching and food web complexity despite all species
having identical extinction, e, and colonization, ¢, rates. In a
patch-dynamic metapopulation (20) the equilibrium patch oc-
cupancy, or fraction of the total available patches occupied, p, of
a single species is p; = 1—(e/c). If a consumer, denoted as spe-
cies 2, feeds exclusively on the original species (species 1), the
patches suitable as habitat for colonization by species 2 are those
patches already occupied by species 1. Assuming there is no
added extinction rate due to top—down effects, species 2’s equi-
librium patch occupancy is p» = p1 —2(e/c) (15). In general a
species at the nth trophic level has an equlibrium patch density of
Pn—1—n(e/c), which is found by simply solving the equation
dp, | dt = cp,(Pn-1—pn) —nep, after setting dp,/dt = 0 (15).
Here negative values of the equilibrium patch occupancy, p,,, are
equivalent to a patch occupancy of zero.
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Note that in the equilibrium expression for the nth trophic
level, n(e/c) represents the fraction of available habitat left at
trophic level n — 1 after a species at the nth trophic level has
reached equilibrium. It also represents the minimum habitat
threshold required to allow an n#h-trophic-level consumer to
establish itself and maintain a positive equilibrium density. As
a result, there are not enough suitable habitat patches remaining
for an inferior competitor to occupy a given trophic level after
a superior competitor has already established itself—the inferior
competitor is prevented from establishing itself due to compet-
itive exclusion from the trophic level at the metacommunity scale
by the superior competitor. Coexistence of competitor species,
and thus network branching, appears impossible in the absence
of life-history trade-offs. However, it may still arise if sub-
ordinate competitors are capable of feeding in the leftover
habitat on more than one trophic level. We can investigate this
particular coexistence mechanism by studying the simple omni-
vory module in Fig. 24 to determine when species 4 is able to
regionally coexist with species 3 on a common resource species 2
by feeding on multiple trophic levels. Assuming species 4 is the
inferior competitor, we can calculate under what conditions 4
can regionally coexist with 3 at the metacommunity scale.

We assume that species 4, as an omnivore species, can switch
its feeding from species 1 onto species 2 if species 2 (a superior
competitor for resource 1) is present in the same patch. Thus, 4
can switch its feeding locally between 1 and 2 depending on the
local presence or absence of 2. The metapopulation equation
tracking the change in total patch occupancy of species 4, pa,
is then

d,
% = p4(P1 —P3 —P4a) — 2ep4 — P3P 2.4)- [1]

Here p(»4) represents the density of patches where species 4
feeds specifically on species 2 (SI Appendix). Solving for equi-
librium values when ps >0 and p3; >0 gives us the conditions
under which coexistence of 3 and 4 becomes possible:

6<§<(6+3v§) 2]

When c/e is below the lower threshold, species 4, but not species
3, is able to persist in the metacommunity; above the upper
threshold, species 3’s patch density is high enough that it com-
petitively displaces species 4 from the regional landscape. In-
creasing the colonization rate ¢ reduces the coexistence window
by allowing the superior competitor 3 to more efficiently exclude
species 4. Inferior competitors, and hence network branches, can
persist at the metacommunity scale in the face of competition
from superior competitors as long as the patch occupancy of the
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Fig. 2. Simple omnivory and generalist food web modules. (A) Omnivore
module showing an omnivore’s (species 4's) feeding links to intermediate
consumer 2 and basal resource 1. (B) Generalist module showing a generalist
consumer G and its feeding links to its numerous resources (R;). Each re-
source R; has a competitively dominant specialist consumer S; that feeds on
it. As a result, generalist G experiences competition at the regional scale for
occupancy of each R; resource patch from competitively dominant specialist S;.
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superior competitor is small enough that it does not exert too
much pressure on the inferior species.

In a similar way, generalist consumer behavior can allow in-
ferior competitors to coexist at the regional level by allowing
them to feed on resources in distinct food chains. If we consider
the case where m distinct resources are being fed upon by m
distinct specialists (generalist feeding module in Fig. 2B), and
where the patch densities of the resources and specialists are
given by R; and P; (where 1 < i < m), a competitively inferior
generalist, with patch density G, should be able to coexist with its
m specialist competitors at the metacommunity scale as long as
the following condition is met:

_xen( 1
I_ZC (G"‘Rz) 3]

i=1

Here ¢p, refers to the total extinction rate experienced by the
specialist i, which includes not only its own extinction rate, ep,,
but also the effects of all species extinctions farther down each of
its various food chains (15). Assuming the simple case where R;
increases with increasing ¢ for all i, and ep, has little or no re-
sponse to increasing ¢, an instantaneous increase in the coloni-
zation rate ¢ can be shown to decrease the equilibrium patch
occupancy of the generalist given that, from Eq. 3,

dG "\ dR;

= ;¢Z£2 [4]

(O > 0, and Z; > 0 for all i; SI Appendix). When regional co-
existence occurs, increasing the total resource availability by in-
creasing ¢ reduces the generalist’s regional abundance because
of the increase in competitive pressure and loss of available
habitat arising from increases in the patch occupancy of its
specialist competitors.

The simple spatial network model demonstrates how, even in
the absence of colonization or extinction trade-offs, generalist
and omnivore feeding modules can facilitate the regional co-
existence of competitors and thus provide the structural support
for network branching in food webs. We also demonstrated that
competitive coexistence and branching arising from omnivory
and generalist feeding are sensitive to species colonization rate.
Increases in the general colonization rate—which otherwise
might have been expected to benefit all species—can, in the case
of omnivores and generalists, actually drive down regional den-
sities leading to the possibility of metacommunity-wide extinc-
tions and hence the elimination of any associated network
branches. We now use numerical simulations to show how the
operation of these effects scales up to more complex food web
networks at the metacommunity scale.

Numerical Simulations of Complex Food Webs. We used simulation
to study the change in equilibrium properties of metacommunity
food webs subject to colonization—extinction dynamics when the
rate and scale of dispersal were varied, as described in Materials
and Methods.

Because we assumed that all species in the food webs we study
here have identical life-history parameters, no classic competi-
tion—colonization trade-off allowing consumer coexistence is
possible (23), and we might expect that the only long-term or
equilibrium metacommunity food webs possible would be non-
branching networks, because only one competitively superior
species can regionally exist by feeding on any given resource
species within the network at equilibrium (23). Our simulations
show that this is, in fact, what is observed at relatively high
species colonization rates. However, at intermediate colonization
rates more complex metacommunity food webs exhibiting sig-
nificant network branching emerge (Fig. 34).
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When we initiated our simulations with a sufficiently complex
potential (regional) food web (i.e., the network defining the ini-
tial set of species and potential trophic interactions), the realized
equilibrium food web that arises from the play of colonization
and extinction dynamics shows a peak in network complexity
(measured by food web branching) at intermediate colonization
rates (see SI Appendix, Fig. S3 for the potential food web used).
The graph in Fig. 34 shows a general pattern: Network com-
plexity is always maximal at intermediate colonization rates. This
peak in network complexity can be associated with a peak in
diversity (Fig. 3B). The peak in diversity itself follows from the
presence of increased branching at intermediate colonization
rates; more specifically, branching increases the opportunities
available for feeding on one or more of the branching consumers
in the food web and thus leads to enhanced opportunities for the
buildup of species along new food chain paths in the network. A
similar pattern is observed when the Benguela pelagic food web
(27) is used as a potential food web (Fig. 3 C and D; see figures in
SI Appendix for network and diversity responses when other
empirical food webs are used).

We showed analytically that the existence of branching links in
the network arising from regional coexistence of consumers on
common resources relies on the structural support provided by
omnivore and generalist feeding links. This result implies that,
when a complex potential network is subjected to colonization—
extinction dynamics, each of the branching links in the realized
network should be accompanied for support by at least one
omnivore or generalist trophic module (illustrated in SI Appen-
dix, Figs. S5 and S9). However, the density or number of omni-
vore and generalist modules that are associated with both
branching and nonbranching links changes at different spatial
scales when dispersal is limited to adjacent or nearest-neighbor
patches. For metacommunity food webs resolved at small spatial
scales the average number of omnivore and generalist modules
supporting each branching feeding link falls below the minimum
threshold of 1 (SI Appendix, Figs. S6 and S10). Thus, sampling
a metacommunity food web at small spatial scales could poten-
tially lead to the conclusion that branching links appear to persist
without any support and without any obvious signature of our
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proposed mechanism at play. These results suggest that revealing
the signature of the underlying mechanisms responsible for the
emergence of spatial food web complexity requires sampling at
multiple spatial scales.

Effects of Habitat Destruction. The effects of increasing habitat
destruction and fragmentation can also reveal the role of
omnivores and generalists in assembling food webs at the met-
acommunity scale. Fig. 4 shows the results of increasing habitat
destruction on the realized network branching and diversity, S,
when both the potential web used in Fig. 3 (Fig. 4 4 and B) and
the Benguela pelagic food web (Fig. 4 C and D) are subject to
colonization—extinction dynamics for various fractions of un-
available habitat, d (d = 0-0.95).

With increasing habitat loss we would expect diversity to
decrease monotonically, as predicted by previous studies (28).
However, because of the role of omnivore and generalist con-
sumers, limited habitat loss can lead to increases in network
branching and a subsequent rise in biodiversity. In the case of
global dispersal for both food webs, increasing habitat loss leads
to an expected monotonic decrease in species richness (28) and
a decrease in network complexity, measured by the minimum
number of branching links. In the case of spatially limited dis-
persal, although the overall trend is for species richness to decline
as habitat destruction increases, the response is not monotonic,
as can be seen by the fact that habitat loss can at times lead to
increases in diversity (Fig. 4). This response appears to be caused
by the disproportionate effect of habitat loss or fragmentation on
specialist consumers, decreasing their ability—particularly when
dispersal is spatially limited—to access and exclude competitively
inferior generalists from their required resource patches.

In Fig. 4B the metacommunity food webs that correspond to
different habitat destruction rates are shown. The role that in-
creased branching plays in facilitating diversity is illustrated by
the first peak in branching that arises from the metacommunity
coexistence of species 6 (inferior competitor) with species 5
(superior competitor). The second peak in diversity (at d = 0.5)
also demonstrates the greater sensitivity of superior competitors
to habitat loss: Here the rapid extinction of species 5 caused by

Fig. 3. (A-D) Food web complexity and diversity
across varying colonization rates, ¢, and dispersal
scales for a potential network (A and B) and for
the Benguela ecosystem (27) (C and D). (A) Net-
work complexity, measured by food web branch-
ing in the realized metacommunity food web
shown for different colonization rates and dis-
persal scales. Scale of dispersal is determined by
a dispersal kernel on the basis of a modified
p-distribution (with a = 1). The p-parameter de-
termines the scale of dispersal: f = 1 represents
global dispersal, whereas local (nearest-neighbor)
dispersal is approximated when g = 1,000. Shown
above the 3D plot are examples of realized met-
acommunity webs for various colonization rates
when dispersal scale is relatively limited (8 = 200).
Dashed lines show a spanning tree for each of
the realized food webs. (B) Food web diversity, S,
as a function of colonization rate, ¢, and dispersal
scale, B, for the same potential food web simu-
lations shown in A. (C and D) Network complexity
(C) (measured by minimum number of branching
links above the two basal species) and food web
/,‘/56 1000 diversity (D), S, of the realized food web as colo-
3 7 nization and dispersal scale varied for the Ben-
spatial scale guela pelagic food web. All simulations were run
of dispersal, p for 15,000 time steps, with extinction rate e = 0.05.

Pillai et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1106235108

Spatially-limited
dispersal

@

o

Global dispersal &) Vd
& )| { %@ )
‘e X/ |
@

Fe

w

[

=

O
W)

Species richness (solid), number of branching links (dashed)

S~
> ©

o N B O ®

o

0.4 0.6

02 04 06 0 0.2 0.8 1
Proportion of destroyed habitat

0.8 1
Proportion of destroyed habitat

Fig. 4. Effects of increasing habitat destruction on food web diversity (solid
line) and network branching above basal species (dashed line) as fraction of
habitat destroyed increases (d = 0-0.95). (A and B) Response of the potential
web used in Fig. 3 to increasing habitat loss when (A) dispersal is global
(3 =1) and when (B) dispersal is spatially limited (4 = 500). (C and D) Response
of the Benguela food web when (C) dispersal is global (5 = 1) and when (D)
dispersal is spatially limited (3 = 1,000). For all simulations ¢ = 1.0. For A and
B, e =0.1; for Cand D, e = 0.05.

habitat loss prevents it from driving other consumers (species 6)
from the metacommunity before it itself becomes extinct.

Discussion

We have extended the metacommunity framework to show
how under very simple assumptions complex food webs can
emerge in space. We have uncovered a simple, empirically
testable, mechanism for assembling complex food webs in space,
even when local coexistence on a single resource is assumed
impossible. Furthermore we have shown how omnivorous feed-
ing links, far from being destabilizing as previous theory pre-
dicted (19), can be critical for the assembly of complex food
webs. An ecologically important consequence of the spatial as-
sembly mechanism elucidated here is that food web complexity
and consequently diversity depend upon colonization rate: in
particular, how both appear to be maximized at intermediate
colonization rates. These results are of relevance for the con-
servation of biodiversity in fragmented landscapes.

The peak observed in food web complexity and species di-
versity at intermediate colonization rates in metacommunities
arises from a balance between two contrasting effects of in-
creasing colonization rate: (i) Increasing colonization increases
the number of species that can stack vertically up individual
chains, which tends to increase diversity (12); (if) but also, high
colonization rates cause branching links to be eliminated from
the network, thus eliminating the food chains built upon
branching consumers, which tends to decrease overall diversity.
Thus, intermediate colonization rates can facilitate both a food
web’s vertical and horizontal diversity, whereas high colonization
rates will lead to the collapse of its horizontal diversity while still
maintaining its vertical diversity. The balance between these
contrasting effects on horizontal and vertical diversity explains
the variation in the pattern of diversity responses to colonization
rate that can be observed when we start with different initial or
potential food webs. If the potential food web is insufficiently
complex—for instance, a network consisting primarily of one or
more parallel food chains—then increasing colonization simply
causes the vertical diversity to rise until it plateaus at its
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maximum. Most (although not all) empirical food webs contain
enough potential omnivore and generalist feeding links to gen-
erate these effects of colonization rate on network complexity
and species diversity (Figure S4 in SI Appendix).

What allows food web complexity to emerge is the ability of
some, competitively inferior, branching consumers to offset their
competitive disadvantage by feeding on different trophic levels
or on resources in different branches of the food web across the
landscape. This ability of branching consumers (i.e., inferior
competitors) to regionally persist in the face of competitive
pressure results from the trade-off between generalist feeding and
competitive ability that is assumed in our model. Although this
trade-off does not allow competing consumers to coexist locally, it
makes their regional coexistence possible. Feeding on different
trophic levels (omnivores) or alternate resources in different
chains of the network (generalists) increases the number of
available habitat patches accessible to inferior competitors,
thus offering added opportunities for spatial refuge from su-
perior competitors. Omnivores, by feeding on more than one
trophic level in a given food chain, can invade a system at lower
colonization rates than specialists because they can feed and
persist in a potentially wider range of resource patches. The same
holds for generalist consumers. However, because specialist
consumers are superior competitors, increasing the general col-
onization rates of all species will eventually lead to their ability to
invade the trophic metacommunity and, as colonization rates
increase further, to competitively exclude their omnivore and
generalist competitors. For a given trophic level within a food
chain regional coexistence of competitors occurs only so long as
colonization rates are within a narrow range: high enough to allow
specialist consumers to invade, but low enough to keep them from
competitively excluding omnivores and generalists from habitat
patches (see Results, The Role of Omnivore and Generalist Feeding
Links in Simple Metacommunity Networks).

Network branching in food webs is sustained by generalist
and omnivore feeding links across space with dispersal limitation.
This prediction of metacommunity theory stands in sharp contrast
to traditional food web theory, which generally predicts destabi-
lizing effects of omnivory in local food webs (19, 29). In meta-
communities, omnivore and generalist feeding links provide the
structural support that allows network branching, and hence
the emergence of complexity and diversity, as food webs assemble
in space. Given the prevalence of omnivory and generalist feeding
in natural food webs (30), the role of space in shaping local food
web structure should receive much more attention.

The emergence of network complexity made possible by om-
nivore and generalist feeding links occurs regardless of the scale
of dispersal. When dispersal is spatially limited (restricted to nearby
patches), however, the resource metacommunity for higher-level
consumers becomes patchier, restricting local movement and
making it more difficult to track resources. The result is that,
although inferior consumers may be slower at arriving to their
required resources, superior competitors will be even less effi-
cient at finding and excluding them from their resource patches.
This outcome accounts for the higher peak in network com-
plexity and diversity that is sometimes observed with dispersal
limitation compared with global dispersal.

The observed role of generalist and omnivore feeding modules
in facilitating network branching and biodiversity may have im-
portant consequences for how habitat destruction and frag-
mentation affect biodiversity loss. It is possible, for example, that
habitat loss and fragmentation, by disproportionately affecting
the regional abundance of specialist consumers, may create op-
portunities for generalists and omnivores to establish themselves
in the metacommunity, provided they are available to take ad-
vantage of the newly created niche. Although habitat loss was
found to ultimately lead to food web collapse, the decrease in
diversity was not monotonic as shown by previous studies (28).
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Habitat loss, at least to some degree, can lead to increases in
network branching and consequently to increases in diversity
(Fig. 4). This prediction could be validated with field data or
experiments with natural microcosms (31).

In natural food webs spatial dynamics and omnivore and
generalist feeding links are likely to operate in conjunction with
other coexistence mechanisms, such as competitive life-history
trade-offs, forms of resource partitioning within local habitats,
keystone predation, etc. One future task will be to see whether
the effects of spatial mechanisms like the one outlined here can
leave a telltale signature of their operation in empirical data.
This will likely involve the use of models that relax the simple
assumptions made in this paper for isolating the effects of space
on network complexity by allowing more complex local network
topologies to occur within local patches (15). Similarly, the ro-
bustness of the ascribed role of space and network branching in
structuring food webs should be tested using other modeling
frameworks that relax the assumptions of the dynamic patch-
occupancy approach, in particular the assumption that pop-
ulation dynamics in individual patches are relatively independent
of each other, and by allowing for different scales of movement
for different species in the food web (6, 7).

Extending metacommunity theory to complex food webs is
a critical step in the development of a unified theory of bio-
diversity. Experimental tests of our results are possible with
natural or laboratory-based model systems that allow the direct
manipulation of metacommunity size and connectivity (32). One
important implication of these results is that habitat fragmen-
tation could prevent cross-patch trophic linkages by reducing the
rate and scale of dispersal. However, restoration of even modest
levels of spatial connectivity to maintain habitat colonization in
networks of protected areas would facilitate the branching
structure of natural food webs that appear to be essential for the
maintenance of biodiversity.
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Materials and Methods

Defining Branching Using a Food Web's Spanning Tree. We define branching in
the food web by the minimum number of branching links that a spanning
tree or subnetwork of the food web would require to be able to span or
connect all species nodes in the food web after all its omnivore links have
been removed (S/ Appendix). We determine this number by removing all
omnivory links from the food web and then reduce the food web to
a minimal subnetwork capable of linking all species by repeatedly removing
links following the algorithm described in S/ Appendix.

Simulation Methods. Simulations involved subjecting potential food web
communities (which were randomly generated or based on empirical food
web datasets) to colonization-extinction dynamics on a 256 x 256-cell lattice
with periodic boundary conditions, where each of the cells represented
a distinct habitat patch. Each cell or patch could either be empty or contain
any number of species that feed on each other in a food chain. Only the
presence or absence of a species in a given patch was scored, not its local
density or local dynamics.

The cells in the lattice were updated asynchronously at every time step.
Updating cells involved allowing different migrant colonizer species to arrive
at a given cell from other cells with a frequency of c and allowing each species
in a given cell to go extinct with a frequency of e. Successful colonization of
a cell depended upon whether the colonizer’s required resource species was
present in the cell and whether the colonizer was a superior competitor,
capable of displacing any potential resident competitors currently occupying
the resource. Colonization and extinction events within cells resulted in the
local food chain rearranging itself according to the possible feeding rela-
tions defined in the potential food web graph.

Dispersal scale between cells was based on a g-distribution, with a = 1.
Dispersal scale was determined by varying the p-parameter in the distribu-
tion between g = 1 (global dispersal) and g = 1,000 (nearest neighbor). See
SI Appendix for more details on simulation methods.

ACKNOWLEDGMENTS. We thank A. Rossberg for providing the food web
datasets used in this study and B. Rayfield and T. Gouhier for useful
comments. A.G. and M.L. were supported by the Canada Research Chair
program, Natural Sciences and Engineering Research Council Discovery
grants, and a Fonds Québécois de la Recherche sur la Nature et les Tech-
nologies (FQRNT) team grant.

17. Tylianakis JM, Tscharntke T, Lewis OT (2007) Habitat modification alters the structure
of tropical host-parasitoid food webs. Nature 445:202-205.

18. Staddon P, Lindo Z, Crittenden PD, Gilbert F, Gonzalez A (2010) Connectivity, non-
random extinction and ecosystem function in experimental metacommunities. Eco/
Lett 13:543-552.

19. Pimm SL, Lawton JH (1978) Feeding on more than one trophic level. Nature 275:
542-544.

20. Levins R (1969) Some demographic and genetic consequences of environmental

heterogeneity for biological control. Bull Entomol Soc Am 15:237-240.

. Levins R, Culver D (1971) Regional coexistence of species and competition between
rare species. Proc Natl Acad Sci USA 68:1246-1248.

22. Hastings A (1980) Disturbance, coexistence, history, and competition for space. Theor

Popul Biol 18:363-373.

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

24. MacArthur R, Levins R (1967) Limiting similarity convergence and divergence of co-
existing species. Am Nat 101:377.

25. Futuyma DJ, Moreno G (1988) The evolution of ecological specialization. Annu Rev
Ecol Syst 19:207-233.

26. Perlman SJ, Jaenike J (2001) Competitive interactions and persistence of two nema-
tode species that parasitize Drosophila recens. Ecol Lett 4:577-584.

27. Yodzis P (1998) Local trophodynamics and the interaction of marine mammals and
fisheries in the Benguela ecosystem. J Anim Ecol 67:635-658.

28. Melian CJ, Bascompte J (2002) Food web structure and habitat loss. Ecol Lett 5:37-46.

29. Pimm SL (2002) Food Webs (Univ of Chicago Press, Chicago).

30. Polis GA (1991) Complex trophic interactions in deserts - an empirical critique of food-
web theory. Am Nat 138:123-155.

. Gonzalez A, Lawton JH, Gilbert FS, Blackburn TM, Evans-Freke | (1998) Meta-
population dynamics, abundance, and distribution in a microecosystem. Science 281:
2045-2047.

32. Chisholm C, Lindo Z, Gonzalez A (2011) Metacommunity diversity depends on con-

nectivity and patch arrangement in heterogeneous habitat networks. Ecography 34:
415-424.

2

=

3

=

Pillai et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106235108/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1106235108

