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1.0 | TRIBUTE

Kevin McCann, Mariano Koen-Alonso, Alan
Hastings, and John C. Moore

In the time since the last symposium held at Pinagree Park, ecology lost
two formidable and important ecologists in Gary Polis and Peter Yodzis.
Their presence was sorely missed at the most recent food web confer-
ence in Giessen, Germany, as their passion and enthusiasm for ecology
served as a catalyst at any gathering. In the area of food web ecology,
they are figures of major historical importance, both scientists continu-
ously pushing and challenging the boundaries of our understanding. In
this manner they were very similar. Gary and Peter were inspired by the
beauty and complexity of the world around them, and both men were
fearless in their attempts to begin to understand one of nature’s most
complicated puzzles, the food web. Additionally, both men were power-
ful personalities and determined to forge their own path in the history
books of ecology. In other ways it would be hard to find two men so com-
pletely different. Gary Polis was a scorpion expert, and a hardcore
empirical ecologist; Peter Yodzis was a theoretical physicist specializing
in general relativity before becoming an ecologist. Gary brought unbri-
dled amounts of enthusiasm to the scientific table. In doing so he was
able to inspire a new generation of ecologists to challenge old ideas.
Gary was a champion of field observation and the manipulative experi-
ment. His work more than once reminded us of the complexity of nature,
the oversimplifications behind our assumptions, and the power of rea-
son by counterexample. Peter, on the other hand, championed the
development of ecological theory that was founded on the clear and rig-
orous tools of the physicist. He loved thought experiments (the
Gedanken experiments of Einstein). To him, the thought experiment dis-
tilled the essentials of a good scientist by forcing the scientist to pose a
problem that was both clear and answerable upon logic alone. This is
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not to say that he believed the thought experiment as an end but rather
saw it as a creative way of developing one of the most important tools of
the scientist—intuition. In a historical sense, their differences represent
the two aspects of ecology (theory and empiricism); however, here, too,
they played an important role in bringing theory to empiricism and
empiricism to theory. As one can see from this book, their efforts per-
meate all recent advances in food web ecology.

At a personal level, both men were deeply compassionate and caring
toward family and friends. Again they did this in slightly different ways.
Gary Polis’s magnetic character and joie de vie warmed and engaged all
those around him. From Peter Yodzis emanated an enormous warmth
and gentle concern for all those lucky enough to come into his circle.
They will be deeply missed as scientist and friends.



1.1 | DYNAMIC FOOD
WEBS

Peter C. de Ruiter, Volkmar Wolters, and
John C. Moore

MULTISPECIES ASSEMBLAGES, ECOSYSTEM
DEVELOPMENT, AND ENVIRONMENTAL CHANGE

One of the most intensively studied food webs in ecological literature is that
of Tuesday Lake in Michigan (USA) (Jonsson et al., 2004). The species com-
position in this food web was observed in two consecutive years, 1984 and
1986, while in between three planktivorous fish species were removed and
one piscivorous fish species was added. This manipulation had hardly any
effect on species richness (56 in 1984, 57 in 1986), but remarkably changed
species composition as about 50% of the species were replaced by new
incoming species. Manipulating one species and seeing effects on dozens of
species reveals the importance of species interactions. It shows that species
come and species go, populations fluctuate in numbers, and individuals
grow and in connection with this may alter in the way they interact with
other species. It shows the open, flexible, and dynamic nature of food webs.

Food webs are special descriptions of biological communities focusing
on trophic interactions between consumers and resources. Food webs
have become a central issue in population, community, and ecosystem
ecology. The interactions within food webs are thought to influence the
dynamics and persistence of many populations in fundamental ways
through the availability of resources (i.e., energy/nutrients) and the
mortality due to predation. Moreover, food web structure and ecosystem
processes, such as the cycling of energy and nutrients, are deeply
interrelated in that the trophic interactions represent transfer rates of
energy and matter. Food webs therefore provide a way to analyze the
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interrelationships between community dynamics and stability and
ecosystem functioning and how these are influenced by environmental
change and disturbance.

Naturalists long ago observed how the distribution, abundance, and
behavior of organisms are influenced by interactions with other species.
Population dynamics of interacting predators and prey are difficult to
predict, and many ecosystems are known to contain hundreds or thou-
sands of these interactions arranged in highly complex networks of
direct and indirect interactions. Motivated in part by May’s (1972) theo-
retical study of the complexity—stability relationship, the study of food
webs gained momentum in the late 1970s and early 1980s (Cohen, 1978;
Pimm, 1982). A formal means of dealing with the flow of energy and mat-
ter in food webs was ushered with the advent of ecosystem ecology
(Odum, 1963), and since then the food web approach has been adopted
to analyze interrelationships between community structure, stability,
and ecosystem processes (DeAngelis, 1992).

The first food web symposium was convened at Gatlinburg, North
Carolina, in 1982 (DeAngelis et al., 1982). That symposium was dominated
by theoretical studies focused on the complexity—stability relationship
and empirical studies examining features of simple topological webs (ball
and stick diagrams) compiled from the published literature. The ensuing
decade was marked by exploration of a greater number of issues influ-
encing the structure and dynamics of food webs (interaction strength,
indirect effects, keystone species, spatial variation, and temporal variation
in abiotic drivers) and a search for more detailed and accurate food web
descriptions. Some ecologists questioned the utility of analyzing features
of web diagrams that quite obviously contained too few taxa, grossly
unequal levels of species aggregation, and feeding links with no magni-
tudes or spatio-temporal variation (Hall and Raffaelli, 1997).

A second food web symposium, held at Pingree Park, Colorado, in
1993 (Polis and Winemiller, 1996), emphasized dynamic predator-prey
models, causes and effects of spatial and temporal variation, life history
strategies, top-down and bottom-up processes, and comparisons of
aquatic, terrestrial, and soil webs. Over the last decade the ecological
debate became increasingly dominated by a number of new topics, such
as environmental change, spatial ecology, and functional implications of
biodiversity. This has changed our view on the entities, scales, and
processes that have to be addressed by ecological research, and the food
web approach became recognized as a most powerful tool to approach
these issues. This was the point-of-departure for the third food web sym-
posium held in November 2003 in Schloss Rauischolzhausen, Germany.
This volume presents the proceedings of this symposium.
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Much more than its predecessors, this symposium highlights
approaches to understand the structure and functioning of food webs
on the basis of detailed analyses of biological properties of individuals,
populations, and compartments within communities. Much emphasis is
laid on the understanding of food web structure and stability. Some con-
tributions approach food web structure and dynamics from ‘outside’
environmental variability, in space as well as in time. Other contribu-
tions take the opposite approach by looking in depth to the dynamics of
populations and biological attributes of individual within populations.

Approaching food web structure and dynamics from environmental
characteristics (Section 2) shows that environmental heterogeneity
may create sub-systems (compartments), especially at the lower
trophic levels in food webs, with organisms at the higher trophic levels
that act as ‘integrators’ across this variability in space and time and
stabilize dynamics of their resources via density-dependent adaptive
foraging. Such compartmentation has been observed at the level of
spatial and temporal variation of resource availability; an example is
provided for soil food webs, for which records of spatial and temporal
variation indicate the primary energy source of soil organic matter as
major driving force, with important implications for system stability
(Moore and de Ruiter, 1997). This explicitly relates to MacArthur’s idea
(MacArthur, 1955) that community complexity should buffer against
perturbations, and thereby override inherent constraints on system
stability imposed by complexity (May, 1972). Another aspect of envi-
ronmental variability regards the dynamics in nutrient availability gov-
erning the interplay between competition and trophic interactions and
by this the dynamics of the populations at various trophic levels.
Comparison of food web structures from different habitats, soil, terres-
trial and aquatic, shows regular patterns in the flows with which food
is transferred and processed by the trophic groups in the food webs.
This approach bridged the gap between looking at descriptive proper-
ties of food web structure, such as species richness and trophic levels
and looking at species composition in detail, as it reveals regularities in
food web structure that are crucial to food web stability and function-
ing and appears less sensitive to the dynamics in species composition
in food webs.

Approaching food web structure from dynamics in populations
(Section 3) shows that the evolution of realistic food web structures can
be explained on the basis of simple rules regarding population abun-
dance and species occurrence. Life-history-based dynamics within
populations may even influence community dynamics in extraordinary
and counterintuitive ways in the way that predators promote each
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other’s persistence when they forage on different life stages of their prey;,
inducing a shift in the size distribution of the prey, leading to more and
larger sized individuals and increased population fecundity. But also
within populations the dynamics in the behavior of individuals, such as
prey switching, may affect population dynamics, as dietary shifts inhibit
rapid growth by abundant prey and at the same time allow rare prey to
rally. If these shifts are fast enough, food web architecture changes at the
same time-scale as population dynamics. This affects food web structure
and stability, and may even result in a positive complexity—stability rela-
tionship as proposed by Elton some seventy years ago (Elton, 1927).
Preferential feeding by predators may result from prey properties (body
size), or from spatial and temporal variability in prey availability. While
dietary shifts may be the result of adaptive behavior by the predator,
predators may also ‘induce’ defense mechanism in the prey; the dynam-
ics of attack and defense may have strong implications for food web
structure, stability, and functioning.

The analyses of biological properties of individuals within popula-
tions show a strong explanatory power of body size to population abun-
dance scaling rules in understanding the dynamics and persistence of
trophic groups in food webs (Section 4). Ratios between predator and
prey body sizes generate patterns in the strengths of trophic interactions
that enhance food web stability in a Scottish estuary. This finding con-
firms the published analysis of the mammal community of the
Serengeti, in which predator-prey body size ratios are a primary factor
determining predation risks (Sinclair et al., 2003). The approach of look-
ing at body size relationships to understand food web structure provides
a novel diversity—stability context for Charles Elton’s original interest in
trophic pyramids derived from feeding and body size constraints
(Cousins, 1995).

Resource availability and use may govern the structure and function-
ing of food webs, in turn food web interactions are the basis of ecosys-
tem processes and govern important pathways in the global cycling of
matter, energy, and nutrients. Food web studies in this way connect the
dynamics of populations to the dynamics in ecosystem processes
(Section 5). The mutual effects between the dynamics of food webs and
detritus influences food web structure as well as habitat quality.
Variation in the availability of one environmental factor, i.e., nitrogen
deposition, affect ecosystem processes like organic matter decomposi-
tion, nitrogen mineralization, and CO, emission through the mediating
role of the soil food web. Similarly, the interplay between the availability
of various, potentially limiting, nutrients and the network of trophic
interactions may strongly impact on dynamics of both populations and
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nutrients in stream food webs. To fully understand the role of food webs
in the energy cycle requires tools to translate resource availability to
energy supply necessary for population functioning and persistence.
Mechanisms operating within these transitions may vary among
resource of the different trophic levels (e.g., primary producers, herbi-
vores, and carnivores). Models that calculate the interplay between
ecosystem processes and food web structure and functioning have
hardly accounted for such dynamics and variations; hence new ways of
modeling these processes are proposed.

The food web approach may contribute to the analysis and solution
of the worldwide decline in environmental quality and biological diver-
sity due to human activities (e.g., through climate change, habitat frag-
mentation, invasion, pollution, and overexploitation of natural
resources). The consequences of species diversity and composition for
ecosystem functioning and the provision of ecosystem services have
been widely explored. Most of these studies, however, have focused on
the effects of biodiversity change within single trophic levels (Loreau
et al., 2002) (e.g., by looking at the effects of biological diversity in plant
communities on processes like plant productivity) (Naeem et al., 1994).
However, the trophic context of species in food webs may strongly
influence the risks of species loss, and the possible consequences of
species loss for ecosystem functioning (Section 6). A modeling
approach shows that in multitrophic level systems, increasing diversity
influences plant biomass and productivity in a non-linear manner.
These model results are supported by empirical evidence showing that
the consequences of species loss to ecosystem functioning depend on
trophic level. And experiments on pond food webs show that the con-
tributions of species to ecosystem processes depend on environmental
factors, such as productivity, as well as on trophic position whereby
higher trophic levels tend to have the largest effects. These kinds of
results indicate that the effects of a particular species loss on ecosystem
functioning can be inconsistent across ecosystems. In soil food webs,
the role of species in soil processes depends on trophic position with
functional redundancy greater within trophic groups than between
trophic groups. Similarly, community invasibility does not entirely
depend on factors like resource availability, but also on community
structure especially when the ‘receiving’ food web becomes more retic-
ulate. These model and experimental findings ask for new ways to
measure functional diversity of species depending on the trophic struc-
ture of which they are part of.

In the field of environmental risk assessment, food webs provide
a way to analyze the overall assemblage of direct and indirect effects of
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environmental stress and disturbance (Section 7). Such indirect effects
may occur through the transfer and magnification of contaminants
through food chains causing major effects on species at the end of the
food chain, as well as through changes in the dynamics of interacting
populations. Sometimes, species extinctions can be seen as the direct
result of human activities, but in other cases extinctions are to be
understood from effects of primary extinctions on the structure of the
food web, such as the disappearance of some bird species from Barro
Colorado Island. Overexploitation by fisheries is one of the most acute
environmental problems in freshwater as well as in marine systems.
Regarding sustainable fisheries, most ecologists are familiar with the
“fishing down food webs” phenomenon (Pauly et al., 1998). The multi-
species nature of fisheries makes the food web approach intuitively
appealing, with fishery harvest viewed as consumption by an addi-
tional predator, complete with functional responses, adaptive forag-
ing, etc. The food web approach in designing sustainable fishery
practices can be supported by new methods to quantify food web links.
An example is given in which stable isotopes may lead to new insights
in the effects of fisheries in river food webs. The complex nature of
effects of human activities on ecosystem properties asks for ways to
communicate these effects with resource managers and policymakers.
Visualization in the form of food webs has been shown to be very help-
ful. In this way, food web approaches are increasingly providing guid-
ance for the assessment of ecological risks of human activities and for
the sustainable management of natural resources, and are even begin-
ning to influence policy.

The next ten years of food web research should see continued theo-
retical advancement accompanied by rigorous experiments and detailed
empirical studies of food web modules in a variety of ecosystems. Future
studies are needed to examine effects of taxonomic, temporal, and spa-
tial scales on dynamic food web models. For example, adaptive foraging
partially determines and stabilizes food web dynamics, but environ-
mental heterogeneity at appropriate scales also can have a stabilizing
effect. A challenge will be to further elaborate the intriguing idea that
trophic interactions in food webs drive patterns and dynamics observed
at multiple levels of biological organization. For example, individual
attributes, such as body size, influence demographic parameters in
addition to predator—prey interactions. Food web research might even
provide new insights into the origins and evolution of organisms. As
food web science continues to increase its pace of development, it surely
will contribute new tools and new perspectives for the management of
our natural environment.
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TO PREDICTION

Kirk O. Winemiller and Craig A. Layman

This chapter explores some basic issues in food web research, evaluates
major obstacles impeding empirical research, and proposes a research
approach aimed at improving predictive models through descriptive
and experimental studies of modules within large, complex food webs.
Challenges for development of predictive models of dynamics in ecosys-
tems are formidable; nonetheless, much progress has been made during
the three decades leading up to this third workshop volume. In many
respects, food web theory has outpaced the empirical research needed
to evaluate models. We argue that much greater investment in descrip-
tive and experimental studies as well as exploration of new approaches
are needed to close the gap.

The most fundamental questions in food web science are “How are
food webs structured?” and “How does this structure influence popula-
tion dynamics and ecosystem processes?” At least four basic models of
food web structure can be proposed. One model could be called the
“Christmas tree” model, in which production dynamics and ecosystem
processes essentially are determined by a relatively small number of
structural species. Most of the species’ richness in communities pertains
to interstitial species that largely depend on the structural species for
resources, and may be strongly influenced by predation from structural
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species. Hence, interstitial species are like Christmas ornaments
supported by a tree composed of structural species (Figure 1A).
Structural species could include conspicuous species that dominate the
biomass of the system, but also could be keystone species that may be
uncommon but have disproportionately large effects on the food web
and ecosystem (Power et al., 1996b; Hurlbert, 1997). In many ecosys-
tems, certain plants and herbivores clearly support most of the con-
sumer biomass, and certain consumers strongly influence biomass and
production dynamics at lower levels. This pattern may be more apparent
in relatively low-diversity communities, such as shortgrass prairies and
kelp forests, in which relatively few species provide most of the produc-
tion, consume most of the resources, or influence most of the habitat
features.

A second alternative is the “onion” model in which core and peripheral
species influence each other’s dynamics, with core species having
a greater influence (i.e., magnitudes of pairwise species effects are not
reciprocal). The core-peripheral structure is arranged in a nested hierar-
chy (Figure 1B). This model might pertain to high-diversity ecosystems
such as tropical rainforests and coral reefs. Ecological specialization via
co-evolution would result in interactions from peripheral species that
may have strong effects on a few species, but weak effects on most of the
community, and very weak effects on core species. In tropical rain-
forests, rare epiphytic plants and their co-evolved herbivores, pollina-
tors, and seed dispersers depend upon the core assemblage of tree
species, yet the converse is not true. Removal of a given pollinator
species would yield a ripple effect within an interactive subset, or mod-
ule, of the food web, but likely would not significantly affect core species
of decomposers, plants, and animals.

A third food web structure could be called the “spider web” model in
which every species affects every other species via the network of direct
and indirect pathways (Figure 1C). This concept, in which everything
affects everything, is explicit in network analysis (Fath and Patten, 1999),
which gives rise to numerous emergent properties of networks
(Ulanowicz, 1986). Signal strength, via direct or indirect propagation,
may depend on proximity of nodes within the network. Propagation of
indirect effects in food webs can yield counterintuitive results from press
perturbations. For example, harvesting a competitor of a top predator
can result in a decline rather than an increase of that predator (Yodzis,
1996; Wootton, 2001; Relyea and Yurewicz, 2002).

A fourth model of food web structure could be called the “internet”
model. Following this concept, webs are networks having major and
minor “hubs” in which their position within the network architecture

11
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A Christmas tree

B Onion

C Spider web

D Internet

FIGURE 1 | Schematic illustrations of four models of food web structure: A,
Christmas tree (structural and interstitial species); B, onion (hierarchy of core and
peripheral species, the strength of effects is greater from the core outward); C, spider
web (all species affect all others either directly or indirectly); and D, internet (network
architecture yields disproportionate influence by hub species, which are not neces-
sarily identified by the number of direct connections, that is, node a could actually
have more influence on the system, via its control of node b, than node c).

determines the degree that a species can influence other species in the
system (Figure 1D). Jorddn and Scheuring (2002) reviewed the applica-
bility of the internet model to food webs, and maintained that the den-
sity of connections to a node may be a poor indicator of the potential
influence on web dynamics. For example, a highly influential species
(e.g., top predator) could have only one or a few links connecting it to
other species that in turn have numerous connections to other species
in the system. Analysis of network features has become a popular pur-
suit in fields ranging from the social sciences to cell biology, but the
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relevance of this approach for understanding food web dynamics is
uncertain (Jorddn and Scheuring, 2002).

How are food webs structured? The answer will necessarily rely on
accumulated evidence from a large body of empirical research. We con-
tend that available evidence is insufficient to state, with a degree of con-
fidence, the general circumstances that yield one or another of these
alternative models. Like any scientific endeavor, research on food webs
advances on four interacting fronts: description (observation), theory
(model formulation), model testing (experimentation), and evaluation.
Evaluation invariably leads to theory revision and the loop begins again.
After several trips around this loop, a model may begin to successfully
predict observations, and we gain confidence for applications to solve
practical problems. Important ecological challenges already have been
addressed using the food web paradigm, including biocontrol of pests,
fisheries management, biodiversity conservation, management of water
quality in lakes, and ecotoxicology (Crowder et al., 1996). We believe,
however, that the development of food web theories (models) and their
applications is greatly outpacing advances in the descriptive and experi-
mental arenas. Although this state of affairs is not unexpected in an
immature scientific discipline, it results in inefficient development of
understanding. Why have empirical components lagged behind theoret-
ical developments? We propose that unresolved issues of resolution and
scale have hindered empirical research. Resolution of four basic aspects
of food webs is required: (1) the food web as an operational unit, (2)
components of food webs, (3) the nature of food web links, and (4) driv-
ers of temporal and spatial variation.

Food Webs as Units

First, the spatial and temporal boundaries of a community food web are
always arbitrary, and it should be emphasized that any food web is
amodule or subnetwork embedded within a larger system (Cohen, 1978;
Moore and Hunt, 1988; Winemiller, 1990; Polis, 1991; Hall and Raffaelli,
1993; Holt, 1997; and others). Food webs are almost always defined
according to habitat units nested within, and interacting with larger sys-
tems (e.g., biotia living on a single plant, water-filled tree holes, soil,
lakes, streams, estuaries, forests, islands). Hence, every empirical food
web is a web module. Spatial and taxonomic limits of modules are essen-
tially arbitrary. Thus, it probably makes little sense to speak of large ver-
sus small webs, for example. Web modules vary in their degree of
correspondence to habitat boundaries. Although a lake has more dis-
crete physical boundaries than a lowland river with flood pulses and
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marginal wetlands, numerous links unite lake webs with surrounding
terrestrial webs. Thus, broad comparative studies of food web properties
necessarily deal with arbitrary units that may have little or no relation-
ship to each other.

To illustrate this point, we examine empirical food webs from three
studies, all published in the journal Nature, that constructed models to
predict statistical features of these webs (Williams and Martinez, 2000;
Garlaschelli et al., 2003; Krause et al., 2003). Leaving aside issues related to
web links and environmental drivers, let us examine the number of taxa
within each habitat. For statistical comparisons, these taxa were subse-
quently aggregated into “trophospecies” (species that presumably eat all
the same resources and also are eaten by all the same consumers). The
number of taxa were reported as follows: Skipwith Pond, England (35);
Bridge Brook Lake, New York (75); Little Rock Lake, Wisconsin (181); Ythan
Estuary, Scotland (92); Chesapeake Bay, United States (33); Coachella
Valley, California (30); and Isle of St. Martin, Caribbean (44). Thus, we are
led to conclude that Skipwith Pond, a small ephemeral pond in England
(Warren, 1989), contains more taxa than Ythan Estuary, Scotland (92) (Hall
and Raffaelli, 1991), and Chesapeake Bay (33) (Baird and Ulanowicz,
1989), one of the world’s largest estuaries. These food webs were originally
compiled based on different objectives and criteria. The Skipwith Pond
food web reports no primary producer taxa, the Bridge Brook Lake web
contains only pelagic taxa, the Chesapeake Bay web is an ecosystem
model with a high degree of aggregation, and the Ythan Estuary web
includes 27 bird taxa with most other groups highly aggregated. If we
examine just the number of reported fish species, Skipwith Pond has
none, Ythan Estuary has 17, and Chesapeake Bay is reported to have 12. In
reality, Chesapeake Bay has at least 202 fish species (Hildebrand and
Schroeder, 1972). These comparative studies analyzed features of Polis’s
(1991) highly aggregated Coachella Valley web (30 taxa) even though that
author clearly cautioned against it and indicated that the web contained,
among other taxa, at least 138 vertebrate, 174 vascular plant, and an esti-
mated 2,000-3,000 insect species. The Isle of St. Martin web was reported
to have 44 taxa that include 10 bird and 2 lizard species plus 8 non-
vertebrate aggregations (Goldwasser and Roughgarden, 1993).

Clearly, these empirical food webs represent an odd collection of woe-
fully incomplete descriptions of community species richness and
trophic interactions, and are unlikely to provide a basis for robust pre-
dictive models. Discrepancies are due to the fact that these webs were
originally compiled based on different objectives and criteria. Objective
methods for defining and quantifying nested modules are badly needed.
At a minimum, consistent operational definitions for units and
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standardized methodologies are required to make quantitative com-
parisons. For example, sink food webs (Cohen, 1978) can be defined
based on the network of direct trophic links leading to a predator.
Comparisons of different systems could be based on the sink webs asso-
ciated with predators that are approximate ecological “equivalents”.
Alternatively, food web comparisons can be based on the collection of
sink webs leading to consumers of a given taxonomic group, such as
fishes (Winemiller, 1990). Source webs (tracing the network trophic links
derived from a taxon positioned low in the web) provide an operational
unit for food web comparisons (e.g., grasses—herbivorous insects—
parasitoids) (Martinez et al., 1999), but in most cases, as links radiate
upward (to higher trophic positions), they would very rapidly project
outward (to adjacent habitats) in a manner that would yield major logis-
tic challenges for empirical study.

Components of Food Webs

Our second issue is the units comprising food webs. Entities comprising
food webs have been invoked to serve different objectives that are rarely
compatible. Consequently, great variation is observed among food web
components, ranging from species life stages to functional groups con-
taining diverse taxa. In most empirical studies, these components have
been invoked a posteriori rather than a priori. We must decide a priori
whether we wish to examine individuals (what we catch), species popu-
lations (what we want to model), “trophospecies” (what we invoke when
taxa had been aggregated), functional groups (what we think might be
relevant), or trophic levels (what we once thought was relevant). Yodzis
and Winemiller (1999) examined multiple criteria and algorithms for
aggregating consumers into trophospecies based on detailed abun-
dance and dietary data. Taxa revealed little overlap in resource use and
the extent to which predators were shared, and almost no taxa could be
grouped according to a strict definition of shared resources and preda-
tors. A similar approach was developed by Luczkovich et al. (2003) in
which graph theory and the criterion of structural equivalence were
used to estimate degrees of trophic equivalency among taxa. Unlike
trophospecies, structurally equivalent taxa do not necessarily feed on
any of the same food resources or share even a single predator, but they
do play functionally similar roles in the network. We contend that
species populations are the only natural food web components, because
populations are evolutionary units with dynamics that are largely inde-
pendent from those of heterospecific members of a guild or functional
group (Ehrlich and Raven, 1969).
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Food Web Links

The third issue is how we estimate food web links. Too often in the past,
food web architecture was treated as binary with links either present
or absent (i.e., web topology with no magnitudes or dynamics).
Motivated, in part, by the seminal theoretical work of May (1973),
empirical studies attempt to determine the nature and magnitude of
links (i.e., interaction strength) using field experiments in which one or
more species are manipulated (Paine, 1992; Menge, 1995; Wootton,
1997; Raffaelli et al.,, 2003). Interaction strength determines system
dynamics (Paine, 1980) and stability (Yodzis, 1981a; Pimm, 1982;
McCann et al., 1998), as well as the manner in which we view the basic
structure of the food web (Winemiller, 1990; de Ruiter et al., 1995). Weak
links are associated with greatest variation in species effects (Berlow,
1999), and food webs seem to be dominated by these weak links. For
example, food webs of tropical aquatic systems are strongly dominated
by weak feeding pathways as estimated from volumetric analysis of fish
stomach contents (Figure 2).

Despite the critical need to understand interaction strength and the
manner in which it creates food web structure and drives dynamics,
many theoretical and comparative studies that relied on empirical data
have not considered species abundances and have portrayed food web
links simply as binary. Why has this been the case? First, it is difficult to
inventory species in natural communities (e.g., Janzen and Hallwachs,
1994). It is more difficult to estimate species’ relative abundances, even
for conspicuous sedentary species like trees (e.g., Hubbell and Foster,
1986; Terborgh et al., 1990). It is even more difficult to estimate the
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FIGURE 2 | Skewed distribution of feeding links of variable magnitudes (estimated
as volumentric proportion of prey items in stomach contents) in a tropical wetland
food web (Cafio Maraca, Venezuela).
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presence of feeding relationships (e.g., Thompson and Townsend, 1999).
It is yet more difficult to estimate the magnitudes of feeding relation-
ships (Winemiller, 1990; Tavares-Cromar and Williams, 1996). Finally, it
is exceedingly difficult to estimate the strength of species interactions
(Paine, 1992; Wootton, 1997).

Interaction strength can be inferred indirectly from quantitative
dietary analysis, but this is extremely time consuming and requires
a great degree of taxonomic and modeling expertise. The method is not
viable for many consumer taxa, because most food items contained in
the gut are degraded. Moreover, large samples are needed to estimate
diet breadth (i.e., links) accurately and precisely and to reveal important
spatial and temporal variation in feeding relationships (Winemiller,
1990). As sample size is increased from 1-20 individuals, the mean diet
breadth of an omnivorous characid fish from Cafio Maraca increases
from 2.8-3.9, and the average number of feeding links increases from
3.7-22 (Figure 3). Similarly, sampling effort has been shown to affect
food web properties associated with the number of nodes (Bersier et al.,
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FIGURE 3 | Plot illustrating increases in mean number of feeding links (estimated
from stomach contents analysis) with increasing sample size for an omnivorous
characid fish, Triportheus angulatus, from Cafio Maraca, Venezuela.
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1999). Quantitative estimates of diet composition must be converted to
consumption rates for use in dynamic food web models (see Koen-
Alonso and Yodzis, Chapter 7.3).

Interaction strength can be directly estimated via field experiments,
but this method is beset with its own set of challenges (Berlow et al.,
2004). A major problem is the quantitative measure used to quantify
interaction strength. Several indices have been employed (reviewed by
Berlow et al., 1999), including a raw difference measure (N-D)/Y; Paine’s
index (N-D)/DY; community importance (N-D)/Np,; and a dynamic
index (In(N/D))/Y,, in which N = prey abundance with predator present,
D = prey abundance with predator absent, Y = predator abundance,
p = predator proportional abundance, and t = time. Different indices
computed from the same set of experimental data can yield very differ-
ent conclusions (Berlow et al., 1999).

Even if we could agree on a single empirical measure of interaction
strength, we would still face serious challenges in estimating community
dynamics with this information (Berlow et al., 2004). That is because
species interactions typically are nonlinear, which implies that single
estimates of interaction strength will be unlikely to assist in building
dynamic community models (Abrams, 2001). According to Abrams,
“Measuring interactions should mean determining the functional form
of per capita growth rate functions, not trying to encapsulate those
complicated relationships by a single number.” Application of simple
models to predict features and dynamics of complex systems would be
justified if these models could, a priori, yield successful predictions.
Clearly, considerable theoretical and empirical research remains to be
done on the crucial issue of interaction strength.

An additional consideration is that food web links are usually
assumed to be consumer resource; however, other kinds of species
interactions, such as mutualism and other forms of facilitation, can be
critical (Bruno et al., 2003; Berlow et al., 2004). Describing the func-
tional forms of these relationships could be even more challenging.
Some of the most important community interactions are not deter-
mined by resource consumption. Gilbert (1980) described ecological
relationships in a food web module within a Costa Rican rainforest.
This module is delimited by 36 plant species in 6 higher taxa inhabit-
ing 3 habitat types. Each plant species has a set of generalist and
specialist herbivores, pollinators, and seed dispersers, some of which
are shared with other plants within the module and, in some cases,
plants outside the module. In this food web, some of the most critical
interactions determining species’ abundances and distributions are
mutualisms.
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Drivers of Temporal and Spatial Variation

The fourth critical issue is the influence of environmental and life his-
tory variation on food web structure, species interactions, and popula-
tion dynamics. Do food web dynamics drive species abundance
patterns, or do species abundance patterns drive food web dynamics?
Species’ relative abundances determine functional responses, adaptive
foraging, predator switching, and their effects on numerical responses.
Does food web structure determine relative abundance patterns, or are
other factors equally or more important?

Interaction strength varies in space and time, sometimes as a function
of behavior, but sometimes as a function of environmental variation and
species life histories that affect abundance patterns (Polis et al., 1996a).
Species with different life histories and ecophysiological adaptations
respond differently to environmental variation (Winemiller, 1989a).
Species with short generation times and rapid life cycles respond faster
to environmental variation (including resource availability) than species
with slower life cycles that often reveal large variation in recruitment
dynamics and demographic storage effects (Polis et al., 1996a; Scharler
et al.,, Chapter 8.3). Empirical studies have demonstrated how species’
abundances and web links change in response to environmental drivers.
Rainfall and leaf litter deposition determine food web patterns in tree
holes in tropical Australia (Kitching, 1987). Temporal dynamics in rocky
intertidal webs are influenced by local disturbances (Menge and
Sutherland, 1987) and coastal currents (Menge et al., 2003). Food webs of
streams and rivers vary in relation to seasonal changes in photoperiod
and temperature (Thompson and Townsend, 1999) and hydrology
(Winemiller, 1990; Marks et al., 2000).

Theories, Tests, and Applications

So where are we now? Theory and attempts at application of theory seem
to have outpaced observation and model testing. There is little agree-
ment and consistency regarding use of operational units, methods for
quantifying links, indices of interaction strength, etc. Use of confidence
intervals is virtually non-existent in empirical food web research. This
state of affairs is perhaps a natural consequence of an “immature” scien-
tific discipline (i.e., abstract concepts, lack of consensus and empirical
rigor). Nonetheless, society demands that ecological science address cur-
rent problems. Currently, food web models have low predictive power
and certainly lack the precision and accuracy of physical models that
allow engineers to put a spaceship on the moon or build a sturdy sus-
pension bridge. Food web models currently used for natural resource
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management are highly aggregated and employ crude quantitative esti-
mates of production dynamics and species interactions. Output from
these models can be considered educated guesses, yet, currently, we have
no other options. It is unreasonable to expect individual investigators or
labs to achieve predictive food web models, yet few are lobbying for
empirical food web research on a grand scale. This state of affairs may be
an unfortunate legacy of the IBP (International Biological Program, sup-
ported in the 1960-1970s by large sums of national and international sci-
ence funding aimed at understanding major ecosystems of the planet).

Were past efforts to describe large food webs misguided? Nearly 20
years ago, the first author attempted to describe food webs of tropical
streams in a standardized manner based on intensive sampling
(Winemiller, 1989b, 1990, 1996). Two continuous years of field research
yielded over 60,000 fish specimens and countless invertebrates. Two
additional years of lab research (19,290 stomachs analyzed) produced
data that supported analyses that have been ongoing for 17 years. These
quantitative food webs have provided insights into how environmental
variation driven by seasonal hydrology affects population dynamics and
interactions. Yet, as descriptions of community food webs, these webs
suffer from the same limitations that plague other webs. The many
issues, both conceptual and methodological, requiring resolution in
order to make meaningful comparisons of web patterns ended up being
a major discussion topic (Winemiller, 1989b, 1990).

Is there a better way? We advocate a multi-faceted empirical approach
for field studies as a means to advance understanding of food webs.
Researchers investigating large, complex systems would be better served
to investigate food web modules in a hierarchical fashion. Long-term
research mindful of environmental drivers is extremely valuable in this
context. Research that blends together description and experimentation
will yield models that can then be tested within relevant domains
(Werner, 1998). This approach obviously will require research teams
with specialists that collectively provide a range of methodological and
taxonomic expertise. Several groups around the world have already
adopted this long-term, team research approach to investigate food
webs of ecosystems ranging from estuaries (Raffaelli and Hall, 1992) to
rainforests (Reagan and Waide, 1996).

We have attempted this hierarchical modular approach in our
research on the Cinaruco River, a floodplain river in the Llanos region of
Venezuela. Our group is describing nutrient dynamics, primary produc-
tion, community structure, habitat associations, and feeding interac-
tions in channel and aquatic floodplain habitats during various phases
of the annual hydrological cycle in this diverse food web (see Layman
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et al., Chapter 7.4). Population abundance and distribution patterns are
assessed from field surveys (Jepsen et al., 1997; Arrington and
Winemiller, 2003; Hoeinghaus et al., 2003a; Layman and Winemiller,
2004), and feeding links are investigated using dietary and stable isotope
analyses (Jepsen et al., 1997; Jepsen and Winemiller, 2002; Winemiller
and Jepsen, 2004; see Layman et al., Chapter 7.4). We also are investigat-
ing three food web modules (Figure 4): (1) benthivorous fishes, benthic
biota, detritus, and nutrients; (2) herbivorous fishes interacting with ter-
restrial and aquatic vegetation; and (3) piscivores and their diverse prey
(see Layman et al., Chapter 7.4). Field experiments (enclosures, exclo-
sures, and artificial habitats) have been conducted over variable spatial
scales in different seasons and habitats to examine species effects on
prey assemblages (Layman and Winemiller, 2004) and benthic primary
production and particulate organic matter (Winemiller et al., 2006). In
virtually all experiments designed to test for top-down effects, one or a
small number of fish species (including large detritivores and piscivores)
reveal strong and disproportionate effects in this species-rich food web
(more than 260 fish species documented).

The descriptive research elements have led to creation of models that
predict effects of abiotic ecosystem drivers (the most fundamental being
seasonal hydrology) and aspects of species life histories (e.g., seasonal
migration by a dominant benthivorous species) on food web dynamics
and ecosystem processes. For example, the relative influence of top-
down and bottom-up processes on benthic primary production, benthic
particulate organic matter, and meiofauna diversity is a function of the
seasonal cycle of hydrology, habitat volume, allochthonous nutrient
inputs, migration by the dominant benthivorous fish, and changing
densities of resident benthivorous fishes as a function of habitat volume.
Experiments have been conducted to estimate the magnitude of treat-
ment effects that reveal the relative influence of bottom-up (nutrient
limitation and sedimentation) and top-down (grazing) effects on stand-
ing stocks of algae and fine particulate organic matter (Winemiller et al.,
2006). A separate series of experiments examined effects of predators on
prey fish densities and habitat use (Layman and Winemiller, 2004). The
relative influence of dominant piscivores on littoral zone fish assem-
blages is strongly dependent on body size relationships (see Layman
et al., Chapter 7.4) and habitat features which in turn are influenced by
seasonal hydrology. In short, almost no aspect of this river food web
could be understood without examining the direct and indirect effects of
the annual hydrological cycle.

Guided by our desciptions of the overall food web, the predictive mod-
els developed for modules are being joined together based on elements
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of overlap. The degree to which predictions of module dynamics will
agree with predictions from a model that incorporates all elements
remains to be investigated. Nonetheless, it seems more rational to begin
at smaller scales and work incrementally toward a model of the larger sys-
tem, rather than the reverse approach. Many of the contributions in this
book describe similar small-to-large approaches employing multiple
lines of empirical evidence to test model predictions. Several research
groups have reported results from long-term research that blends
description, experimentation, and modeling—for example, temperate
lakes (Carpenter and Kitchell, 1993a; Tittel et al., 2003), soils (de Ruiter
et al.,, 1995; Moore et al., 2003), coastal systems (Menge et al., 2003;
Raffaelli et al., 2003), rivers and streams (Marks et al., 2000; Nakano and
Murakami, 2001; Flecker et al., 2002), ponds (Downing and Leibold,
2002), and fields (Schmitz, 2003). It is still too early to generalize about
food web structure, and perhaps some systems conform to the onion
model whereas others function according to the internet model, and so
on. Given the disproportionate effects of a few dominant species demon-
strated by field experiments in the Cinaruco River, the “Christmas tree”
and “internet” models seem to be candidates for that species-rich system.

Discussion and Conclusions

Empirical food web research lags behind theoretical research. We agree
with Englund and Moen’s (2003) assertion “that it is vital for progress in
ecology that more models are experimentally tested, and the main ques-
tion is how to promote and speed up the process.” They continue: “By
testing a model, we mean the act of comparing model predictions with
relevant empirical data.” Another basic challenge identified by these
authors is the critical need to determine whether or not an experimen-
tal system lies within the theoretical domain of the model being tested.
In too many cases, models and tests were mismatched from the start
(e.g., invalid assumptions of linear or equilibrium dynamics or inappro-
priate spatial scales).

Empirical food web studies must carefully consider the dynamical
consequences of definitions for operational units and scale, resolution,
and sample variability. Obviously, it is impossible to quantify every
species and interaction in even the smallest food web modules. Even if
this were possible, it is unlikely that most trophic interactions have
a strong effect on system properties such as nutrient cycling and produc-
tion of dominant biomass elements (e.g., the “Chrismas tree” and “inter-
net” models). Thus, it is crucial that we determine, to the extent possible,
the degree of resolution needed to make successful predictions, and
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then, for the sake of efficiency, not seek to achieve high levels of detail for
their own sake.

We advocate a focus on a hierarchy of nested food web modules and
measures of interaction strength that hold potential to yield successful
predictions of population dynamics and other ecosystem features.
Descriptive and experimental research should be combined in long-
term studies of field sites (see also Schmitz, 2001). Such efforts require
consistent funding and collaborations among scientists with different
expertise. In many countries, these sorts of projects are difficult to fund
and provide fewer individual rewards than short-term projects address-
ing specific mechanisms in small-scale ecological systems. Yet many of
our most vexing ecological problems require a large-scale food web per-
spective. Despite the fact that a deficient empirical knowledge base is
the main hurdle to scientific advancement, pressing natural resource
problems require application of existing models. In many respects food
web research is basic yet complicated—esoteric yet essential for natural
resource management. The urgent need for application of the food web
paradigm for solving natural resource problems motivates us to walk
faster down the path from abstraction to prediction.
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IN COMMUNITY
ARCHITECTURE

AS STABILIZING
MECHANISMS OF FOOD
WEBS

John C. Moore

The chapters in this section represent a departure from the traditional food
web approaches as they seek to reconcile discordances between ecologists
pursuing theoretical treatments of food webs and those making empirical
observations. Theoretical treatments of food webs usually focus on those
configurations of dynamic interacting species that are stable. The dynam-
ics refer to changes in the population densities of the species. Stability has
several meanings (May, 1973; McCann, 2000) but usually entails the ability
of the community to recover from minor disturbances and persist in time.
Many theoreticians make simplifying assumptions that remove much of
the variation in structure and many of the factors that contribute to
dynamics. Empiricists often cite the importance of this variation to the
survival of key species or functions operating within their systems.

The chapters explore two aspects of dynamics that create variation
within food webs both spatially and temporally: the changes in the
strengths of interactions or flows of nutrients within food webs and the
changes in the structure of the communities as defined by the con-
stituent species and the linkages among the species. The first aspect
combines the community-based perspective of modeling populations
(MacArthur, 1955; May, 1972) with the ecosystem-based perspective of
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nutrients and energy (Odum, 1969). Banasek-Richter et al. (Chapter 2.3)
note that the quantification of flows is important in general, and differ-
ences in the rates of flows affects stability and dynamics. These points
were also made by Brose et al. (Chapter 2.1) in their discussion of the
importance in the variability of rates nutrient uptake, and the metabolic
rates of consumers on the stability and persistence of communities.
Model systems dominated by ectotherm-like organisms with high meta-
bolic rates and rapid lifecycles were able to persist longer under differ-
ent conditions than counterparts dominated by endotherm-like
organisms with lower metabolic rates and slow lifecycles. The implica-
tions of these studies reach beyond this section with connections to the
foci of work on body size presented in Section 4, nutrients and resource
dynamics in Section 5, and environmental dynamics, perturbations, and
food webs in Section 7.

Just as populations and linkage strengths may vary both spatially and
temporally, the proposition advanced in this section is that the underly-
ing structure of the community changes and that linkages among popu-
lations that are distinct both spatially and are important to stability and
persistence. This focus on the consequences of variation in the structure
of the community represents a significant departure in how we study
food webs (de Ruiter et al., 2005). From the perspective of an observer,
the changes appear as a variation in community structure that might
result from the seasonal addition or deletion of a mid-order consumer
like an herbivore or detritivore, or by including higher order consumers
or top predators that operate over larger spatial scales than their prey. In
both cases the organisms and their linkages within the food web are either
included in the description of a food web that represents a seasonal aver-
age or excluded altogether from the description given the low likelihood of
their being present in an area in any given amount of time. From a theo-
retician’s perspective the variation has often been treated as a nuisance to
be dealt with by spatial and temporal averaging, or by deletion.

Leibold et al. (Chapter 2.2) present a series of experiments that ma-
nipulated the environmental conditions and community structure of a
zooplankton and edible algae-based food web using experimental
ponds. The results of this experimental approach demonstrate that food
web structure and the environment interact to include qualitatively and
quantitatively different dynamics. Though different, the results could
be classified into two different types of oscillator—the traditional
consumer-resource cycles where biomass of the consumer oscillates
with the biomass of the resource, and the more recent cohort cycle
construct where the demographic structure of the consumer cycles to
initiate consumer-resource cycles.
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McCann et al. (Chapter 2.4) investigate how predators at higher
trophic positions that move from one habitat to another can operate as
integrators across space and time in manners that stabilize systems.
Implicit in these notions are aspects of the predator’s foraging strategies,
morphology relative to their prey and their life history characteristics
(e.g., large long-lived predators with high vagility foraging over larger
ranges than their prey in a Holling Type III manner) (Holling, 1959a). The
decision to view the community structure as static rather than dynamic
by either including the predator as a permanent fixture in the web or
excluding such a predator altogether could have profound effects on our
understanding of trophic structure and stability as the dynamic nature
of the predator’s movements to different habitats create variation in its
presence and absence that is the core of the stabilizing influence.

McCann et al. (Chapter 2.4) provide a theoretical underpinning and
framework that links these concepts. Underlying themes within the
models and empirical results presented in the chapters include the
notions that food webs are organized into subsystems or compartments
of tightly coupled consumers and resources that are less tightly coupled
by higher-order consumers (Moore and Hunt, 1988), that there is varia-
tion in the dynamics of the organisms making up the trophic structure
and in the structures themselves, and that this variation provides the
basis for stabilizing mechanisms. Environmental heterogeneity coupled
with the variations in the life histories and metabolic efficiencies of con-
sumers mediate the formation of subsystems or compartments. Higher
order consumers link these compartments in a manner that if viewed
from large enough spatial and temporal scales gives the appearance of
a large inclusive web. These consumers may re-initiate or decouple
themselves from one subsystem or another depending of prey densities
or environmental conditions. The chapters in Section 1 represent a fit-
ting beginning to what follows—an introduction to the concept of
dynamic food webs.



2.1 | FROM FOOD WEBS
TO ECOLOGICAL
NETWORKS: LINKING
NON-LINEAR TROPHIC
INTERACTIONS WITH
NUTRIENT
COMPETITION

Ulrich Brose, Eric L. Berlow, and Neo D. Martinez

Food webs traditionally specify the structure of who eats whom among
species within a habitat or ecosystem. A yet-to-be realized ideal is a food
web model that includes the quantity consumed and the ecological rele-
vance of every trophic interaction among all species within a community.
Far short of this ideal, current food web models provide partial yet criti-
cally important information about species’ extinction risks and relative
abundances by describing the dynamics of energy flow and consumer
species’ biomasses (Yodzis, 1998; Borrvall et al., 2000). This exclusive
focus on feeding relationships or “trophic interactions” enables models
of complex food webs (Brose et al., 2003; Kondoh, 2003a; Williams and
Martinez, 2004a) to also incorporate exploitative and ‘apparent’ compe-
tition (Holt et al., 1994; Holt and Lawton, 1994) among heterotrophs.
However, this focus ignores similar interactions among autotroph pro-
ducers or “basal species” consuming abiotic resources (e.g., nutrients,
light, etc.) along with other ‘non-trophic’ interactions such as many
forms of facilitation and competition. In particular, the logistic growth of
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the food webs’ producers or ‘basal’ species in these models typically
approximates nutrient- or detritus-dependent growth of basal species
each non-competitively consuming an independent pool of resources.

Explicit models of shared nutrient consumption including competition
among producers for multiple resources (Tilman, 1982; Grover, 1997;
Huisman and Weissing, 1999) are largely separate from trophic ecology.
Still, many experimental and theoretical studies bridge this gap by eluci-
dating how predation interacts with other non-trophic processes, such as
nutrient consumption, to regulate species distribution and abundance
(Menge and Sutherland, 1987; Leibold, 1996; Proulx and Mazunder, 1998;
Gurevitch et al., 2000; Chase et al., 2002, and references therein). Many of
these synthetic insights are based on (1) linear trophic interactions,
(2) competition for one nutrient resource, (3) very simple communities
(i.e., <4 spp), and (5) an equilibrium-based analytical framework. Such
insights are suspect due to the discrepancy between 1-5 and frequently
observed nonlinear population dynamics (Kendall et al., 1998), much
greater trophic diversity and complexity (Williams and Martinez, 2000),
and multiple plant nutrients in nature.

Here, we present an approach for exploring the interplay of complex
trophic interactions and consumption of multiple abiotic resources
among producer species using non-linear and non-equilibrium numer-
ical simulations. This approach transforms simple food-web models
into more general models of complex ecological networks and can be
scaled up to systems with many more species and abiotic resources.
We first describe the model and then illustrate its potential for explor-
ing the interplay between abiotic resource competition and trophic
interactions.

THE MODEL

Our model couples a nutrient-producer model (Leén and Tumpson,
1975; Tilman, 1982; Grover, 1997; Huisman and Weissing, 1999) with
a bioenergetic model of herbivore-producer interactions (Yodzis and
Innes, 1992). Both approaches have simulated non-equilibrium
species dynamics that have provided important insights in this area of
research that are difficult to obtain with linear, equilibrium-based
models (McCann et al., 1998; Huisman and Weissing, 1999). However,
these well established models had yet to be synthesized into one
framework.

Our synthesis begins with a nutrient-producer model consisting of five
producer species competing for five limiting resources and then expands
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producer-herbivore components by adding five herbivores each of which
consume one of the producer species. One producer called the “guzzler”
has the highest rate of consumption of the most limiting nutrient which
causes it to become the competitive dominant in many nutrient-
producer studies. The term “guzzler” avoids confounding a component
of a very general model with results from its numerical simulation. It also
avoids contradictory terminology when the conventionally termed “com-
petitive dominant” fails to numerically dominate the community.
Instead, ‘competitive dominance’ as used here describes results of mod-
els that apply to different species depending on the context rather than
a context-independent inherent species trait. In accordance with these
fundamental distinctions, the other producer species with lower resource
consumption rates are called “sippers.” Such species are often called
‘competitively subordinate’ in nutrient-producer studies.

Our model of herbivore-producer biomass dynamics is based on
a widely used (McCann and Yodzis, 1994; McCann and Hastings, 1997;
McCann et al., 1998) bioenergetic model of trophic interactions (Yodzis
and Innes, 1992) that has been recently extended to n species (Brose
etal., 2003; Williams and Martinez, 2004a). The rate of change in the bio-
mass (B) of species i with time ¢ is modeled as:

B/ ()=G,(N)-x,B, (0 +3 (x, ¥;F; B)B,() —x,y, F,; (B) B;(#/e,) (1)
j=1

where G,(N) describes the growth of producer species; x; is the mass-
specific metabolic rate of species i; y; is a measure of the maximum
ingestion rate concerning resource j per unit metabolic rate of species i;
and e;is the biomass conversion efficiency of species j consuming i (see
Yodzis and Innes, 1992, for parameter details). We used a type II func-
tional response for the flow of biomass from resource j to consumer i:

F.(B) = _ 5@ )
Y B;(®) + By

where B, is the “half saturation density” or density of the resource at

which the consumer attains half its maximal rate of consumption

(Holling, 1959a, b).

To avoid the ambiguous use of “resource” (see eq. 1), we hereafter call
producer resources N, “nutrients.” These are still broadly defined and
may include any abiotic resource that is subject to constant turnover
such as light or nitrogen. We examine the dynamics resulting from
shared abiotic resources or nutrients by modifying the producer growth
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of Yodzis and Innes’ (1992) original model using a well-studied nutrient
consumption model:

N, N
= AR e N5>Bi(t) ®

G(N) = nMIN(

that depends on the concentrations of five limiting nutrients N, This
model has been widely used in plant ecological theory (Leén and
Tumpson, 1975; Tilman, 1982; Grover, 1997; Huisman and Weissing,
1999) and experiments (Tilman, 1977; Huisman et al., 1999). In (3), r; is
the maximum growth rate of species i that is non-zero only for producer
species, K, is the half saturation constant for nutrient /, and MIN is the
minimum operator. Therefore, G,(N) follows a Monod equation and is
determined by the nutrient that is most limiting. The variation in the
density of nutrient / is given by

N/ () = D(S,~ N) —ﬁl(ch. G, (\)) @)

where ¢, is the content of nutrient / in species i. Nutrients are exchanged
at a turnover rate D with a supply concentration of S, and removal
depends on the current nutrient concentration in the system, N,. Species
have biomass loss rates due to metabolism but not turnover since
species are not assumed to be passively drifting out of the system. We
used Yodzis and Innes’ (1992) empirical estimates for the bioenergetic
parameters: y; = 6 for invertebrates, y, = 3.9 for ectotherm vertebrates,
y; = 0 for producers, e; = 0.45 for herbivores and B, = 0.5. We assumed
resource-consumer body size ratios, L, of 0.1 and, in the spirit of
McCann and Yodzis (1994), calculated consumer metabolic rates as

X, = ax, [Lo.zs] -1 (5)

where x,, is the metabolic rate of primary producers (0.2), T is the con-
sumer’s trophic level and a is a constant that equals 0.54 for inverte-
brates and 3.48 for ectotherm vertebrates (Yodzis and Innes, 1992). This
yields metabolic rates of 0.06 for invertebrate and for 0.39 ectotherm
vertebrate herbivores. The parameters of the growth function are D = 0.5,
r;=1 and S, = 1. The first nutrient is the one most needed by all pro-
ducer species as it has the highest content in their biomasses (c,; = 1 and
¢,; = 0.5 with k>1). The half saturation densities of producer species’
growth are given by:
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K’ 012 0.12 0.12 0.12

0.06 0.20 0.16 0.10 0.02
K;=10.10 0.06 0.20 0.16 0.06
0.16 0.10 0.06 0.20 0.09

0.20 0.16 0.10 0.06 0.09

where rows represent five nutrients and columns five producer species.

Since all producer species have similar r; and x, the lowest half satu-
ration density (K’ < 0.12) defines producer species 1 or “guzzler” as the
most voracious consumer of N, per unit biomass when N, is limited
(Huisman and Weissing, 2001). The four other “sipper” producer species
consume N, at smaller rates on a per biomass basis. We varied the
strength of the nutrient uptake hierarchy by making guzzlers relatively
stronger (K’ = 0.05) or weaker (K’ = 0.11) while ensuring that both
‘strong’ and ‘weak’ guzzlers consume N, more effectively than do sip-
pers. Note that guzzling and sipping only refers to the nutrient most
needed by the producers (IV;) and not to the four other nutrients (Nz,s, 4,5)
present in smaller concentrations in the producers’ biomass.
Simulations begin with randomly assigned biomass abundances (B,(0) =
0.05 to 1) and end after 2,000 time steps.

This model framework allows us to explore the following questions:

1. How do specialist herbivores alter the patterns of coexistence and rel-
ative abundances among producers that exhibit a nutrient consump-
tion hierarchy? How does this effect vary with herbivore physiology
(e.g., invertebrate vs. ectotherm vertebrate)?

2. How does the strength of the nutrient consumption hierarchy among
producers influence the relative abundance and persistence of herbi-
vores?

RESULTS

In the simpler nutrient-producer model, the modeled nutrient con-
sumption hierarchy directly results in a competitive hierarchy where the
guzzler (P1) quickly out-competes the sippers (see P2-5, Figure 1). The
strong guzzler reaches abundances (B, > 1.21) close to its maximum
(1.23) after 50 time steps and all sippers are extinct (B, < 10%) after 1,200
time steps (Figure 1A). The weak guzzler, however, does not dominate
the sippers until after 165 time steps (Figure 1B) and attains abundances
(B, > 1.21) close to the strong guzzler’s maximum at # > 1150. The weak
guzzler also allows for the sippers to persist with very low biomasses
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(A) Producers — P1 with high efficiency  (B) Producers — P1 with low efficiency
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FIGURE 1 | Biomass evolution in producer communities. The guzzler (P1) is strong
(A) or weak (B). (See also color insert.)

(B; < 107°) until the end of the simulations (¢ = 2000). Similar results were
obtained in replicated runs with varying random initial abundances
(data not shown).

The addition of five specialist invertebrate herbivores allows all pro-
ducers to co-exist independent of the strength of the nutrient consump-
tion hierarchy (Figure 2). In this scenario, the weak guzzler's mean
abundance (0.21) is similar to the strong guzzler’s (0.24), and both are
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FIGURE 2 | Biomass evolution in producer-invertebrate herbivore communities.
The guzzler (P1) is strong (A, C) or weak (B, D). (See also color insert.)
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comparable to the sippers’ mean abundances (P2-5, mean = 0.16-0.22).
The abundance of the strong guzzler’s herbivore (see Figure 2C, H1:
mean B, = 0.15) exceeds the other herbivores’ abundances by a factor
of three (see Figure 2C, H2-5: mean B, = 0.05). In contrast, the weak
guzzler’s herbivore reaches lower abundances (see Figure 2D, H1: mean
B;=0.08) and does not markedly exceed that of the other herbivores (see
Figure 2D, H2-5: mean B;=0.06-0.07).

Consistent with the results for invertebrate herbivores, adding five
specialist ectotherm vertebrate herbivores also allows all producer
species to persist (Figure 3). The presence of a strong guzzler allows pro-
ducers to coexist at roughly similar mean biomass densities (see Figure
3A), whereas weak guzzlers cause a sipper’s biomass to dominate (see
Figure 3B). In replicated runs, the dominant sipper’s identity depends on
initial abundances (data not shown). All herbivore species persist at low
densities when the guzzler is strong, and the consumer of the strong
guzzler dominates the herbivore biomass (see Figure 3C). When the guz-
zler is weak, sippers have lower abundance minima and their herbivores
go extinct (see Figure 3D). The sipper whose herbivore goes extinct first
consequently dominates the other producer species. The guzzler’s her-
bivore, however, always persists.
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FIGURE 3 | Biomass evolution in producer-ectotherm vertebrate herbivore commu-
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DISCUSSION AND CONCLUSIONS

We have coupled a plant-nutrient competition model with a dynamic
food web model. In contrast to prior studies, we simulated non-equilib-
rium plant-herbivore food webs with non-linear trophic interactions
and producers whose growth depended on several limiting nutrients.
Our results demonstrate that the herbivore physiology and strength, as
well as the presence of a nutrient consumption hierarchy among pro-
ducers strongly affect producer and herbivore population dynamics, rel-
ative abundances, and coexistence. Specialized herbivory allowed
producer species to co-exist despite asymmetric nutrient consumption
that otherwise generates competitive exclusion. This is consistent with
empirical observations of predation promoting coexistence of compet-
ing prey (Gurevitch et al., 2000; Chase et al., 2002). Producers co-exist
because a specialized herbivore effectively controls the abundance of
the most effective nutrient consumer among the producers—the guz-
zler. Since there is no trade-off between nutrient uptake efficiency and
vulnerability to herbivory, this effect does not rely on the assumption
that the guzzler is preferentially consumed. Rather, this strong
‘keystone-like’ effect emerged from dynamics that quickly transformed
the guzzler’s higher nutrient uptake into increased abundance of its her-
bivore relative to other herbivores. These results suggest that changes in
the producers’ consumptive abilities can have “bottom-up” effects on
the relative abundance distributions of higher trophic levels, which in
turn regulate the strength of top-down effects. Lower nutrient supply or
stronger herbivory, however, cause producer species to go extinct (data
not shown), which is consistent with empirical findings (Proulx and
Mazunder, 1998; Chase et al., 2002).

Our results illustrate how consumer physiology associated with the
difference between ectotherm vertebrates and invertebrates might
strongly affect plant-herbivore dynamics. The metabolic rates deter-
mine the herbivores’ biomass loss per time step. All else being equal, the
higher mass-specific metabolic rates of ectotherm vertebrates are there-
fore responsible for lower biomass minima. This reduces the abundance
of the sippers’ ectotherm vertebrate herbivores enough for the latter
to go extinct, thus releasing sippers from top-down control. Our non-
equilibrium approach shows that sippers regularly drop to lower abun-
dance minima than the guzzler does, which makes extinction of the
sippers’ ectotherm vertebrate herbivores more likely. Initial abundances
determine which sipper’s herbivore goes extinct first. Extinction releases
that sipper from top-down control and allows it to out-compete all other
producers. In contrast, invertebrate herbivores achieve higher relative
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abundances, which make them less prone to extinction. In summary;,
herbivore physiology dramatically alters the competitive balance among
producer species due to the variable likelihood of herbivore extinction.

Previous studies have demonstrated that the less consumptive pro-
ducers that we call sippers may dominate producer communities in the
presence of herbivores when there is a trade-off between nutrient con-
sumption and vulnerability to herbivory (Chase et al., 2002, and refer-
ences therein). This has been proposed to occur if sippers are either
better defended, less palatable, or otherwise living in more enemy-free
space (Grover, 1994, 1995) than are guzzler species. Our results show that
none of these conditions are strictly necessary to achieve the same
result.

While a prior study (Moore et al., 2004) has demonstrated coexistence
of basal species or extinction of sippers, our study indicates that domi-
nance by sippers can occur under specific parameter combinations due
to variable extinction probabilities among herbivores. Surprisingly, the
least effective nutrient consumer among the producer species—with the
initially lowest biomass minima—may lose its herbivore first and subse-
quently become the competitive dominant producer species with the
highest mean biomass density. Important limitations to our findings
include the fact that our systems are closed to migration, which could
alter our results if, for example, invertebrate consumers were able to
immigrate and take over the function of the extirpated vertebrate herbi-
vores. Other aspects in need of exploration include increased trophic
complexity, such as more complex topology including more trophic lev-
els and omnivory, as well as variation among consumers to include inver-
tebrates, ectotherm and endotherm vertebrates in the same community.

Competition among producer species and trophic interactions have
been studied in largely separate research programs. Attempts to integrate
the two are typically restricted to very simple models (< 4 species), linear
trophic interactions, and assumptions of equilibria (Chase et al., 2002).
By including shared consumption of multiple nutrients among produ-
cers in a non-linear dynamic food web model, we explore the interaction
of competitive and trophic systems in a more complex, non-equilibrium
framework. The strength of the nutrient consumption hierarchy among
producers influences the biomass distribution of herbivores rather than
that of producers. “Keystone” effects, by which consumers promote co-
existence of resource species and facilitate dominance by sippers that
are traditionally considered “competitive subordinates,” can emerge
without trade-offs between nutrient consumption ability and vulnerabil-
ity to consumption. This suggests that numerical simulations of non-
equilibrium systems may provide novel insights into how complex
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interactions between trophic and non-trophic processes regulate species
coexistence and community stability. Further work is needed to under-
stand the organizing processes of complex communities. Moving from
models of food webs to more complex ecological networks that include
other non-trophic interactions such as nutrient competition, facilitation,
and mutualism will enable us to more rigorously analyze the complex
interaction dynamics in natural systems such as keystone interactions
and their context dependency (Paine, 1969, 1974; Menge et al., 1994).
Following successful integration of these interactions, fitting the models
to field conditions and field testing them is an exciting yet problematic
next step (Martinez and Dunne, 2004; Paine, 2004).
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Until recently, much of the work on food webs has taken a very simplis-
tic view of food web dynamics (see Hastings, 1996, for a critique). For
example, work done on food web architecture has emphasized how the
occurrence of species in food webs can be described and how it might
be regulated but this work has not examined how patterns of dynamic
behavior such as oscillations vary (but see McCann and Hastings, 1997;
McCann et al., 1998; Fussmann and Heber, 2002). Similarly, compara-
tive patterns of food web structure among communities have generally
emphasized differences in their average properties but it is only
recently that effects on variability have been examined (Petchey, 2000).
Much insight has come from work done taking approaches that
ignore dynamics and this serves as an important starting point for work
on dynamics. Some major and important findings that have come from
past work including both correlational and experimental methods
include the following:
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1. Species can have both direct and indirect interactions within and
among trophic levels and ‘guilds’ (Levins, 1974; Neill, 1975; Dethier
and Duggins, 1984; Miller and Kerfoot, 1987; Wootton, 1992)

2. Aggregate properties such as trophic structure (the distribution of
biomass among trophic levels and guilds) are similarly structured
by indirect effects. Two well known and reasonably well understood
examples include ‘trophic cascades’ and ‘bottom-up’ effects on
trophic structure (Leibold et al., 1997; Shurin et al., 2002).

3. Different food web architectures can modify the outcomes of these
indirect interactions in important and sometimes dramatic ways
(Leibold and Wilbur, 1992; Abrams, 1993; Hulot et al., 2000).

While we have good evidence that this last point is important, it is not
always clear what the precise mechanism are responsible for having
modified outcomes when food web architecture is altered. Theoretical
models do indeed make predictions consistent with this general result
(Phillips, 1974; Abrams, 1993; Hulot et al., 2000) but the array of predic-
tions is almost too complex to easily evaluate using qualitative compar-
isons of mean values. This is especially true when one considers that
mean values may not be indicative of expected equilibria in models that
have non-point steady-state behavior and oscillate or show chaotic
dynamics (Abrams and Roth, 1994).

An important consequence of these findings however is that many
quantitative aspects of the dynamics of populations in food webs should
also be altered in important ways. Recent theoretical models of popula-
tion dynamics under different environmental conditions and with dif-
ferent food web architectures shows an impressive array of dynamics
that include different types of oscillations (both periodic and complex
oscillations associated with ‘chaotic’ dynamics) with different periods
and amplitudes, as well as oscillations among different components
with different phase relations (reviewed by Scheffer and Carpenter,
2003). Additional complications include the presence of different attrac-
tors (and basins of attraction for complex attractors, see Scheffer and
Carpenter, 2003, Hastings, 2004). Because these dynamics are so rich in
their behaviors and because they are so closely linked to the patterns of
feedback in food webs, they potentially provide an important way of
evaluating alternative mechanisms for the regulation of individual pop-
ulations (Kendall et al., 1999) and, by extension, food webs.

Linking these dynamics to mechanisms of food web regulation however
provides some very important methodological challenges. While current
work on simple communities (involving a couple of species, Constantino
and Desharnais, 1991) and simple food webs (McCauley et al., 1999; Nelson
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et al., 2001; De Roos et al., 2003b) is promising, the extension of these
approaches to more complex food webs that may have 10s to 100s of resi-
dent species is daunting (see Fussmann and Heber, 2002). One possibility
is that dynamics in such complex food webs can still be understood in
terms of the simple subsets seen in the simpler systems. Thus, while some
simple food web interactions can be thought of as simple oscillators, the
behavior of more complex food webs might be understood by thinking of
‘coupled-oscillators’ consisting of many such simple oscillators with inter-
acting damping and amplifying harmonics (McCann et al., 1998; Murdoch
et al., 2002). The behavior of these more complex ‘coupled oscillators” will
be easier to study if their simpler elements maintain some aspect of their
behavior in complex systems. Determining if this is likely is currently diffi-
cult because there is not yet much appropriate data.

In this study, we evaluated how the behavior of one elemental ‘oscilla-
tor’ in pond food webs is affected by different environmental conditions
and by changes in food web architecture. We focus on the interaction of
herbivorous crustacean limnetic zooplankton herbivorous grazers with
‘edible’ limnetic algal phytoplankton as the ‘elemental oscillator’ and we
examine how the dynamics of this subsystem are altered by different
environmental conditions involving nutrients and light, and by the
diversity of the grazer assemblage. In future work we plan to evaluate
how well food web dynamics models can explain the quantitative and
qualitative variation we find.

We focus on the interaction between limnetic zooplankton (and espe-
cially by Daphnia) and edible algae because it is one of the better stud-
ied systems where population dynamics have been evaluated. The
following important elements of this interaction have been identified:

1. Interactions between Daphnia and edible algae can be driven by
‘cohort cycles’ in which demographic cohorts of Daphnia replace
each other through time (McCauley et al., 1999). One of the demo-
graphic stages (usually thought to be the juvenile stage in Daphnia)
is capable of strongly suppressing the other stages (i.e., adults) by
competing for food. However, the suppressing stage eventually
matures (or dies) allowing for a pulse of reproduction (or growth) in
the other stage. Thus the demographic stages cycle strongly out of
phase with one another and the more competitive stage cycles
strongly out of phase with the resource (the less competitive stage
thus cycles in phase with the resource). The resulting period of
these cycles is driven by the generation time of the grazers under
the strong resource limitation assumed by the model. Estimates of
this period for typical Daphnia systems are around 30 days.
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2. Alternatively, interactions between Daphnia and edible algae can
be driven by ‘consumer resource cycles’ (Lotka, 1925). Here demo-
graphic structure plays a much less important role and the various
demographic stages cycle in rough synchrony, while the overall
abundance of the consumer cycles with the resource with a 1 cycle
lag. The periodicity of the cycles involves multiple generations of
the grazers (generally around 3-6) but the generation lengths can
be quite variable and do not depend as strongly on the strong
resource limitation present in the ‘cohort cycles.” Reasonable esti-
mates of this period for typical Daphnia systems can vary from
20-80 days depending on the mortality rate.

3. Theoretical work on the role of other possible food web compo-
nents indicate that the consumer-resource cycles could be modi-
fied. For example, Kretzschmar et al. (1993), Gragnani et al. (1999),
and Shertzer et al. (2002) found that adding highly grazer-resistant
algae to such a system tended to strongly dampen the relatively
fast cycles assumed by the consumer-resource model and found
that very long period cycles (maybe around 200 days) resulted
instead. Such consumer-resource cycles have also been docu-
mented in the lab in systems with rotifer grazers (Yoshida et al.,
2003).

4. Stoichiometric processes have also been hypothesized to alter the
stability of consumer-resource dynamics in systems such as the
Daphnia-algae interaction when there is a mismatch between the
elemental stoichiometry of the grazers, the algae, and the supply to
the environment (Andersen, 1997; Muller et al.; 2001, Hall, 2004;
Loladze et al., 2004). Here the effects include the presence of multi-
ple attractors and the possibility of positive feedback in the system
leading to the extinction of the grazer even in systems that initially
allowed for balanced elemental budgets involving grazers and
plants. The cycles, when present, are like the consumer-resource
models but they cross a threshold where they diverge and lead to
the extinction of the grazer.

5. Similar alternate basins of attraction can exist in models with
higher trophic levels especially in the presence of macrophytes that
can act as a spatial refuge for Daphnia (Scheffer and Carpenter,
2003).

Models with multiple grazers and multiple plants are not as well studied
and we know of none that have been explicitly evaluated, but general
understanding of feedback in such systems would lead to several
possibilities. Among these are that additional feedback loops lead to
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additional types of cycles and these could lead to complex harmonic
relationships with those described above but these could also be
damped by diffuse interactions in webs (Fussmann and Heber, 2002).
Alternatively, interactions may be so sensitive to the occurrence of spe-
cific species combinations, perhaps due to the effects of complex
higher-order interactions, that the resulting dynamics are completely
unrelated to those previously described.

METHODS

To see how well the limited array of grazer-algae dynamics previously
described might describe dynamics of more complex food webs we con-
ducted the following experiment:

Our experiment was conducted in 300 liter mesocosms (consisting of
polyethylene cattle watering troughs (see Downing and Leibold, 2002,
and Hall et al., 2004 for basic protocols)). These mesocosms had silica
sand substrate on the bottom and were filled with well water. Lids made
of 1 mm mesh window screening allowed us to prevent colonization by
unwanted insects and crustaceans as well as other organisms larger than
1 mm in size. This screen material allowed 70% light passage. Nutrients
in the form of H,NaPO, and NaNO, were added to achieve target levels
of either 15 pgP/L (low nutrient treatments) or 150 ugP/L (high nutrient
treatments). Nutrients were subsequently added on a weekly basis at a
rate of 5% per day to maintain these target levels (previous work indi-
cated that this was necessary to counteract precipitation and accumula-
tion of benthic and attached algae and microbes, found to be about 5%
per day, Leibold and Smith unpublished data). A diverse algae inoculum
(from a pooled sample of 12 nearby ponds) was then added (grazers
were removed by two rounds of CO, narcotization and decantation) and
allowed to grow for one week. Inocula of grazers were then introduced at
densities of 50 individuals per species per tank. Half of the mesocosms
received only Daphnia (thus corresponding to previous studies done on
population dynamics previously described) while the other half also
received Ceriodaphnia and Chydorus. Our motivation was to contrast
the well studied case of Daphnia dynamics in the absence of
competitors with dynamics that might occur in the presence of two
other competitors. Daphnia is generally thought to be a highly efficient
generalized grazer with a stoichiometry that is often relatively phospho-
rus limited rather than carbon or nitrogen limited (Andersen, 1997).
Ceriodaphnia and Chydorus are more specialized grazers that are
generally less efficient. They also differ in their stoichiometry with
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Ceriodaphnia being more strongly P-limited and Chydorus being less
P-limited than Daphnia (Hall et al., 2004). We hypothesized that the
presence of these other species might stabilize stoichiometric dynamics
and prevent the positive feedback hypothesized for Daphnia. A detailed
analysis of the stoichiometric dynamics will be presented elsewhere
(Hall et al., unpublished manuscript), however we observed very little
evidence in our experiment for the hypothesis of positive feedback in
any of our treatments. Our discussion focuses on food web dynamics
related to consumer-resource interactions involving either cohort
cycles, consumer-resource cycles, or damping by changes in algal
genetic and species composition.

Three environmental conditions were imposed by the manipulation
of nutrients as previously described and by the use of 90% shade cloth.
The three environmental conditions were ‘low nutrients, no shade cloth’
(with a target level of 15 ugP/L, 70% natural light, hereafter referred to as
the Low Nutrient treatment), ‘high nutrients, no shade cloth’ (with a tar-
get level of 150 ugP/L, 70% natural light, hereafter referred to as the High
Nutrient treatment), and ‘high nutrients, with shade cloth’ (hereafter
referred to as the Shade Treatment). After an initial period of one month
during which a large algal bloom followed by the development of a sub-
stantial zooplankton community, algae and zooplankton were sampled
three times every two weeks. Water was collected using a tube sampler
from 14 evenly distributed points and pooled in a 20-L bucket. A 200-mL
sample was taken for algal analysis and the rest was cleared of debris,
sediments, and large algae using decantation methods. Zooplankton
were collected using an 80-um screen and the sample was split using a
sample splitter. Half of the sample was preserved in Lugol’s solution for
microscopic enumeration. The other half was collected on an 80-um
steel screen and was dried and weighed on a microbalance. It was then
ashed and reweighed to obtain a measure of zooplankton ash-free dry
weight. The 200-mL algae sample was mixed and an approximate 50-mL
subsample was filtered through a 35-um screen from which a 3-mL sub-
sample measured using the chlorophyll meter to obtain ‘edible’ algal
chlorophyll. The remaining algae sample was briefly homogenized using
a small electric mill to break up and mix the colonies and a 3-mL sub-
sample measured using the chlorophyll meter to obtain total algal
chlorophyll. Samples were collected for 20 sample periods over a dura-
tion of 90 days. We present data for the mesocosms that remained
uncontaminated during the entire duration of the experiment and we
present data only from the zooplankton mass and ‘edible algae’ chloro-
phyll in this publication. More extensive analyses will be presented
elsewhere.
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RESULTS

A typical set of data is shown in Figure 1. As in previous work (Murdoch
et al.,, 2002), we found that zooplankton biomass and edible algae bio-
mass tended to oscillate. The period of oscillation was fairly short com-
pared to previous work, on the order of 20-25 days. Amplitudes varied
but were often relatively large. To illustrate and quantify these patterns
we plotted the time trajectories of the time series in phase space for
each set of treatments (Figure 2). We found that the number of periods
during the experiment did not vary among treatments but we found
that the amplitude of both the zooplankton and of the algae did. In the
low nutrient treatments the amplitude of the plant biomass was large
relative to that of the herbivores for both communities with Daphnia
alone and for Daphnia coexisting with the two competitors. In the
shaded treatments the amplitude of zooplankton biomass was high
and the amplitude of plant biomass low, and again this was true for
both community types. Finally at high nutrients we observed that
amplitudes of the two components were also affected but this differ-
ence depended on the community type. In the case of Daphnia alone
the dynamics were very similar to those observed under high nutrients
but in the case where Daphnia coexisted with the two other species,
we observed large amplitudes of both zooplankton and edible algae
oscillations.

We also examined phase relations and found a substantial difference
for communities with Daphnia alone and for communities where
Daphnia coexisted with the two other species (see Figure 3). When
Daphnia was the sole herbivore we observed that zooplankton biomass
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FIGURE 1 | Typical time series for zooplankton mass (square symbols) and edible
algae mass (diamonds) in the experiment. Time is expressed relative to sample order
and sampling dates were four or five days apart on a M, EW, M, E W schedule.
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FIGURE 2 | Time series plotted in phase-space for each of the six treatments. In each
cell, all the replicates are plotted jointly. Panels on the left column are for communi-
ties in which Daphnia was the sole herbivore, those on the right are for Daphnia
coexisting with Chydorus and Ceriodaphnia. The top two panels are for the High
Nutrient environments, those in the middle are for the Low Nutrient environments,
and those at the bottom are for the Shaded environments. Note that the scales are
different for each of the figure.

and edible algae were almost exactly out of phase. This is consistent with
previous work and suggests that the dynamics were driven by cohort
cycles. In contrast, when Daphnia coexisted with the two other com-
petitors, we observed that the zooplankton biomass was lagged by
cycle relative to the edible algae, consistent with the idea that the
dynamics were driven by consumer-resource dynamics rather than
cohort cycles.
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FIGURE 3 | Time series cross-correlation analysis of log-biomass of edible algae
against zooplankton. Black dots show data (averaged across 4 replicates of each treat-
ment each with 20 data points) for the cross correlation function for cases where
Daphnia are the only grazers present, red stars indicates cases where there are three
species (Daphnia, Ceriodaphnia and Chydorus). The X-axis is time lag (days), the
Y-axis is the correlation coefficient. The graph shows lines that connect the data and
smoothed estimators for each function (dashed black line for Daphnia only, solid red
for three species together). (See also color insert.)

We also observed substantial populations of large ‘inedible algae’
(consisting especially of large colonies of filamentous Oedogonium and
related species). These were present especially in the high nutrient treat-
ments and were much less significant (though present) in the other two
resource treatments. We could not evaluate whether the very long period
cycles predicted in the presence of inedible algae were present given the
relatively short duration of our experiments. Additionally, because we
could not manipulate the composition of the algae in our experiments,
we could not directly evaluate if they could damp consumer-resource
interactions between the zooplankton and the edible algae (such inedi-
ble algae were present in all treatments). However the oscillation in
these two other groups remained high in amplitude, even when large
clumps of inedible algae developed, so that damping, if it was present,
was not substantial enough to eliminate the oscillations as was found in
some previous studies (Yoshida et al., 2003).
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DISCUSSION AND CONCLUSIONS

A full analysis of these data will require more sophisticated methods
than those we present here. In particular we hope to be able to be able
to do a quantitative assessment of the various models using these data.
More importantly we hope to be able to model the effects of competitors
on these dynamics to assess whether our results can be linked to specific
mechanisms of feedback in these food webs.

Nevertheless the simple analyses we present show several important
results:

1. Cohort cycles and consumer-resource cycles, previously shown in
laboratory work on Daphnia-algae interactions in the absence of
inedible algae (McCauley et al., 1999), are both present in more
complex communities.

2. The type of cycle observed can vary with food web architecture so
that in our case consumer-resource cycles were observed in the
presence of herbivorous competitors and cohort cycles observed in
their absence. The precise reasons for this are at this point unclear.

3. The relative amplitudes of zooplankton and algae oscillations are
strongly affected by environmental conditions involving nutrient
supply and shading. Preliminary investigations (not discussed
here) indicate that this is unrelated to stoichiometric effects but
that it may rather depend on food edibility (Hall et al., unpublished
manuscript).

4. Food web architecture modified dynamics in at least two ways. First
by altering the incidence of cohort cycles vs consumer-resource
cycles and second by altering the amplitude of the dynamics in at
least some environmental conditions (in our experiment in the
high nutrient treatments).

One interesting and important additional perspective is that oscillators
previously described in simple communities such as consumer-resource
and cohort cycles were still observable in our more complex community
and that they had the same basic characteristic periodicities, ampli-
tudes and phase relations. While naturally occurring plankton commu-
nities are frequently even more complex (e.g., often containing six or
more crustacean species), our results support the perspective that these
complex systems may be studied via component oscillators even though
they are presumably coupled to other such oscillators (McCann et al.,
1998; Hastings, 2004). While the result still seems to be quite complex it
does provide evidence that these complex systems can be understood
from an understanding of their component parts.
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Over these time scales, our results indicated no evidence for substan-
tially altered dynamics beyond those previously observed in the
Daphnia-algae food chain. This indicates that interactions of zooplank-
ton and algae in complex systems still consist of the same basic ele-
ments, in this case consumer-resource cycles and cohort cycles.
Damping of the consumer-resource oscillation mediated through algal
composition changes, if it was present, was not sufficiently strong to
completely eliminate the consumer and cohort cycles observed here.
This suggests that these dynamics might be studied as coupled oscilla-
tors that may interact with feedback due to other food web interactions.
One important complication however is that we observe alternate pat-
terns of oscillations like those observed in the simple algae-Daphnia
(i.e., consumer-resource vs cohort cycles, McCauley et al., 1999) even
though the reasons for the existence of these two patterns is not resolved
satisfyingly. Understanding what determines the occurrence of these
two types of cycles in naturally diverse communities will probably be a
complicated question but may be an important step in understanding
dynamics of planktonic food webs.
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Food webs are complex and variable, and a general understanding of
their structure and functioning must rely on a careful examination
of their regularities. The search for scale-invariant features is of spe-
cial interest in this respect (Briand and Cohen, 1984), since scale-
invariance may represent basic structural constraints valuable for the
discovery of underlying processes. An illuminating example of such a
scale-invariant property drawn from astronomy and physics is Kepler’s
third law of planetary motion, which relates the revolution time ¢ of a
planet to its average distance from the sun d: t>/d? is a constant value;
the finding of this invariant property was a decisive step in the discov-
ery of the underlying process, the law of universal gravitation. Most
natural ecosystems are orders of magnitude more complicated and
more variable than planetary motion. Their elements—species or sets
of species—are themselves complex objects: they are composed of het-
erogeneous individuals, each involved in a wealth of interactions
between themselves and their biotic and abiotic environment, and
each able to adapt and to evolve. Many details have to be discarded to
tackle the study of such intricate systems. Hence, food web ecologists
concentrate on just one type of interaction depicting a vital aspect of
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ecosystems: trophic interactions describe feeding relations between
species.

The burst of interest in the study of trophic interactions within com-
munities stems from the stability-complexity debate; the finding that
local stability in random systems is not a mathematical consequence of
complexity (Gardner and Ashby, 1970; May, 1973; Cohen and Newman,
1984) bolstered the study of natural systems. In this framework, com-
plexity was expressed as the product of the number of species in the
community (S) and connectance (C), calculated as the quotient of the
number of effective interactions (L) and the number of possible interac-
tions (S?). The so defined measure of complexity equals link density (LD
= L/S). Studies of initial compilations of food webs resulted in the
intriguing generalization that LD is scale invariant, meaning that this
property remains constant across webs of varying size (Rejmanek and
Stary, 1979; Yodzis, 1980; Cohen and Briand, 1984; Sugihara et al., 1989).
This finding is in agreement with May’s stability criterion (May, 1983)
and was perceived as a fundamental structural constraint of food webs.
However, together with criticism of the data used to assess the scaling
behaviour of the link density property (Paine, 1988; Polis, 1991), a scale-
dependent power law was soon proposed to provide a more accurate fit
of link density to variable food web collections (Schoener, 1989; Cohen
et al., 1990a; Pimm et al., 1991). Indeed, subsequently compiled collec-
tions of food webs did not uphold scale invariance for this property
(Warren, 1989, 1990; Winemiller, 1990; Havens, 1992; Deb, 1995).

Link density’s scaling behavior is illustrated in Figure 1 for six food
web compilations on which this debate is based. Collections a and b
were compiled from early literature data and appear scale-invariant.
More recently assembled collections on the other hand (c —f), are clearly
scale-dependent. One hypothesis to explain this discrepancy is that link
density’s scaling behavior is system dependent: all collections showing
strong scale-dependence come from aquatic environments (Winemiller,
1990; Havens, 1992; Deb, 1995; Martimez, 1991), while the other two
combine webs from various habitats (Sugihara et al., 1989; Cohen et al.,
1990a). In the same vein, after factoring out the effect of web size,
Bengtsson (1994a) found a similar difference between aquatic and ter-
restrial webs in a data set extended from collection a (Schoenly et al.,
1991). Havens (1997) proposed biological features to explain the scaling
behavior of link density in pelagic communities, namely (1) the pre-
dominance of filter-feeding predators and (2) the very high diversity of
small autotrophic prey species. Most terrestrial systems however, may
also be much more complex than those reported in data sets a and b
(Polis and Hurd, 1996; Reagan and Waide, 1996). We studied terrestrial
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FIGURE 1 | Relationship between the link density property and web size for six col-
lections of food webs. Lines are the results of linear regressions over the individual
data points, which are omitted from the representation. Early collections of food
webs drawn from literature studies not intended to represent the whole complexity
of the systems (a, b) appear (approximately) scale invariant. More recent collections
of webs characterized by high sampling effort (c, d, e, f) show strong scale depen-
dence. Number of webs in each collection (n), estimates of the slope from linear
regression, and P-values from a #-test are given in the inset. For collections a and b,
webs with 10 species or less were omitted following Bersier and Sugihara (1997).

food webs in wet meadows, which exhibit scale-dependence for the link
density property (see later discussion). Thus, intrinsic differences
between systems are likely, but they cannot explain the opposing results
of Figure 1 unanimously.

Another hypothesis relates these discrepancies to differences in sam-
pling procedures and variable effort exerted toward the description of the
data. Concerned specifically with the problem of sampling effort,
Goldwasser and Roughgarden (1997) analyzed 21 web properties for a
large, highly resolved food web (Goldwasser and Roughgarden, 1993).
These authors employed different procedures to mimic increasing sam-
pling effort, and found most properties, link density included, to be sensi-
tive to sampling effort with high levels of sampling necessary to reach the
properties’ original values. A similar conclusion was reached by Martinez
et al. (1999) who analyzed sampling effects in a highly resolved food web
consisting of grasses and stem-borer insects. However, both former stud-
ies did not tackle the effect of sampling effort on the scaling behavior of
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LD in collections of food webs. Using two models and three data sets,
Bersier et al. (1999) showed that low sampling effort tends to produce the
appearance of scale invariance in intrinsically scale dependent systems.
This is a simple explanation reconciling the studies in Figure 1, since early
collections of food webs taken from the literature (Cohen and Briand,
1984; Sugihara et al.,, 1989; Cohen et al., 1990a) were most often not
intended to reflect the full complexity of the trophic interactions.

These sampling effects highlight the following problem inherent to
the qualitative approach. The distribution of link importance in highly
resolved food webs is likely to be exceedingly uneven (Goldwasser and
Roughgarden, 1993). By giving the same weight to all links, binary food
webs distort the true picture of their structure (Kenny and Loehle, 1991).
Thus, quantitative data, which allows a more sensible approach to food
web structure, is needed (May, 1983; Kenny and Loehle, 1991; Pimm
et al.,, 1991; Cohen et al., 1993b; Bersier et al., 1999). Consequently, we
must think of alternative ways of defining food web properties that take
the disequitability in the distribution of link importance into account.

QUANTITATIVE LINK DENSITY

The process of formulating a quantitative counterpart for traditionally
defined qualitative properties will be demonstrated in detail on the exam-
ple of the link density property. The qualitative version, LD, is defined as
the number of links (L) per species in the web (LD = L/S). For the quanti-
tative version we base our calculations on information theory, namely the
diversity index of Shannon (1948), H. For a system comprising x events,
maximum diversity is attained when all events occur in equal proportion
(H,,,. = log x), while minimum diversity is a function of the number of
cases that each event consists of. In our context, an event refers to a
species and a case to a flux of biomass to or from a species (Ulanowicz and
Wolff, 1991). The application of Shannon’s equation to a quantitative food
web matrix is visualized step by step in Figure 2: (1) In a food web matrix,
species in their function as predators are conventionally listed column-
wise (j), while the same species are arranged row-wise (i) in their function
as prey. A matrix element bl.j thus expresses the amount of biomass pass-
ing from species i to species j (j eats i) per unit time and space. The total
biomass output of species k to all its predators in the web consequently
equals the sum of row k (b,). (2) The outflows from species k to each pred-
ator in the food web can be visualized. (3) Applying the Shannon index
results in the diversity of species k's biomass outflows (H,,). (4) For our
purposes, the “reciprocal” of H,, is more interesting—it is understood as
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FIGURE 2 | Process of finding a quantitative definition of link density. Biomass
inflow and outflow for species k are considered separately in the lower left and the
upper right half of the figure, respectively. (1) Arbitrarily assembled quantitative food
web matrix, highlighting the feeding interactions of species k. (2) Distribution of
species k’'s biomass outflows; b, = total biomass output from species k. (3) Shannon
formula applied to species k's blomass outflows; H,, = diversity of species k’s biomass
outflows. (4) Reciprocal of H,,; n,, is the equ1va1ent number of predators for species
k. (5) Distribution of n,, outﬂows equal in magnitude, which yield the same value of
H,,. (6-9) Analogous to (1) to (5), for biomass inflows to species k. b, = total biomass
input to species k, Hy, = diversity of k's biomass inflows, n,, = equivalent number of
prey for species k.

the number of predators feeding on species k in equal proportion that
would generate the same diversity as H,,, and is termed the “effective
number of predators” (n,,). The reciprocal of H has the desirable feature
of recovering the original units, namely the number of species, but is now
a real number; and (5) for the given example, n,, takes on a value of 3.7,
rendering a distribution with 3.7 predators that display an equal intensity
of consumption with respect to k. Thus, the diversity generated by this
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distribution is equivalent to that of species k’s biomass output. The same
approach is followed with regard to species k’s biomass inflows in steps (6)
to (9), yielding the effective number of prey (n,,).

A quantitative version of link density can be formulated on the basis
of the previously defined indices n,, and n,,. For easier comprehension
it is important to note that qualitative link density LD can be calculated
either as the average number of prey computed over all species (the total
number of prey divided by S), or as the average number of predators (the
total number of predators divided by S). In analogy, one could formulate
a quantitative link density either by averaging over all n,, values, or by
averaging over all n, values. Since it seems implausible to only consider
either biomass in- or outflows, we average over both means to obtain a
quantitative version of link density LD q':

[75 N b3 S o) o))
12| A5 et s

i=1

This approach does not account for the fact that species vary in the
amount of biomass transferred by them, and we thus refer to LD q' as the
“unweighted” quantitative link density. To include varying amounts of
biomass transfer, 1/S in equation (1) is substituted by the quotient of
each species’ biomass output and total outflow over all species (b, /b ).
In other words, the effective number of predators for species i is
weighted by i’s contribution to total outflow. The same is done for inflow
and the “weighted” quantitative link density LD,_ is obtained by averag-
ing over both equations:

1{sbi . Db
LDq:§ lzzlb— npi+ ]Elb_.j- Tle . (2)

For any given food web, LD q' will always be smaller or equal to LD. This
difference is an expression of the degree to which biomass flow in the
system departs from a uniform distribution. The difference between LD q’
and LD_ in turn is attributable to the variation between species with
respect to the partitioning of total biomass flowing in the system as
expressed in unequal row and column sums for the quantitative matrix
(b, and b, in Figure 2).

Species at high trophic levels are typically characterized by low bio-
mass and consequently little in- and outflow, while greater biomass and
more extensive biomass flux is generally a feature of species at low
trophic levels. Therefore, trophodynamical constraints (Lindeman,
1942) have a determining influence on the value of LD .
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We examined the effect of increasing sampling effort on qualitative,
unweighted quantitative, and weighted quantitative link density for 10
extensively documented quantitative webs (BanasSek-Richter et al., 2004).
Both quantitative versions were found to be much more robust against
variable sampling effort than their qualitative counterpart. This increase
in accuracy is accomplished at the cost of a slight decrease in precision as
compared to the qualitative link density. Conversely, the quantitative ver-
sions also proved less sensitive to differences in evenness with respect to
the distribution of link magnitude. In sum, quantitative properties are
not only useful as bearer of ecological information, they also represent a
much more robust description of weighted matrices.

SCALING BEHAVIOR OF LINK
DENSITY—RESULTS AND DISCUSSION

The scaling behavior of the conventional qualitative link density and its
newly defined quantitative counterparts is compared for a collection of
eight seasonal food webs from the southern shore of Lake Neuchétel near
the village of Chabrey in Switzerland (Cattin et al., 2003). These arthro-
pod-dominated webs were collected in early summer and early fall of
2001. For each season there are two webs from a Schoenus nigricans dom-
inated and two from a Cladium mariscus dominated vegetation zone. Of
these, one web is from an area with mowing treatment, one from a control
area without mowing. Species richness spans a range of 118-202 species.
The relation between link density and scale for the Chabrey collection
is depicted in Figure 3. Qualitative link density (LD) is scale dependent
in the sense that it experiences a significant increase with scale.
Concurrently, the linear regression slopes for the two versions of quanti-
tative link density (LD q' and LD q) are not significantly different from zero,
thus indicating (moderate) scale-invariance for both properties. These
results lead us to infer on the one hand that in a species-rich environ-
ment, consumers feed on a wider range of prey than in an environment
with more limited resources (as expressed by increasing LD). On the
other hand, scale-invariant LD q' and LD, imply that the diversity in link
magnitude does not change with species richness for the food webs of
the Chabrey collection. Thus, the diet of consumers (and the preys’
predator list) must be more diverse only with respect to species number
but not with respect to the partitioning of biomass consumed (or allo-
cated) in large ecosystems. In fact, as systems accrue in species number,
the distribution of in- and outflows must become progressively more
inequitable to counteract the increase in qualitative link density.
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FIGURE 3 | Data and least-squares regressions (solid lines) of qualitative link den-
sity (©), unweighted quantitative link density (), and weighted quantitative link
density (A) for eight seasonal food webs from wet meadows on the southern shore of
Lake Neuchatel (Switzerland).

These findings raise the question if the food web collection analyzed
here is structurally constrained with respect to the diversity of link magni-
tude and if so, what mechanisms give rise to such limitations. With regard
to the search for regularities in food web structure, the result of scale-
invariant (quantitative) link density would certainly be of extreme rele-
vance with profound implications for the issue of stability and complexity.

Requisite to the derivation of new food web regularities based on the
approach pursued here however is the collection and analyses of more
high-quality quantitative food web data (Banasek-Richter et al., unpub-
lished manuscript). This could serve to substantiate and supplement the
obtained results, as well as to ascertain patterns in food-web structure
pertaining to biomass flux which sensibly complement the results of
qualitative analyses.
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For some time, ecologists have sought to find a general relationship
between diversity and stability (Odum, 1953; MacArthur, 1955; May,
1973; DeAngelis, 1975; Yodzis, 1981a). Today’s research is beginning to
turn away from this general focus and instead investigate the influence
of biological structure on ecosystem stability. This change in perspective
broadens the scope for stability investigations forcing us to consider the
implications of structure at the population (see De Roos and Persson,
Chapter 3.2 and Vos et al., Chapter 3.4), community (see Leibold et al.,
Chapter 2.2) and ecosystem level (see Loreau and Thébault, Chapter
6.1). The focus on structure also, importantly, says just as much about
what drives instability as stability (i.e., certain structures inhibit run-
away dynamics while certain structures excite such dynamics). In this
chapter, we put forth ideas that bridge historical contributions to recent
developments (through underlying structural assumptions) and outline
an emerging perspective that ecological communities are not perfectly
stable (i.e., in equilibrium) but fluctuate in response to both bottom up
and top down influences. Our arguments suggest that structure created
by variation in space and time is critical to food web dynamics. We
further argue that ecologists should seek to understand which mecha-
nisms inspire rapid changes in population, community and ecosystem
attributes and which mechanisms contribute to the muting of such
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potentially violent dynamics. Finally, we comment on how factors that
drive and mute variability interact to produce persistent ecological sys-
tems.

In what follows, we briefly outline historical contributions, before
considering some recent perspectives in food web structure and theory
that argues for space and time as critical factors in understanding food
web dynamics. Ultimately, our argument is a rather simple one that pos-
tulates that variability in time and space are of extraordinary importance
for food web stability. We argue that higher order predators/consumers
are capable of coupling ecological systems at a range of spatial and tem-
poral scales and in doing so they act to integrate across this variability in
space and time. This consumer integration (via movement in space or
time) either couples or decouples community dynamics and so can act
to excite or muffle the noisy responses of lower level organisms. These
results suggest that the scope for food web dynamics require a broad
spatial and temporal perspective and ecologists must be willing to look
beyond traditional scientific boundaries imposed by population, com-
munity, and ecosystem ecology.

SOME PERSPECTIVES IN FOOD WEB STRUCTURE
AND THEORY

Robert MacArthur: Of Generalist Consumers and
Food Webs

In 1955, Robert MacArthur put forward an intriguing argument for diver-
sity promoting stability. Effectively, MacArthur postulated that the many
different pathways in a diverse food web allowed an ecological system to
buffer itself against a given perturbation. Interestingly, MacArthur’s ide-
alized food webs (similar to Winemiller’s Christmas Tree webs, see
Winemiller, Chapter 1.2) highlighted that he was considering a set of
generalist consumers that fed across multiple prey. MacArthur argued
that the different pathways effectively weakened the influence of any
given perturbation by propagating the disturbance over many pathways
as opposed to only one or a few pathway(s).

To fully explore MacArthur’s logic it is worthwhile considering how the
stability of the consumer depends on the response of a set of prey to the
imposed perturbation. To see this, let us consider MacArthur’s “thought
experiment” under two different assumptions. First, let us assume that
all prey are similarly afflicted by the imposed perturbation (the unified
response assumption; all prey increase or decrease together). Second, let
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us assume that all prey respond differentially such that prey respond in
an uncorrelated manner to the perturbation (the differential response
assumption; prey essentially respond randomly). Generalist consumers
foraging on prey that follow the unified response assumption are likely
to be more influenced by the perturbation then generalist consumers
foraging on prey that differentially respond to the same perturbation.
Why? The unified prey response necessarily drives a consistent direc-
tional response by the generalist consumer. For example, if all prey
respond by decreasing then the consumer responds in a consistent fash-
ion by consuming less prey and ultimately decreasing. Under the differ-
ential prey response assumption, however, for every prey that provides
less energy to the consumer there tends to exist an alternative pathway
of prey that has increased it’s delivery of energy to the consumer. Hence,
the differential response of the prey to the perturbation tends to ulti-
mately balance the consumers response whereas the unified prey
response necessarily drives directional consumer response. We see that
the differential response assumption has a very important property—it
implies that the differential response imposed by the perturbation can
be a very potent stabilizing effect in the webs of the type MacArthur
described.

The stabilizing effect of the prey differential response can be further
enhanced if the consumer has the ability to behave and switch its forag-
ing rates in response to prey variation. Luckily, a significant foraging the-
ory already exists that deals with the behavior of generalist consumers
on prey that vary in space and time (Murdoch, 1969; Oaten and
Murdoch, 1975a; Charnov, 1976). This theory suggests that the ability to
behave in the face of the differential prey response ought to allow the
consumer the ability to respond to the differential prey response by inte-
grating over the different prey pathways. We believe that this result—in a
sense hidden in the early explorations of MacArthur—is critical to
understanding food web dynamics, composition, and stability.
Additionally, this idea that variability can generate stability ties nicely
into recent research developments that employ more formal mathemat-
ical arguments than the largely intuitive arguments offered above (de
Ruiter et al., 1995; McCann et al., 1998; Tilman et al., 1998; McCann,
2000; Kondoh, 2003a).

Charles Elton: Of Diversity or Space?

Not many years after the seminal contribution of MacArthur (1955),
Charles Elton wrote a much read book on invasions that forecast
the dangers of human influence on food web composition, dynamics,
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and stability (Elton, 1958). In his book, Elton outlined a number of
arguments for a positive diversity-stability relationship that are still dis-
cussed frequently today. His arguments can be summarized into the
three following general arguments:

(E1): Simple mathematical model ecological systems and experimental
model ecological systems (microcosms) tend to be violently unstable;

(E2): Island food webs are vulnerable to invasions, and;

(E3): Monocultures are vulnerable to invasion.

We assume that “vulnerable” means to be both invasable as well as sig-
nificantly impacted by the invader. Although Elton’s arguments are
interesting and at times, persuasive, there clearly exist other factors
besides diversity that vary consistently with these observations. One
obvious and intriguing possibility is that each of these arguments poten-
tially speaks to the role of space. For example, simple mathematical
models and microcosms are spatially homogenous and relatively
structure-free compared to real food webs. Similarly, islands food webs
are spatially constrained food webs (i.e., the interactions are potentially
intensified by the limited spatial extent), and monocultures, by defini-
tion, are examples of spatially simplified habitat structure. One could
just as easily use Elton’s arguments to suggest that space and spatial
structure are of paramount importance in promoting persistent com-
munities. In what follows, we will explore this idea more formally within
the context of food webs. We will also briefly explore the potential influ-
ence of temporal structure, a close relative of spatial structure, on food
web dynamics.

From Robert May to the Present

Not long after these early arguments, Robert May (1973) decided to take
Elton’s first hypothesis to task. His well-known work showed that in
mathematical model ecoystems with interaction strengths generated
from statistical universes (i.e., randomly assigned and structure-free)
complexity (higher numbers of species or linkes) by itself did not drive
more stability (although see Cohen and Newman, 1985a, for counter-
examples). However; importantly, May (1973) and others (Gardner and
Ashby, 1970) suggested a number of possible food web characteristics
(e.g., interaction strength and compartmentation) that could strongly
influence this result. Similarly, DeAngelis (1975) showed that self-regula-
tion, low assimilation rates and donor control could reverse these
results; while, Yodzis (1981a) generated “plausible community matrices”
from a number of real food webs and found that these were more stable
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than May’s non-structured results. Yodzis (1981a) empirically driven
theoretical result showed that interaction strength was critical to the sta-
bility result.

Shortly following these findings, ecologists began a massive search for
structure in real food webs (Cohen et al., 1990a). As a first pass, this
research spent little effort on interaction strength (although see Paine,
1992; de Ruiter et al., 1995) and instead attempted to document static
patterns in food web structure (e.g., number of predator to prey species
etc.). The review of this impressive literature is beyond the scope of this
chapter. However, the ideas and patterns that came out of these data and
its analysis came under scrutiny in the 1990’s from field ecologists who
began to openly consider the problems in these early data (Winemiller,
1990; Martinez, 1991; Polis, 1991; Martinez, 1993a; Polis and Strong,
1996; Polis and Winemiller, 1996). Remarkably, many structural patterns
in the early food web data still appear to exist (Martinez, 1993a) although
the intense scrutiny of field ecologists revealed some potentially very
important and under-explored food web structures.

In 1996, Gary Polis and Don Strong wrote a paper that crystallized some
of these emerging patterns and ideas (Figure 1). Their arguments sug-
gested that food webs were far more complex then the early data sug-
gested. More importantly, they pointed to a number of factors that had
been largely overlooked in the food web ideas of the 1970s. Specifically,
they noted that food webs were replete with omnivory and generalist con-
sumers that tended to couple different primary producers, detrital and
classical grazing channels, and different habitats in space (Figure 1). Their
suggestions, coined “multi-channel omnivory” (consistent with earlier
terminology they could have been called multi-compartment omnivory),
clearly spoke to the important role of spatial structure and generalist con-
sumers. As previously discussed, both space and the generalist consumer
are ideas that existed in the early arguments advocating a positive diver-
sity-stability relationship (MacArthur, 1955; Elton, 1958).

The idea that spatially distinct food webs tend to be coupled in space
by higher order generalist consumers suggests that food web compart-
ments ought to exist in the lower trophic levels and become blurred at
higher trophic levels. Interestingly, these suggestions have also consis-
tently been part of the soil food web ecology literature. Here, soil ecolo-
gists have argued that distinct bacterial and fungal compartments,
coupled by generalist higher trophic level consumers, are of great
importance to the stability of soil food webs (Moore and Hunt, 1988;
de Ruiter et al., 1995). Although the idea that spatially distinct food webs
were coupled in space by higher order consumers resonated with many
field ecologists (Polis, 1991), early investigations found that food webs,
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FIGURE 1 | A slightly modified version of Polis and Strong (1996) schematic repre-
sentation of multi-channel omnivory highlighting factors that have been overlooked
in food web ecology. Of note is the emphasis on the role of space. Specifically, they
noted multiple producers existing in different habitats as well as detrital and grazing
channels that tended to be coupled by higher order consumers through movement
and life-history. Redrawn from Polis and Strong (1996).

in general, showed little evidence of compartmentation (Pimm and
Lawton, 1980). Curiously though, Pimm (1980) found that habitat struc-
ture—at least at a large spatial scale—appeared to drive compartmenta-
tion while detrital-grazing channels were also likely candidates for real
food web compartments. Despite this result and the cries of the soil
ecologists (Moore and Hunt, 1988) there has been little work on
compartmentation over the last 20 years (although see Raffaelli and Hall,
1992). Very recently though, Krause (2003) has developed a new com-
partmentation statisitic that has some clear advantages over Pimm and
Lawton’s (e.g., includes interaction strength). His results suggest that
many food webs show evidence of compartmentation, especially when
interaction strength is included in the algorithm.

In light of Krause’s findings (2003) it is worth reconsidering compart-
mentation and its influences. Preliminary descriptions of generic food
webs (Figure 2A-C) suggest that resource compartmentation may occur
on a variety of different scales in food webs, from the cross-ecosystem
couplings of Summerhayes (1923) to the within community coupling
found in soil food webs (see Figure 2A-C).
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(A) Coupling at the Cross-Ecosystem Scale
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FIGURE 2 | Three potential examples of sub-system coupling or compartmentation
that highlight separate sub-systems with the tendency of higher order consumers
coupling these webs in space. A, Coupling across ecosystems in the Arctic as detailed
by Summerhayes and Elton (1923), redrawn by Pimm and Lawton (1980). B, Coupling
at the within ecosystem scale in temperate lakes (redrawn from Kalff, 2002) showing
coupling between the littoral, detrital and pelagic pathways by higher order
generalist consumers.
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(C) Coupling at the Within Community Scale
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FIGURE 2, contd | C, Coupling with a community in soil food webs (redrawn from
Moore and Hunt, 1988) depicting the fungal, root, and bacterial compartments, again
with the tendency for higher order consumers coupling these pathways. Here, the
fungal and bacterial channels tends to derive from recalcitrant and labile pathways,
respectively.

Even less explored by food web ecologists is the potential for com-
partmentation to unfold along a temporal axis. One such example,
though, has been put forth by Reagan (1996) for a tropical Caribbean
rain forest. Here, they found that frogs and lizard create a night-day
shift in foraging in this food web. Their studies of prey content at the
family level, though, showed high overlap between frogs and lizards
suggesting that the compartmentation may not exist despite the tem-
poral difference in foraging. However, at a finer taxonomic resolution
of the prey they found only 13% prey overlap suggesting the potential
for significant compartmentation in this web. This type of temporal
delineation deserves further consideration as seasonality and other
periodic changes open up the possibility for large food web shifts
(Winemiller, 1990). In the next section, we argue that the emerging the-
ory suggests that generalist consumers coupling food webs in space
and time, are of paramount importance to the stability of food webs.
These newly emerging empirical and theoretical results clearly argue
for an expanded spatial and temporal scale of investigation in food
web ecology.
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VARIABILITY, STABILITY, AND CONSUMER
INTEGRATION

Although it has been long known to ecologists that the population
dynamics of ecological systems are variable, ecologists are now begin-
ning to fully embrace this fact (DeAngelis, 1975; Chesson and Huntly,
1997; Tilman et al., 1998). Here, we wish to argue that variability in
resources in both space and time create a complex biological canvas that
consumers can react to by decoupling from some consumer-resource
interactions or re-initiating other consumer-resource interactions. We
also suggest that if higher order consumers act to couple habitats, com-
partments or sub-systems in space then, importantly, consumer behav-
ior can also similarly decouple or re-initiate interactions in habitats,
compartments, or sub-systems. Intriguingly, if this decoupling occurs
when densities in the sub-system are low on average then such biologi-
cal structure can drive persistent food webs by allowing the sub-system
a reprieve from consumptive pressures exactly when it needs it—when
the sub-system is experiencing low average densities. Here, we briefly
discuss these potentially potent stabilizing mechanisms as they pertain
to decoupling in space and time.

Decoupling in Space

There is a lack of food web theory that considers space, although Robert
Holt (2002) has developed some very interesting and important ideas.
Specifically, he has suggested that space play a major role in the deter-
mination of food chain length and that immigration can act to stabilize
or destabilize local communities (Holt, 2002). On a related front, a
number of articles have demonstrated that preferential, or optimal for-
aging, in food webs can drive stability (Murdoch, 1969; Oaten and
Murdoch, 1975a; McCann et al., 1998; Krivan, 2000; Post et al., 2000a;
Kondoh, 2003a). This readily occurs if the functional response includes
some sort of density-dependent preference and is skewed such that one
resource is less preferred (this is a manifestation of the weak interaction
effect (McCann, 2000)). These preference models differ from classical
multi-species functional responses in that they imply that an organism,
by increasing its feeding effort on one resource, decreases its ability to
feed on other resources (e.g., it cannot be in all places at once). There
are a number of possibilities for this trade-off but one clear case is that
of a consumer integrating across multiple resources in different habi-
tats. Thus, these model results can be interpreted in terms of their
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implications for a generalist forager integrating across multiple
resources in space.

Preferential consumption of a generalist consumer can readily drive
differential responses of its resources. This occurs because if one resource
increases in density then it follows that the consumer can increase its
effort on that resource. The other resources, therefore, experience less
effort by the consumer and are alleviated from consumptive pressure (if
they compete with the resource they may also experience competitive
advantages). This behavior by the consumer readily drives an out-of-
phase response of the resources (Figure 3A). This out-of-phase response,
in turn, generates an emergent type III functional response of the con-
sumer on its prey (McCann, 2000). This occurs since the consumer tends
to reduce effort on a resource (i.e., decouple from that resource) when
that resource is at low density simply because it profits to feed on the
other resources which tend to be at higher relative densities. Hence, given
variability and out-of-phase dynamics at the resource level, a generalist
consumer foraging in space can be a potent stabilizer of “noisy” resource
dynamics. This occurs because consumers decouple from the consumer-
resource interaction when resource densities are low and re-couple the
C-R interaction when the resource is at high densities. Such behavior
leads to more bounded, less variable, dynamics (see Figure3A).

Importantly, it appears that such a phenomena can scale up to sub-
systems (see Figure 3B). Several theoretical papers (Teng and McCann,
2004; McCann et al., 2005) have found that coupling sub-systems or
compartments through higher order consumers can drive a similar
result (Figure 4A-C). Here, sub-systems are stabilized the most when
they are out-of-phase (see Figure 4B-C). In this case, the out-of-phase
sub-system dynamics are generated by the consumer when it has a
strong preference for one sub-system and a weaker preference for
another. This weak sub-system effect is similar to the weak interaction
effect in that the consumer drives the differential response of resources
through time.

Although we have concentrated on top-down driven differential
response, it is also possible that the differential response of resources is
bottom-up driven. In such a case, if the resources vary out-of-phase and
the consumer can integrate across them then again we expect the con-
sumer to mute the noisy dynamics of the resources. Thus, the role of
space and generalist consumers—those same structures emphasized by
Polis and others in the 1990s—act to use variability to produce stable
food webs dynamics. The higher order consumers decoupling and cou-
pling food webs in space (see Figure 3).
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FIGURE 3 | Schematic depicting the role of out-of-phase resource dynamics with
stability (well bounded oscillations, or mimina consumer and resource densities that
are further from zero). A, Out-of-phase dynamics at the consumer-resource interac-
tion scale (C-R,) can lead to more bounded dynamics since the consumer couples
and decouples at times that enhance stability (i.e., decrease variability). O, repre-
sents the cycle without an alternative resource and O, represents the cycle with an
alternative out-of-phase resource. B, Out-of-phase dynamics at the consumer-
resource sub-system scale ((C-R,); where R represents the mean resource levels
in a separate sub-system si) can lead to more bounded dynamics since the con-
sumer couples and decouples the sub-systems at times that enhance stability (i.e.,
decrease variability). O, represents the cycle without an alternative sub-system and
O, represents the cycle with an alternative out-of-phase sub-system.

Decoupling in Time

The discussion of space as a major player in food webs dynamics sug-
gests that other ways to decouple interactions and sub-systems can be
equally as important and deserve attention. Another such area that is
not well explored, but is likely to play a pivotal role in food web dynam-
ics is the ability for consumers to decouple or couple interactions in
time. McCauley et al. (1999) gave a very nice top-down example of tem-
poral decoupling in their work on daphnia-phytoplankton dynamics.
Here, ephippial egg production (as opposed to parthenogenic reproduc-
tion) allowed for zooplankton to decouple from phytoplankton when
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FIGURE 4 | Taken from Teng and McCann (2004). The dynamics of a top predator
coupling two sub-systems. A, The larger food web depicting a generalist mobile top
predator, P, coupling two identical sub-systems through the preference function (¢,)
defined in Post (2000a). B, Local maxima and minima of the top predators dynamics
as a function of preference for sub-system 1. Variance at any value of the preference
function, ¢,, can be visualized as the difference between the global maxima and the
global minima. At intermediate sub-system preferences the whole food web attains
its minimum variance (see dashed arrow). C, A measure of the covariance of the
mean C’s in each sub-system for each value of the preference function. The dashed
arrow shows that the high stability (i.e., low variance) portions of parameter space
tend to be associated with out-of-phase dynamics (i.e., lower covariance between
sub-systems). The covariance was measured by randomly perturbing the solution off
the attractor and measuring the covariance between the mean C’s in the sub-systems.
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the phytoplankton were at low densities. They found that this mecha-
nism (a delay in the onset of zooplankton production or dispersal
through time) generated less variable dynamics. A bottom-up example
of temporal decoupling is provided by hibernating prey populations,
which typically become inaccessible to generalist non-hibernating pred-
ators during winter, thereby shifting predation pressure to other non-
hibernating prey (Humphries et al., 2004). As with space, the key
requirement for a stabilizing effect of decoupling in time is differentia-
tion in the temporal responses of one trophic level, and integration
across these responses by generalists at another trophic level.

Recently, Humphries et al. (unpublished manuscript) have explored
how metabolic flexibility can serve as a highly general, temporal decou-
pling mechanism. This approach is based on a few simple physiological
principles: (1) fast metabolism permits a high attack rate on abundant
resources, while a slow metabolism improves fasting endurance when
resources are scarce, (2) animals differ in their capacity to vary metabo-
lism across gradients of resource abundance (e.g., by hibernating, enter-
ing diapause, or simply by becoming less active), (3) a high degree of
metabolic flexibility comes at a cost of reduced maximum attack rates.
As aresult of the physiological mechanisms, metabolically slow and flex-
ible populations that can decouple from scarce resources will have sta-
bilized population dynamics and a strong potential to coexist with
metabolically fast, inflexible populations. The predicted association
between metabolic rate and population variability is supported by an
empirical comparison of 53 mammal species (Humphries et al., unpub-
lished manuscript).

Viewed from a food web interaction-strength context, slow-flexible
animals are capable of decoupling from the resource and maintaining a
relatively weak interaction with their prey base, while the fast, inflexible
species act as strong interactors. Interestingly, the existence of the slow,
flexible animals can act to mute out the strong oscillatory population
dynamic potentials of the fast, inflexible animals (McCann et al., 1998).
This occurs because the slow, flexible consumers divert energy from the
fast, inflexible competitors and in doing so limit their ability to over-
consume their prey. In essence, their existence reduces the overall
trophic efficiency of the competitive guild, which has the well-known
effect of stabilizing the overall community dynamic (Rosenzweig and
MacArthur, 1963; DeAngelis, 1975). The centrality of metabolism in
trophic interactions and the directness with which variation in metabo-
lism generates advantages and compensating disadvantages under dif-
ferent levels of resource abundance, suggests slow-fast metabolism may
represent a basic axis of differentiation promoting food web stability.
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Additional forms of decoupling in time deserve consideration. One
relatively unexplored area in food web dynamics is the role stage struc-
ture and ontogentic shifts in habitat plays in food web dynamics. Here,
delays in time (stage structure) and movement in space (through life his-
tory) couple in ways that may strongly influence food web composition,
control, and dynamics (see De Roos and Persson, Chapter 3.2, along
with Persson and De Roos, Chapter 4.2).

DISCUSSION AND CONCLUSIONS

We have argued that many food webs appear to be coupled in space by
generalist higher order consumers. Further, if such couplings exist and
generalism tends to increase as one goes up the trophic structure,
then we expect that food webs frequently ought to be compartmented
(Krause et al., 2003). We have also argued that this structure lays the foun-
dation for a very potent stabilizing force in food webs. Higher order con-
sumers that integrate across variable resource densities in space (either
at the population or sub-system level) will act to mute lower level vari-
ability. These results beg for an empirical analysis of the covariance
dynamics between different sub-systems and compartments. Examples
exist that suggest such negative co-variance between major energy chan-
nels may frequently exist. In a review of detrital dynamics, Moore et al.
(2004) discuss a number of examples of the variable production in space
and time of detrital pathways relative to the classical grazing web. In an
aquatic example, Hunt (1975) suggests that many salmonid fishes feed
primarily off of aquatic invertebrates in spring and fall and then switch to
terrestrial invertebrates in summer. Hunt (1975) further suggests that the
production of benthic invertebrates is greatest during spring and sum-
mer while terrestrial arthropods collected as drift peak at mid-summer.
Thus, the different pathways utilized by salmonids are out-of-phase with
one another. Such empirical findings may aid our understanding of what
inspires unified sub-system dynamics (i.e., resources increase or
decrease together) as well as what inspires differential response. It may
also help us identify critical levels of aggregation for food web dynamics.
In other words, out-of-phase systems may identify important functional
groupings for a given spatial and temporal scale.

This simple theory suggests that variability (either bottom-up or top-
down driven) and higher order consumers are of tremendous influence
for mediating persistent food web dynamics. Thus, any perturbation that
reduces the ability of consumers to integrate over space or unifies
dynamics of different species or sub-systems will excite, or destabilize,
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the dynamics of food webs. Within this framework, it is not so surpris-
ing that some of the most enormous impacts by invasive species
have occurred when a higher order consumer invades small islands
(Elton, 1958; Ebenhard, 1988; Simberloff, 2000). One expects the limited
spatial extent to limit the switching potential of these larger habitat cou-
plers with major consequences (McCann et al., 2005). Additionally, these
ideas suggest that fragmented habitats ought to generate similar instabil-
ities when the fragmentation reaches the spatial scale that eliminates the
potential for coupling by higher order organisms. Finally, although we
have focused largely on the implications of decoupling and coupling in
space, we suggest that ecologists should also consider the role of decou-
pling in time on food web dynamics as nature may have also evolved to
frequently solve resource depression through this mechanism.



3.0 | POPULATION
DYNAMICS AND FOOD
WEBS: DRIFTING
AWAY FROM THE
LOTKA-VOLTERRA
PARADIGM

Giorgos D. Kokkoris

Food webs are networks that depict consumer-resource interactions
(links) among species or trophic species (nodes). This approach has
been given a mathematical representation by the use of Lotka-Volterra
population and community dynamics, and may including basic biotic
relationships as intraspecific competition and predation, including par-
asitism. The central theme of food web research is the understanding of
structure, function, dynamics, and complexity. In order to be able to pre-
dict food web behavior under external and internal effects, biotic, and
abiotic influences we need to be able to answer the question, “What
drives food web dynamics?” (see Scharler et al., Chapter 8.3). The suc-
cess in fulfilling this task will determine in part the management of our
ecosystems towards sustainability (see Section 7). Unfortunately, there is
little use of food web models in environmental management. Reasons
for that stem from the fact that theoretical ecologists rarely care to
address practical problems and managers are reluctant to use food web
models to predict.

Do we really need to consider a new view of food webs and biotic com-
munities in the dawn of the twenty-first century? Are there any impor-
tant factors that have not been included in the study of natural food
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webs so far? Forces that act on food webs actually affect both the nodes
and the links of the graphical representation of a food web. There is now
enough evidence that both components of food webs need to be recon-
sidered and utilized approaches to be revised in future work.
Populations are usually described only through reproduction and mor-
tality. But populations consist of individuals that grow and develop and
not all predator and prey individuals are identical (see De Roos and
Persson, Chapter 3.2). Life history variation among species, expressed as
different generation times influences population growth (see Scharler
et al., Chapter 8.3). Predation pressure may induce defences to some of
the individuals of the population of their prey, creating heterogeneity in
the prey population (see Vos et al., Chapter 3.4). Traditional approaches
ignore the dynamics resulting from the previously described aspects of
heterogeneity within the populations. This missing heterogeneity may
be an important determinant of the observed pattern and processes on
food webs and community level properties such stability, resilience, and
persistence.

One of the valid criticisms that have been developed is that interaction
between species can be described by a linear function of their densities
(Pimm, 1982). This is the ecological equivalent of the Law of Mass Action
that has been inherited to younger Ecology from older Chemistry.
Applied to community processes, this law states that if the individuals in
populations mix homogeneously, the rate of interaction between two
species is proportional to the product of the numbers of individuals in
each of the species concerned. As a result, predators for instance keep
consuming their prey independently of their density, which certainly
cannot be true in real systems. Responding to the call for more mecha-
nistic models, Fretwell (1977) and Oksanen et al. (1981) studied food
chains representing interactions that accounted for functional and
numerical response of predators. Integration of non-linear dynamics
into food web models has taken place recently as a result of significant
advances in computing power that is a sine qua non of such approaches
(Drossel et al., 2004, see also Dell et al., Chapter 8.1).

Food web models that follow the dominant Lotka-Volterra paradigm
use emergent food web properties such as diversity (species richness)
and connectance to determine other food web characteristics (Jansen
and Kokkoris, 2003). Traditional community assembly models ignore
adaptation processes (Kokkoris et al., 1999). But food webs evolve and
these models fail to provide clear mechanisms explaining how these
characteristics and structure emerge. The ecological interactions among
species in a community and the role they play in adaptation (behavioral,
developmental, or evolutionary) of species traits such as body size are
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usually left out (Bohn and Amundsen, 2004). Ecological interactions are
the structuring links in all food webs and the patterning of them is the
major factor in the stability, resilience, and persistence of biotic com-
munities (for a review see Berlow et al., 2004).

Kondoh (see Chapter 3.3) criticizes this static representation of nature.
For instance, if a trait that influences the strength of trophic interactions
is controlled by adaptation, then the food web architecture should
change in a way that is favored by this adaptation. These changes influ-
ence population dynamics and consequently the stability of the food
web (Kondoh, 2003a). Few pioneering studies also have recently investi-
gated how complex food webs emerge from evolutionary community
assembly processes (Drossel et al., 2004; Loeuille and Loreau, 2005;
McKane and Drossel, Chapter 3.1). These studies provide useful insights
on the evolution of food webs and should be developed further to allow
invasions (or speciation) of species that possess characteristics that
may be quite different from those that already exist in the community
under study.

The points previously laid out are motivated from the chapters in this
section of the volume are part of the challenge in developing testable
predictions from food web studies. The chapters of this section clearly
justify the new approaches needed in the face of global change and
extinction crisis (Lawton and May, 1995). Food web ecologists move
gradually away from the dominant paradigm in the discipline and if this
is combined with a willingness to address practical issues, their models
will be of good service to environmental management and biodiversity
conservation.
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3.1 | MODELLING
EVOLVING FOOD WEBS

Alan J. McKane and Barbara Drossel

In this chapter we discuss research that we have been carrying out with
our co-workers over the last few years which allows us to construct model
food webs. The webs are generated dynamically from ingredients that are
believed to be the most important and relevant in determining the struc-
ture of food webs. However, the approach is flexible, and so the underly-
ing model can be modified, and the effects of the modification on the web
structure determined. In addition a “library” of model webs can be built
up. These can then form the basis of “experiments” that would be difficult
or impossible to carry out on real webs. For instance, one or more species
can be deleted and the effect on the web in the short or medium term
assessed, or the distribution of link strengths can be measured.

In order to be able to “grow” a food web, we need to recognize that
there are two types of dynamics which are relevant in web construction.
The first type gives rise to new species in the web (by speciation or immi-
gration) and eliminates them from the web (extinction). The second type
is conventional population dynamics, which describes the interaction
between individuals when the number of species in the community is
fixed. These two types of dynamics are coupled: we believe that popula-
tion dynamics should not be defined on a static web, since the web itself
changes in response to the growth or decline of species numbers, which
in turn are determined by the nature of population dynamics adopted
(Thompson, 1998).

In the present model we construct the web through the introduction
of new species that are similar to existing species. We start from a single
species, and an environment, and at every evolutionary time step we
add a new species to the model. This can have originated through a
speciation event or through the immigration of a related species. The
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new species may survive or go extinct itself—this is decided by using the
equations describing the population dynamics. The model is adaptive,
with the behavior of species strongly dependent on, and determined by,
the fortunes and behavior of other species in the system.

There are three time scales in the model. On the longest time scale,
new species are introduced. They are variants of a randomly chosen
species already in the system. On the intermediate time scale, the num-
ber of species is fixed, and the dynamics is that of conventional popula-
tion dynamics. On the shortest time scale, the populations of each
species are fixed, but the foraging strategies may change, so that species
may alter their feeding habits to take advantage of recent changes in
population sizes. These aspects all add to the realism of the model, but
also mean that the model is not easily amenable to analytic treatment,
and all the results have been obtained through numerical simulations.

There have been several distinct approaches to the modelling of food
webs. Perhaps the simplest models are purely static, and attempt to pro-
duce webs similar to those found in empirical studies by creating a large
number of random webs with a given number of species and links, but
subject to a constraint that is designed to mimic real webs. In the cas-
cade model (Cohen et al., 1990a) the constraint is very simple: species
are ordered, so that only those “above” a given species are allowed to
prey on it. The niche model (Williams and Martinez, 2000) has a more
complicated constraint that determines which species is allowed to feed
on another: it involves drawing random numbers for the position of a
species, the range of its predation, and the center of this range. Not sur-
prisingly, models such as these get better at reproducing real webs the
more complicated they become. Yet they all suffer from the same defect:
constraints are chosen so as to produce the best fit to data, but this tells
us very little about the important factors in web formation. In other
words, the models encapsulate the basic web structure, but they are not
rich enough to go much beyond this.

Assembly models, a second type of food web model, were popular in
the 1990s. They are dynamical models and have a population dynamics
built into them, just as in the model described in this article. However,
the new species introduced into the web are not variants of those
already present, but instead came from a “species pool.” New species are
added to the system, which starts with just one or two species, and
remain in the system if the resulting system is stable (see Law, 1999, for
a review). The disadvantage with these models, as we see it, is that the
species in the pool have not co-evolved, and in fact are usually taken to
be of a specific type such as an herbivore or carnivore. This means that
much of the web structure itself is not truly emergent, with species
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finding their own place in the web. With some of the web structure pre-
determined in this way, it is difficult to know which properties follow
from the population dynamics (for instance) and which have been put in
by hand.

A third set of models can be broadly classed as evolutionary models.
They have only been formulated relatively recently and only a few
have appeared, although we expect many more to be put forward in
the future. They are also a rather disparate group, which reflects the
young age of the field. There are, for example, the networks of inter-
acting molecular species of Jain and Krishna (2002) which are evolv-
ing, but are not models of food webs as such, and the work of Cattin
et al. (2004) which only takes evolution indirectly into account, but
does suggest a method of constructing food webs. Evolutionary mod-
els of food webs have been suggested by Tokita and Yasutomi (2003)
and by Yoshida (2003), but these include mutualistic couplings, which
produce a different kind of network. Apart from the one we will
describe in detail in this article, the only published model of an evolu-
tionary predator—prey network was developed by Lissig et al. (2001).
However, so far no webs produced using this model—which could be
compared with real webs or to webs produced using our model—have
been published. Therefore, at the present time, there are no other
models that make predictions similar to ours with which we can make
a direct comparison.

A first version of our model (Caldarelli et al., 1998) contained the basic
philosophy which we have previously outlined, but had a rather simple
form of population dynamics. Although this model produced realistic
looking webs, which had properties that were in good agreement with
those of real webs, an invasion-resistant state was eventually reached.
This unrealistic aspect of the dynamics was traced back to a property of
the population dynamics that unfairly disadvantaged a child species as
compared with the parent species. This problem was cured with the new
version of the model (Drossel et al., 2001) which contained a much more
elaborate form of population dynamics. All our discussions in this chap-
ter will refer to this version of the model. Since then other papers and
articles have appeared which discuss various aspects of the model
(Quince et al., 2002; Drossel and McKane, 2003).

In the next section, we explain in more detail the basic features of the
model and in the following section go on to describe its dynamical rules.
We then summarize the properties of the webs constructed with the
model and go on to discuss the results obtained when the functional
response in the population dynamics equations is modified. Finally, we
discuss the implications of our findings.
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MODEL

In the introduction we gave a brief summary of the ideas behind our
approach to modelling food webs. In this section we will give a more
detailed description of the model.

In order to define the speciation process, and more generally to char-
acterize a species, we need to introduce features which when taken
together make up a species. These features represent phenotypic and
behavioral characteristics—essentially these are the keywords that one
would use when defining a particular species. In the model these become
integersa=1,2...., K. In the present version of the model these features
are not correlated; they are viewed as independent numbers that do not
map into any particular observed feature in real systems. Species in the
model are constructed by picking L features out of the pool of K possible
features. In our simulations we generally take L = 10 and K = 500, but any
two numbers which allow for the existence of a sufficient number of pos-
sible species would be acceptable.

An important quantity in the model is the score of one species against
another. This will tell us which species are adapted for predation on
other species, and will appear in the population dynamics equations.
This score will be determined by asking what scores the constituent fea-
tures have against each other. So we have to begin by defining the score
of one feature, ¢, against another, . This will be given by a matrix M,
which is antisymmetric, mg, = -m,; so that if o has a positive score
against 8, § will have a negative score of the same magnitude against o.
The K x K matrix M is unknown, and so we take the independent ele-
ments to be randomly drawn from a Gaussian distribution with zero
mean and unit variance at the start of a simulation run.

The matrix is left unchanged during a run, but a new set of elements
is drawn at the beginning of every new run. Clearly, other distributions
for the elements of m; could be used, but we believe the essential
results of the model would be unchanged. We will come back to this
point in the concluding section.

Once the scores of features against each other have been defined, we
can define the score of one species i against another species j as

Sij: max {O,l Z Z moc[‘}} (1)

L o<i pBej

Thus, if species i is adapted for predation on species j, S;>0, otherwise
S i = 0. The factor I/L in (1) is included for normalization purposes. The
external environment is represented as an additional species 0 which is
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assigned a set of L features randomly at the beginning of a run and
which, like the m,;, do not change during the course of that particular
run, but are randomly chosen again at the start of subsequent runs.
Finally, we also need to define the overlap between two species i and j:

LS S 6us ©

qi
i~ L a<i Bej

that is the fraction of features of species i that are also possessed by
species j.

DYNAMICS

Having described the basic structure of the model, we can now go on to
describe the dynamics. We begin with the evolutionary dynamics
defined on the longest timescale, as discussed briefly in the introduc-
tion. At each evolutionary time step we randomly choose a species. This
will be the parent species. The child species is found by randomly choos-
ing a feature of the parent species and replacing it by another feature.
Thus parent and child species have an overlap of 0.9. After checking that
the new species does not already exist in the system, the population of
the parent species is reduced by 1, and the new species is introduced
into the community with a population of 1. The population dynamics
(discussed later) is applied to the new community, and new population
numbers calculated. If the addition of the new species causes the popu-
lation size of any of the existing species to fall below 1, then this species
is removed from the system. Similarly, if the population of the newly
introduced species itself falls below 1, it is removed. This is the extinction
dynamics.

To describe the dynamics on the shorter time scales, an explicit popu-
lation dynamics has to be introduced. We first write down a simple bal-
ance equation for N,, the population size of species i at time #:

d];’t“) AZINO (0 - N0 g0~ AN 3)
Here g;; (1) is the functional response—the rate at which one individual
of species i consumes individuals of species j, d, is the death rate of
species i and A is the ecological efficiency which represents the fraction
of the resources obtained through prey consumption which are con-
verted to predator resources.
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The balance equations (3) are in many ways the natural generalisa-
tions of those appearing in ecology textbooks (Maynard Smith, 1974,
Roughgarden, 1979) for systems with one prey and one predator. The
first term on the right-hand side represents the growth in numbers of
species i due to predation on other species, the second term the
decrease in numbers due to predation by other species, and the last term
the rate of death of individuals of species i, in the absence of interactions
with other species. Where there is no predator-prey relationship
between species i and species j, g, is zero. For species which feed on the
external environment, species 0, the first term will include a non-zero
rate g, This is how external resources are input, at a constant rate R, into
the system. It should be noted that the N, are used to denote both the
population of species i and the amount of resources tied up in species i.

We have deliberately chosen the form of the equations (3) to be the
same for all species. We do not want to define different equations for
species that are at different positions in the web, because species may
change positions as the system evolves. To completely specify the model
we still need to give an expression for the functional response and values
for the death rates d; and ecological efficiency A. We will take all death
rates to be equal: d, = d for all i, and choose d = 1 by a suitable choice of
time scale. The constant A will be taken equal to 0.1, a value accepted by
many ecologists (Pimm, 1982). The choice of functional response is a
more complicated affair, and later we will discuss how changes in the
functional response affect the structure of the webs that are produced.
We have chosen a ratio-dependent functional response, which satisfies
the logical requirement that the population dynamics do not change if
identical species are pooled into a single species. If there are several pred-
ators competing for a single prey species j, our functional response is

— Sz'ij(t)
bN;(0) + ; 0t St N (8)

80 4)

In this formula, the scores have entered the definition—they character-
ize the strength of predation. The competition term o, = ¢ + (I - ¢) q,;
with 0 £ ¢ < 1 includes inter-specific competition in addition to the intra-
specific competition. This ensures that the greater the similarity of the
predators k to i, the greater the competition. Two parameters b and c
specify the functional response.

If a predator has more than one prey, a modification to g; () is
required. This is where the shortest time scale mentioned in the intro-
duction enters the dynamics. If one of these prey species falls on hard
times and its population numbers drop, the predator would naturally
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choose to reduce the amount of effort it puts into preying on this partic-
ular prey species, and direct its efforts elsewhere. To model this we intro-
duce “efforts” denoted by fU The effort f j 18 the fraction of available
searching time which species i spends preying on species j. By definition
Z} fl.j =1 for all i. It seems reasonable to assume that the effort that i puts
into preying on j should be proportional to its gain, that is, f; « g, for a
fixed i and all j. Using the normalization condition for the f; leads to

80
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In fact it can be shown that this choice is an evolutionarily stable strat-

egy (Drossel et al., 2001). Including the efforts in the functional response
(4) leads to the final form which was used in our simulations:

fi(0 = 5)

__ SiON
bN;(1) + %‘, Sy fii () N (8)

8ii(® (6)

The simulation process can now be outlined. On the shortest time scales
the number of species and population numbers of all species are fixed. Let
us suppose that the population numbers were adjusted some time ago,
then the dynamics consists of iteration of equations (5) and (6) at fixed
population numbers, until they converge on new fl.]. and g; appropriate to
these new population numbers. The population numbers can then be
updated using these f;; and g; and (a discrete form of) the balance equa-
tions (3). This change in population numbers occurs at the intermediate
time scale. With the new population numbers, the equations (5) and (6)
can once more be iterated at fixed population numbers, until they con-
verge on new f;; and g;, and so on. Eventually the population numbers will
also start to converge, and a speciation is allowed to take place. Further
details on the method of simulation may be found in Drossel et al. (2001).

PROPERTIES OF THE EVOLVED FOOD WEBS

Starting with one species and the external resources, we evolved model
webs using computer simulations. Figure 1 shows the species number as
a function of time for four different simulation runs with four different
sizes of the external resources. Time is measured in units of “speciation”
or “immigration” events. One time step consists of introducing a new
species and subsequently applying the population dynamics until a sta-
tionary state is reached. One can see that the species number increases
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FIGURE 1 | Number of species as function of time for ¢ = 0.5, b = 0.005, and R = 10%,
10%, 3.5 x 10°, 10% (from bottom to top curve).

initially and eventually settles down around a stationary mean value.
When there are more external resources, the size of the webs is larger.
Even after long times, the composition of the food web continues to
change, although the general food web structure is preserved. The food
webs consist of several trophic layers, as shown in Figure 2, which gives
an example of a food web obtained with our simulations. Table 1 lists
several properties of the model webs, which agree well with empirical
data from smaller food webs.

Figure 1 shows that not more than a few species go extinct at the same
time in our model. These small “extinction avalanches,” following immi-
gration or speciation events, therefore cannot explain the large-scale
extinctions seen in the fossil record. The reason is that in our model, the
external resources and the model parameters are constant in time, while
the large extinction events usually require a change in the external con-
ditions. Including changes in the external conditions in our model
would be a worthwhile project, which has not yet been performed.

A systematic investigation of the effect of the removal and addition of
species on the stability of food webs shows that if a species is removed,
this does not lead to further extinctions in approximately Z of the cases.
We ascribe this high degree of food web stability to the features of the
functional response that we have chosen. This functional response
allows predators to put more effort into those prey from which they gain
more energy per unit time, thereby adjusting to changes in the popula-
tion sizes and the composition of the web. Species deletion stability is
not correlated with complexity and the model shows extinction due to
prey removal as well as extinction due to predator removal.
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FIGURE 2 | Example of a food web resulting from the evolutionary model.

Table 1: Results of simulations of the model with ¢=0.5and b=5x 103

R 1.0 x 104 1.0 x 10° 35%x10° 1.0x 108
No. of species 33 57 82 270
Links per species 1.76 1.91 1.91 2.96
Av. level 1.95 2.35 2.65 3.07
Av. max. level 3.0 3.9 4.0 4.4
Basal species (%) 18 9 5 11
Intermediate species (%) 80 89 89 89

Top species (%) 2 2 6 1
Mean overlap level 1 0.32 0.34 0.31 0.27
Mean overlap level 2 0.17 0.12 0.11 0.15

Mean overlap level 3 0.19 0.09 0.09 0.12
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FIGURE 3 | Link strength distribution obtained from the evolutionary food web
model. The inset shows the distribution for small link strength on a log-log plot. The
straight line indicates a power law with an exponent -0.75.

Finally, let us discuss the distribution of link strengths obtained in our
model. There has been an increasing realization that food webs have a
large proportion of weak links (Paine, 1992; Tavares-Cromar and
Williams, 1996; Berlow et al., 1999; Neutel et al., 2002), and that weak
links tend to stabilise population dynamics (McCann et al., 1998). For
this reason, we evaluated the link strength distribution in our model
webs. We found that the link strength distributions were skewed towards
zero and that a large fraction of links were zero. This is a highly non-trivial
result, as in contrast to other work on the topic of weak links, the link
strength distributions in our model are an emergent property of the sys-
tem and not put in by hand. It is a strong indication that weak links are
the natural outcome of long-term ecosystem evolution coupled to pop-
ulation dynamics. Figure 3 shows the link-strength distribution obtained
with our model. The link strength was defined as the proportion of the
prey in the predator’s diet after the population dynamics had equili-
brated. It has a large weight at weak link strength. The maximum at link
strength 1 is due to the fact that many predators have a main prey from
which they obtain most of their food.

RESULTS OBTAINED WITH OTHER FUNCTIONAL
RESPONSES

The investigation of species deletion stability indicates that the complex
structure of the model webs depends on the ability of predators to adjust
their feeding behavior when changes in the food web occur. We tested
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this conjecture by running the computer simulations with functional
responses of the general form (Arditi and Michalski, 1996).

_ SN
1+ ; bika+ Z CilNl

8ij ()

If all b, and all c, are zero, we have a Lotka-Volterra functional response.
If the b, are nonzero, we have a Holling type II functional response,
which implies saturation of consumption rates at high prey abundance.
(The sum in the denominator is taken over all prey k of species i.) If also
the ¢, are nonzero, we obtain a generalized Beddington form, where the
second sum is taken over all those predator species i that share a prey
with j. We chose the c; such that individuals belonging to the same
species competed more strongly with each other than individuals
belonging to different species.

Figure 4 shows a typical web obtained with any of these three models.
This web consists of just one trophic level, with all species feeding on the
external resources, and with many links between the species. Such a
food web structure occurs even if we start our simulations with an artifi-
cially constructed complex web consisting of several trophic levels. It
appears that predators on higher trophic levels cannot survive when the
food web structure changes. By contrast, species with a link to the exter-
nal resources cannot easily go extinct because they have a permanent
resource available. It also appears that these functional responses allow
too many species to feed on the same food source (here the external
resources). The model misses mechanisms that prevent possible links
(i.e., when S;>0) from being realized and that allow predators to adjust
to a modified food web structure.

FIGURE 4 | Example of a food web resulting from an evolutionary model with Lotka-
Volterrra population dynamics. The arrow direction indicates the flow of resources,
and the arrow thickness is a measure of link strength. Links are only drawn if a species
obtains more than 1 percent of its food through that link. The radius of the circle
increases logarithmically with population size.
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We introduced such mechanisms by replacing the interactions S, with
adjusted interactions S/ = ;™ (1 - (§™* - S,)/6) (Caldarelli et al., 1998),
with & being a small parameter and §* being the largest interaction
against j. Negative S l.j' are set to zero. Figure 5 shows a food web obtained
from Lotka-Volterra dynamics with this artificial constraint.

Table 2 shows the mean number of species, of links per species, and
the mean occupation numbers of the trophic levels for this model, for R
=1x10% A=0.1, c= 1.0 and 4 = 0.2. For comparison, the results for the
original Lotka-Volterra model with the parameters for R=1x 104, A =0.1,
and c = 3.0 are also shown. Including direct inter-specific competition or
using Holling and Beddington forms with the same type of adjusted
interactions gave similar web structures.

FIGURE 5 | Example of a food web resulting from an evolutionary model with Lotka-
Volterra population dynamics and adjusted interactions (§ = 0.2). The same conven-
tions apply as for Figure 4 except that vertical position is now proportional to the
average path length from the species to the environment weighted by diet proportions.

85



Table 2: Food web statistics for the two Lotka-Volterra models without and with adjusted interactions. The results are
averaged over ten different simulations (lasting 200000 iterations) and over the last 20000 iterations of each simulation.
The quantities in brackets give standard deviations over the ten runs for the number of species and links per species.
Only links between non-environment species that constituted greater than 1% of the predator’s diet were counted in
the calculation of the links per species.

Trophic level
Model Number Links per
of species species 1 2 3 4 5 6
Number of species
Frequency of occupation

Lotka-Volterra without 40.6 (2.5) 2.3(0.1) 40.5 1.6

adjusted interactions 1.0 0.061
Lotka-Volterra with 69.8 (20.4) 1.4 (0.1) 20.9 22.1 19.1 7.5 1.4 1.0

adjusted interactions 1.0 1.0 1.0 0.987 0.14 0.003
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This shows that the ability of predators to concentrate on the prey
that they are best suited to exploit, rather than on all possible prey, is
essential for the production of realistic food web structures. The precise
form of the functional response is not important, as long as the func-
tional response that is chosen allows for predator flexibility. We have
also investigated the link strength distribution in the models with mod-
ified interactions and found that they have a large weight at weak links,
just as for the model with the ratio-dependent functional response
(Drossel et al., 2004).

DISCUSSION AND CONCLUSIONS

We have shown that a food web model that includes long-term changes
in the food web structure, as well as population dynamics, is capable of
generating large model webs that share many features with real food
webs. Among these features are the existence of several trophic levels, a
high proportion of intermediate species, a high stability under species
deletion, a large proportion of weak or muted links, and a flexible
response of predators to changes in the prey populations. An important
requirement on the population dynamics of the model is that it must
allow for predator flexibility. Only if this condition is implemented when
the model is constructed, is a complex food web structure obtained
which persists in time.

Since all the web properties are emergent, all measurements made by
using the model webs are tests of the model assumptions themselves,
and not of any additional input made by the modeller. This should be
contrasted with the situation found in other approaches. For instance, in
some assembly models the modeller may specify the nature of an intro-
duced species and so effectively determine its level in the web. In other
models the number of links per species may be specified. In our
approach, the position of species in the web, as well as whether they
thrive or go into decline, is a mixture of random factors and the deter-
ministic population dynamics. Since we average over many different
simulation runs, we expect random factors to average out, so that meas-
ured average quantities follow directly from the nature of the model and
the choice of parameters.

At the heart of the approach is the belief that aspects such as the pre-
cise way in which species are defined or the specific nature of the distri-
bution of the random elements of the feature matrix m ; are not going to
have a significant impact on the nature of the food web. This is because,
for example, it is expected that as long as there are very large numbers of

87



88

3.1 | MODELLING EVOLVING FOOD WEBS

distinct species that may be formed, the precise way that these are
defined is not going to influence web topology. On the other hand, we
would expect that those aspects of the population dynamics that reflect
significant biological mechanisms: predator feeding rates, strong com-
petition—especially between similar species, adaptive foraging, and so
on, would be important in determining the structure of the webs. This is
the intuition that we have developed by working with this model, but of
course this needs to be tested. From our comments in the preceding
paragraph, it seems clear that we can directly test these claims by sys-
tematically varying each basic aspect of the model and determining
whether the measured web characteristics change significantly as a
result of this variation. This is a lengthy investigation, which we have not
yet completed. We have carried out a reasonably systematic investiga-
tion of the result of changes in the nature of the population dynamics.
We are in the process of testing the robustness of the web structure to
changes in the specification of the species, features, feature matrix, etc.
Preliminary results indicate that, as expected, many of these details will
be unimportant in determining food web properties.

There are several advantages in the approach to the modelling of food
webs that we have outlined here. The continual monitoring of the results
of changing the basic assumptions of the model should reveal which
aspects have to be specially tuned to achieve good agreement with data,
and which aspects are insensitive to the precise choice of these basic
assumptions. This in turn should indicate what are the important
processes involved in generating food webs. In addition, the model pro-
duces webs that can be observed changing dynamically, and so the
nature of the processes on short time scales can be studied directly.
Moreover, as pointed out in the first paragraph of this article, experi-
ments can be carried out on the model webs produced to assess the con-
sequences of changes made to the web structure. Perhaps the greatest
strength of generating food webs in the way we have described here, is
that any property of webs hinted at by empirical studies can be quickly
and easily investigated using the webs generated by the model. We look
forward to carrying out such investigations, prompted by suggestions
from empirical colleagues, in the future.
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3.2 | THE INFLUENCE
OF INDIVIDUAL
GROWTH AND
DEVELOPMENT

ON THE STRUCTURE
OF ECOLOGICAL
COMMUNITIES

André M. de Roos and Lennart Persson

Following Elton’s (1927) seminal ideas a large body of theory about the
dynamics of ecological communities is based on a conceptualization, in
which species constitute trophic units, engaged in a reticulate network of
consumer-resource interactions. Most theory on community dynamics is
moreover based on the assumption that the interaction between two
species can be described by a linear function of their densities. The result-
ing Lotka-Volterra class of community models have been studied exten-
sively, especially focusing on questions regarding the relation between
properties of the species network (extent, connectivity, overall interaction
strength) and the stability of the ecological community (May, 1973; Pimm,
1982; Hall and Raffaelli, 1993; McCann, 2000). On the other hand, the food
chain models studied by Fretwell (1977) and Oksanen et al. (1981) repre-
sent foraging interactions between species more explicitly and mechanis-
tically than Lotka-Volterra models, as both functional and numerical
response of consumer species are accounted for. In contrast with Lotka-
Volterra models, these functions are typically non-linear. The models
developed by Yodzis and Innes (1992) extend this approach by relating
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parameters of the functional and numerical response to individual-level
traits of consumers, such as their characteristic body size.

Even though they do not explicitly represent individuals at all, these
models of ecological communities can be argued to account for two
processes at the level of the individual organism: reproduction and mor-
tality. After reproduction and mortality the most prominent process in an
individual’s life history is growth and development. In virtually all species
there is a delay between the birth of an organism and the onset of its
reproduction, representing the prime aspect of individual development.
Moreover, the duration of this delay may vary with environmental condi-
tions, most notably food density, as maturation tends to require reaching
a threshold body size (Kooijman, 2000) and growth rates are generally
food dependent. In addition, the growth in body size that is apparent in
the majority of species (Werner, 1988) generally increases individual for-
aging rates and decreases predation risks. Few studies have considered
how these consequences of individual growth and development, which
obviously affect the central processes in a food web, translate into effects
on the structure and dynamics of ecological communities (Pimm and
Rice, 1987). Studies on the influence of stage structure for population
dynamics address to some extent the issue of individual growth and
development. These studies have often focused on consumer-resource
interactions (see Murdoch et al., 2003, for a sythesis), in which the stage
structure of the consumer population is accounted for, or on insect host-
parasitoid interactions with stage structure in host and parasitoids
(Murdoch et al., 1987; Godfray and Hassell, 1989; Briggs, 1993). Almost all
of these studies deal with life stages of fixed duration and primarily focus
on the likelihood of population cycles to occur. They consequently do not
address the question whether and how individual growth and develop-
ment affects the structure of ecological communities.

In this paper we present a preliminary overview of possible conse-
quences for ecological communities that may arise from individual
growth and development. The consequences reported here arise because
of the dependence of growth on ambient food densities and hence indi-
rectly on consumer density. We show that the interplay of food-dependent
growth in a consumer species with size-dependent mortality imposed by
a predator on this consumer leads to emergent Allee effects for the preda-
tor, such that under identical environmental conditions community
states with and without the predator are both stable equilibria. In addi-
tion, we show that two predator species, foraging on different life stages of
the consumers, may greatly facilitate each other’s persistence. The key
mechanism for these effects to occur is that the size-distribution of the
consumer species changes through a subtle interplay of food-dependent
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growth and size-selective mortality. Predation mortality decreases the
overall abundance of the consumer species, but this overall decline may
be more than compensated for by the changes in size distribution, such
that specific size classes may increase in abundance due to predation,
even the size class suffering from the predation mortality itself.

THE MODEL

De Roos and Persson (2002) present one of the simplest models, in
which the interplay between food-dependent growth and size-depend-
ent predation mortality can be studied. The model describes the dynam-
ics of a resource R, a consumer size-distribution c(¢,/) and a predator
density P with the following set of equations:

@:[ei_g]p
dt 1+aT,B

ac;rt,l) s Bg(R,;)lc(t,l) e mP)et D
Im o))
gR 1) c(t1,) = fb(R,l)c(t,l)dl

lj

dR im
=P K-R l/I(R,l) et 1) dl
Consumers are born at length /,, mature on reaching length l;and may
reach the maximum length /, under very high food conditions. Resource
ingestion of consumers is assumed proportional to their squared length
with proportionality constant I, and follows a type II functional
response to resource biomass: I(R,l) = I, I? R/ (R, + R) with half-saturation
constant R,. A fixed fraction of ingested food is channeled to reproduction,
while the remainder is spent on growth plus maintenance. Maintenance is
assumed proportional to [* and takes precedence over growth, which
hence follows a von Bertalanffy growth law: g(R,[) = y(I,, R/(R, + R) - I)
with [ and y representing the maximum length under very high food
densities and the growth rate, respectively. After reaching the maturation
length lj, individuals produce offspring at a rate b(R,l) = r, I* R/(R, + R)
with proportionality constant r, .

Consumer mortality equals the sum of the background mortality u
and the predator-induced mortality m(P). Predation mortality is
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assumed larger than 0 only for individuals within a specific size range
from [, to I,. The variable B denotes the biomass of these vulnerable con-
sumers, which can be computed as an integral over the consumer size
distribution c(t,), weighted by the consumer length-weight relation, 3.

lh
B= fBl?’c(t,l)dl @)
ll

In this chapter we only consider predators with a negative size-selectivity,
which forage on all prey individuals below an upper size threshold /, (and
[, = 0), or a positive size-selectivity, which forage on all prey individuals
above a lower size threshold [, (and [, = ).

Predators follow simple consumer-resource dynamics, experiencing a
background mortality rate 6, while foraging on consumers with length
between /,and [, with attack rate a, handling time T, and conversion fac-
tor €. The intake rate of consumer biomass by a single predator individ-
ual thus equals aB/(1+aT,B). Likewise, predation mortality of
consumers with length between [, and [, follows:

aP

mP) =—%—
1+aT,B

3)

while m(P) = 0 for other individuals. Resource regrowth is assumed to
follow semi-chemostat dynamics (Persson et al., 1998) with maximum
resource biomass density K and flow-through rate p.

RESULTS

Figure 1 shows the possible equilibrium states at different levels of
system productivity (defined as pK) for the food chain model, in case
predators are negatively size-selective. A stable equilibrium of con-
sumers and resource can occur for system productivity levels below
2.510%g.L-t.day! (the invasion threshold) for the default parameter set.
Below this invasion threshold low densities of predators are incapable of
establishing themselves in the consumer-resource equilibrium. A stable
equilibrium of predators, consumers and resource can occur for system
productivity levels larger than 0.8 10-5g.L-!.day! (the persistence thresh-
old) for the default parameter set. Below this persistence threshold pred-
ators are unable to persist and the consumer-resource equilibrium is
the only possible steady state. In between the persistence and invasion
threshold both a stable equilibrium state with and without
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FIGURE 1 | Equilibrium states for different levels of system productivity (g.L-!.day)
in case predators have a negative size-selectivity (/,= 0, /, = 27 mm). Left: Variation
in predator density (top panel; individuals.L™!), consumer biomass (middle panel;
g.L1) and resource biomass (bottom panel; g.L!). Thin lines: equilibria with only
consumers and basic resource. Thick lines: equilibria with all three trophic levels.
Solid black lines represent stable equilibria, dashed grey lines unstable ones.
Alternative, stable equilibria with and without predators occur between the invasion
and persistence threshold (vertical dotted lines). Right: Consumer size distribution
in an equilibrium with (grey bars) and without predators (black bars) at a system
productivity of 2.0 10~ g.L"".day™". Other parameters: /, = 7 mm, [, = 110 mm, [, =
300mm, I, =1.010"g.day'.mm= R, =1.510° gL'}, r, = 0.003 day'.mm™>, y=0.006
day, u=0.01day™, $=9.010°g.mm=3, p=0.1day™, e=0.5g™", a=5000 L.day™!, T}, =
0.1 day.g' and 6=0.01 day'. These parameters mimic the life history characteristics
of roach (Rutilus rutilus), feeding on Daphnia spp., while being predated by perch
(Perca fluviatilis: De Roos and Persson, 2002).

predators can occur, while above the invasion threshold only an equilib-
rium state with predators, consumers, and resource is possible.

The reason for that the community can occur in two different states,
with and without predators, is related to the difference in size distribu-
tion of the consumer population (Figure 1, right panel). In the absence of
predators, this size distribution is stunted (i.e., relatively flat and con-
stricted to a narrow size range) with only a few individuals reaching body
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sizes above the maturation threshold. In this state the consumer popula-
tion is regulated by intraspecific competition for food, which slows down
individual growth and development (from here on referred to as devel-
opment regulation). As a consequence, individuals spend a long time in
the juvenile state and most die before maturing. The individuals that do
mature, however, have a sufficiently high fecundity to make up for the
low through-stage survival as a juvenile. When predators are present the
size-distribution extends over a much wider size range with the largest
consumers reaching sizes well over two times the maturation size. In
addition, the size distribution shows a distinct peak at small body sizes.
Juvenile growth and development is rapid owing to the high resource
densities in this equilibrium (see Figure 1, left-bottom panel). The total
density of consumers is significantly lower when predators are present,
but this decline is due to a disproportionate decrease in the density of
large juveniles. The densities of small juveniles and large adult con-
sumers are higher in the presence of predators. For specific size-classes
the change in consumer size-distribution imposed by the predator more
than compensates for the decline in overall consumer abundance. Most
interestingly, the density of small consumers that are vulnerable to pre-
dation is higher in the presence of predators than in their absence.
Predators thus exert a net positive effect on their own food density. This
positive feedback of the predators comes about by a subtle interplay
between the size-selective mortality they impose and the food-depend-
ent growth of the consumers. The size-selective predation mortality
decreases intraspecific competition among consumers, especially
among the larger juveniles, which are much less abundant in the pres-
ence of predators. As a consequence, individual growth is rapid and
many individuals reach maturation and grow to sizes well above the mat-
uration size. Due to a combination of high resource levels and large body
sizes these adults have a very high fecundity and produce large numbers
of offspring. In the presence of predators total population fecundity is
hence significantly larger. This leads to an increase in the density of small
consumers, on which the predators can forage and impose a sufficiently
high mortality to limit their recruitment to larger size classes.

Figure 2 shows that bistability between stable equilibria with and with-
out predators is also possible when predators are positively size-selective.
A stable consumer-resource equilibrium occurs for system productivities
below an invasion threshold (2.5 10-° g.L-1.day™!) that is higher than the
persistence threshold (2.110-° g.L-!.day™!), above which a stable equilib-
rium state with predators, consumers, and resource can occur. Clearly, for
positively size-selective predators the range of system productivities with
bistability between the persistence and invasion threshold is smaller than
for negatively size-selective predators. The bistability between stable
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FIGURE 2 | AsFigure 1, but for predators with a positive size-selectivity (/,= 109 mm,
1, = =). The consumer size distributions shown in the right panel are for a system pro-
ductivity of 2.3 1075 g.L-\.day .

equilibrium states with and without predators is again connected to a
change in consumer size-distribution, but this change is not the same as
for negatively size-selective predators. In the presence of positively size-
selective predators adult consumers reach sizes up to 1.5 times the matu-
ration size, which is significantly larger than in the absence of predators.
Survival of adult consumers is, however, low due to the high predation
mortality. As a consequence, in the presence of predators the consumer
size-distribution has a long, but very thin tail (too thin to be visible when
expressed as numbers of individuals as in Figure 2) and only the density of
adults with body sizes just above the maturation size is significantly
higher, while the density of individuals in all juvenile size classes is
smaller. Predators that are positively size-selective thus exert a positive net
effect on their own food density (large juveniles and adult consumers), but
negatively affect the density of all smaller-sized consumers.

The occurrence of a stable equilibrium state with and without
predators in the food chain with size-structured consumers for other-
wise identical conditions has been dubbed emergent Allee effect
(De Roos et al., 2003a). None of the usual mechanisms that give rise to
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an Allee effect, such as sexual reproduction, a complex mating system,
or social foraging behavior (Courchamp et al., 1999; Stephens and
Sutherland, 1999) are incorporated in the food chain model, which only
accounts for purely exploitative foraging by both consumers and preda-
tors. Nonetheless, in the bistability range predators experience a
reduced population growth rate at low predator densities and are hence
incapable of establishing themselves in the consumer-resource commu-
nity. At higher densities, however, predators are capable of building up a
population and attain a stable equilibrium state. This Allee effect
emerges from the subtle interplay of the size-dependent mortality and
the food-dependent growth experienced by the consumers. Alternative
stable equilibria do not occur if predators forage on all consumer indi-
viduals or only on the intermediately sized consumers (De Roos et al.,
2003a). Also, the Allee effects only emerge if in the absence of predators
the prey population is regulated by juvenile development in such a way
that a reduction in density of the competitively dominant, juvenile prey
leads to an increase in adult recruitment rate. The relationship between
adult recruitment rate and the dominant, juvenile prey density should
hence be hump shaped. Both a high potential fecundity and low back-
ground mortality, which is generally the case for populations of zoo-
plankton species like Daphnia and various planctivorous fish species,
will promote the occurrence of emergent Allee effect (De Roos et al.,
2003a). The emergent Allee effect is therefore a consequence not of the
predator’s life history, but of that of its prey. It crucially depends on the
fact that individual growth and development change with changing
resource conditions: if growth is independent of food density, the body
size of an individual would be a function of its age and this relationship
would be the same under all conditions. A fixed size-age relationship
prevents the shifts in consumer size-distribution that cause the emer-
gent Allee effect. Age-structured variants of the food chain model conse-
quently do not show the Allee effect (De Roos and Persson, 2002).

Due to the emergent Allee effect, size-selective predators may exhibit
catastrophic collapses of their population (i.e., rapid declines from high
population densities to extinction levels), when conditions change in
such a way that the persistence threshold is crossed. Decreasing levels of
system productivity and increasing levels of predator mortality (De Roos
and Persson, 2002) exemplify shifts that will give rise to such collapses.
Because of the bistability between an equilibrium state with and without
predators, these collapses are not reversible unless conditions are
changed beyond the invasion threshold.

Apart from the catastrophic population collapses and the possibility of
multiple stable equilibrium states under otherwise identical conditions,
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the results shown in Figure 1 are indicative for further community conse-
quences of individual growth and development. Negatively size-selective
predators induce changes in consumer size-distribution such that the
density of both small and large consumers is increased (see Figure 1; right
panel). Hence, these predators not only positively affect their own food
conditions, as previously discussed, but also increase food availability for
other predator species that forage on large juveniles and adults of the
same consumer species. Negatively size-selective predators may there-
fore facilitate the persistence of positively size-selective predators on the
same prey. Positively size-selective predators, on the other hand, exert a
decreasing influence on the density of all smaller sized consumers (see
Figure 2; right panel) and hence only exert a negative, competitive influ-
ence. Van Kooten et al. (2004) study this emergent facilitation between
competing predators in a simpler food chain model, which only accounts
for two size classes of consumers. In this setting it is shown that a nega-
tively size-selective predator species can act as a facilitator, such that in
its presence a positively size-selective competitor can endure mortality
levels that are up to an order of magnitude larger than can be tolerated in
its absence. Due to food-dependent consumer growth the persistence of
a positively size-selective predator may thus crucially depend on the
presence of a negatively size-selective forager on the same prey species.
Figure 3 shows the possible equilibrium states for the food chain
model with a positively size-selective predator species for different val-
ues of the minimum prey size [, that is vulnerable to predation. Thus,
predators forage on all prey with a size larger than /,. At low values of [,
when almost all consumers are vulnerable to predation, predators exert
a strong top-down control, leading to low consumer and high resource
densities. With an increasing threshold value [, this top-down control
relaxes, consumer density increases and resource densities decrease as a
result. Since predators take only larger sized consumers they derive a
higher energy yield from consuming a single prey individual and thus
exploit their prey population more prudently. Predator abundance
hence increases as well with an increase in the threshold value /. These
results exemplify a situation in which a relaxation of top-down control
actually increases the density of the two adjacent trophic levels involved.
This increase in predator and consumer density and the decrease in
resource density continue until the threshold value [, is slightly larger
than the size /; at which consumers start to allocate to reproduction.
Here a similar collapse of the equilibrium state with predators is
observed as when varying the system productivity (cf. Figure 1). The col-
lapse occurs because predators that forage on adults cannot exert suffi-
cient top-down control any more and the consumer population
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FIGURE 3 | Equilibrium states for different values of the minimum vulnerable prey
size [, in case predators have a positive size-selectivity (I, = ). Line styles and param-
eters as in Figure 1, but for the system productivity which equals 5.0 10-° g.L-1.day .

becomes regulated entirely by intraspecific competition for food. As
shown in Figures 1 and 2, consumers that are not subjected to any
predation mortality become development regulated and only reach
sizes just above the maturation size. Predators that only forage on
adult consumers with a larger size experience a zero food density in the
consumer-resource equilibrium state and hence cannot sustain them-
selves. The consequence of these results is that predators, which depend
for their persistence on adult consumers, will never be able to persist on
their own, irrespective of the system productivity or the background
mortality they experience. For their persistence other predator species
have to be present, which forage on smaller, juvenile stages of the con-
sumer and change its size-distribution such that the population
includes also substantial numbers of adult consumers. The key element
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is that a sufficiently high juvenile mortality is required for the occurrence
of substantial densities of adult consumers.

DISCUSSION AND CONCLUSIONS

That predators can have significant effects on the size distribution of
their prey has been known since the work of Brooks and Dodson (1965).
A number of studies (Tonn et al., 1992; Bronmark et al., 1995) have more-
over shown that planctivorous fish populations indeed become stunted
in the absence of predators, spanning a smaller body size range than in
their presence. The analysis of the food chain model with size-structured
consumers reveals the possible community consequences of such size-
selective predation in combination with food-dependent individual
growth and development. Traditional food web models have not
revealed these consequences, as these models only account for repro-
duction and death of individual organisms.

Two classes of community consequences were discussed, which can
be referred to as emergent Allee effects and emergent facilitation. Since
the emergent Allee effect may lead to catastrophic collapses and a lack
of re-establishment of the predator population in the resulting
consumer-resource equilibrium state, it has been argued to offer a
plausible explanation for the recent collapses of the cod populations in
the Northwest Atlantic (De Roos and Persson, 2002). Drastic ecosystem
changes, especially involving cod’s major prey species in the area,
capelin, have been observed in the Northwest Atlantic after collapse of
the cod stocks in the early 1990s (Carscadden et al., 2001). The food
chain model with negatively size-selective predators predicts that after
the collapse of the cod population (i) the total capelin biomass should be
higher, while (ii) its size distribution should be more stunted, and (iii)
reproducing capelin should be smaller. These predictions are in line
with the observed changes in the capelin population after the cod col-
lapse (Carscadden et al., 2001). If applicable, the model might explain
why the cod populations in the Northwest Atlantic have failed to recover
from their collapse even after imposing a ban on commercial cod fish-
eries in the beginning of the 1990s.

Through emergent facilitation, predators that forage on larger juvenile
and adult consumers may be able to persist under a significantly wider
range of conditions in the presence of predators foraging on smaller
juveniles. Adult-specialized predators, which exclusively forage on adult
prey, can even not persist at all in the absence of predator species that
forage on juvenile prey (juvenile-specialized predators). These results
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reveal the very different roles that juvenile- and adult-specialized pred-
ators play in structuring the ecological community they are part of.
Juvenile-specialized predators are predicted to have a much larger influ-
ence on the size-distribution of their prey, open up possibilities for other
predator species and thus promote the diversity of ecological communi-
ties. Persistence of adult-specialized predators, on the other hand,
requires the presence of other predator species, which makes them
dependent on ecological diversity. On the basis of these insights it might
also be hypothesized that predators, which are specialists on the adults
of a single prey species, will not exist or at least be rare in comparison
with specialists on juveniles of a single prey species. We postulate that
adult-specialized predators will tend to be generalists, living from a
range of different prey species, while specialist predators will either
forage on all stages of their prey or primarily on juveniles.

Through changes in size distribution and emergent facilitation in par-
ticular, individual growth and development may thus lead to a cascading
dependence of consumers within a trophic level on each other’s pres-
ence, as is shown in this chapter. In addition, since juvenile stages of
predators often forage on the same resource as their future prey, these
facilitating effects may indirectly also affect species at higher trophic
levels. Many consequences of food-dependent individual growth and
development on the structure of ecological communities therefore
remain to be uncovered in future studies.
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3.3 | LINKING FLEXIBLE
FOOD WEB STRUCTURE
TO POPULATION
STABILITY:

A THEORETICAL
CONSIDERATION ON
ADAPTIVE FOOD WEBS

Michio Kondoh

In nature a large number of species are connected by trophic interactions,
resulting in a complex food web network (Warren, 1989; Winemiller, 1990;
Martinez, 1991; Polis, 1991). Ecological theory, on the other hand, often
derived from dynamic mathematical models suggesting that populations
are less stable in more complex food webs (May, 1972; Pimm, 1991).
According to theory, a population is more likely to become extinct if it is a
component in a web with more species (May, 1972; Gilpin, 1975; Chen and
Cohen, 2001a), denser trophic links (May, 1972; Gilpin, 1975; Chen
and Cohen, 2001a), longer chain length (Pimm and Lawton, 1977), or
more omnivory links (Pimm and Lawton, 1978). If, as theory predicts, com-
plexity destabilizes populations, complex food webs should not persist and
their occurrence should be infrequent in nature. The apparent contradic-
tion between observation and theory gives rise to the challenging question
of how populations persist in complex food webs (DeAngelis, 1975; Lawlor,
1978; Yodzis, 1981a; de Ruiter et al., 1995; McCann et al., 1998; Haydon,
2000; Chen and Cohen, 2001a; Neutel et al., 2002; Kondoh, 2003a, b).
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The majority of theoretical studies encompassing the complexity-
stability issue have assumed, either explicitly or implicitly, a static food
web linkage pattern (May, 1972; DeAngelis, 1975; Gilpin, 1975; Pimm
and Lawton, 1977; Lawlor, 1978; Pimm and Lawton, 1978; Yodzis, 1981a;
de Ruiter et al., 1995; Haydon, 2000; Neutel et al., 2002). In these studies
a food web model, from which population dynamics are evaluated, is
usually constructed with given architectural characteristics such as con-
nectance, link distributions, and interaction strengths. The theoretical
contribution of this “static architecture” approach in food web studies is
unquestionable. It provides a clear insight into how food web architec-
ture affects population dynamics and has catalyzed fruitful discussion
on complexity-stability issues. At the same time, this approach has con-
strained our consideration of various ecological questions to these lim-
ited cases where the basic architecture of food webs does not change
over time (Paine, 1988). This is despite the well-recognized fact that a
food web changes its linkage pattern over time and that food web com-
plexity can be timescale dependent (Winemiller, 1990).

One of the forces that drive structural changes of food webs is adapta-
tion, a distinguishing characteristic of living organisms. Adaptation
occurs, at least, at two different biological levels—population and indi-
vidual. A population consists of individuals with varying genotypes
whose relative abundances change over time according to their relative
contributions to the next generation. This results in phenotypic shifts at
population level. At individual level, organisms learn through their expe-
rience and modify their behavior (Hughes, 1990). If a trait that influ-
ences the strength of trophic interactions is controlled by adaptation,
then the food web architecture should change in a way that is favored by
the adaptation. Such adaptation-driving changes in food web structure
potentially influence population dynamics (Holling, 1959a; Abrams,
1982, 1984, 1992) and thus complexity-stability relationship (Pelletier,
2000; Krivan, 2002; Kondoh, 2003a, b).

An example of an adaptive behavior that modifies trophic interac-
tions and food web architecture is predator diet choice (Emlen, 1966;
MacArthur and Pianka, 1966). A predator often only consumes diets with
higher quality or quantity from a set of available nutritionally-
substitutable diets (Stephens and Krebs, 1986). Food web models with
even relatively simple structure suggest that food web flexibility arising
from foraging adaptation has a major effect on population dynamics
and community structure (Tansky, 1978; Teramoto et al., 1979; Holt,
1983; Sih, 1984; MacNamara and Houston, 1987; Wilson and Yoshimura,
1994; Abrams and Matsuda, 1996; Sutherland, 1996; Holt and Polis, 1997;
McCann and Hastings, 1997; Krivan, 2000; Kondoh, 2003a). Adaptive diet
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shift not only inhibits rapid growth of prey, but it also allows minor prey
to rally without predation pressure and thus not fall to levels too close to
zero. This prevents apparent competition (Holt, 1977) leading to species
extinctions (Tansky, 1978; Teramoto et al., 1979; Abrams and Matsuda,
1996), and enhances coexistence of intraguild prey and predator (Holt
and Polis, 1997; McCann and Hastings, 1997; Krivan, 2000) or competing
prey species (Wilson and Yoshimura, 1994; McCann and Hastings, 1997).

In this study, I use a food web model that incorporates both popula-
tion dynamics and adaptive dynamics to show how adaptive diet choice
alters the previously-held static view of the complexity-stability relation-
ship. In the model presented in this study, food web architectural prop-
erties such as connectance, link distribution, and interaction strength
are not given a priori. Instead, they emerge as a consequence of foraging
adaptation, which determines actual diets that are used from a given
potential diet range. The complexity-stability relationship is determined
by (i) examining how population stability changes as organisms’ capa-
bility of foraging adaptation and basic food web architecture (which
defines potential prey range) changes; (ii) by identifying key structural
properties that characterize adaptive food webs and show how these
structural properties are influenced by changing adaptation capability
or potential connection; and (iii) by taking these results together to pre-
dict the emerging relationships between the food web’s structural prop-
erties and population stability.

MODEL

Consider a food web comprising of B basal species and (N -B) non-basal
species. The former are self-reproducing and have no resource species
within the web, while the latter species rely energetically on other
species. Each species is characterized by a species-specific body size,
V. (i = 1 to N), which determines its trophic role (Warren and Lawton,
1987; Cohen et al., 1993a) and physiological characteristics (references
in Yodzis and Innes, 1992). A body size is chosen from the lognormal dis-
tribution (m = 0.5630 and SD = 2.2152) representing aquatic inverte-
brates (Cohen et al., 1993a). The smallest B species are assumed to be
basal species. Species are numbered in size order from the smallest
species 1 to the largest species N.

Trophic links are potential links that may be activated or inactivated
according to an organism’s diet choice. The potential trophic roles of
two directly connected species are determined by their relative body
sizes: the larger species consumes the smaller one (note that this
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generates cascade-model-type food webs, Cohen et al., 1990a). There is
no cannibalism. To confirm that every non-basal species has at least
one potential resource species, a species with smaller body sizes is ran-
domly chosen from a web as a resource for each non-basal species. As I
consider a web with only one basal species (B = 1) in the present chap-
ter, this assumption prevents a basal species without a consumer. In
addition, with this assumption, all species are included in a single food
web and separated food webs are never generated. Each of the remain-
ing [N (N-1)/2 — (N-B)] pairs is connected with connection probability
C. Thus, expected potential connectance (L / S?) of a food web with
N species and connection probability C is given by [C {N (N-1)/2 -
(N-B)} + (N-B)] / N2
The dynamics of biomass of species i (1. .. N), X, is described by:

dx;

—L=X; X;
t

1- 21| - T+E-F
K

i

R; (1)

where R, is set to a maximum production rate, J; (> 0), for basal species (i
=1 to B) and to 0 for non-basal species (i = (B+1) to N); K, is the basal
species’s carrying capacity; T, represents the biomass loss by respiration;
E, and F, are biomass gain and loss due to consumption, respectively,
and are given by:

)

}, 3

respectively (Type II functional response, Holling, 1959a). J, is the max-
imum production rate; /; is the inverse of the metabolization rate (> 1);
f;.j (£1) is the foraging efficiency of species i on resource species j; a i 1
the foraging effort of species i allocated to resource j; H, is the half-sat-
uration value. The parameters are set to the following values: I, =
1/0.85, T; = 0.005 V%%, J. = 0.097 V%%, and represent carnivorous
invertebrates (Yodzis and Innes, 1992). For simplicity, I present the
result for this restricted setting, although the assumption on assimila-
tion efficiency, metabolic rate or body size distribution, which affect
the parameterization, could affect the dynamics (Yodzis and Innes,
1992).

E;=]J; Zfijaijxj/[ Zaszj+Hi

j € sp. i's resource j € sp. i's resource

and

E: 2 [I]]]f],aﬂX]/[ Zaijk+Hj

j € sp. i's consumer k € sp. j's resource
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I assume that predator species can increase the predation rate by allo-
cating their foraging effort to a prey species, but this is associated with a
decrease in their foraging effort to the other prey species. To represent
this situation, I assume that a non-basal species has a fixed amount
of foraging effort Za,-j: const. = 1|, which is distributed among

j € sp. i'sresource
potential prey species.

Further, I assume that a fraction F of non-basal species are adaptive
foragers. I assumed that an adaptive forager takes a simple rule to max-
imize the energy consumption per unit time. Adaptive foragers increase
its foraging effort to resource j if resource j's profitability (f;X,) is higher
than average profitability, while decreasing the effort if the profitability
is lower than the average. The dynamics of foraging effort of consumer
species i to resource species j is given by:

da;
t] =Ga;| [ X;- 2y fu Xi | 4)

d k € sp. i'sresource

where G, the adaptation rate of consumer i., which is, for simplicity, set
to a constant value, G = 0.25. The major result does not change if G is suf-
ficiently high.

Species whose abundance becomes sufficiently small (< 10-!%) were
removed and represent species extinction. The following initial values
are used: 0 < fij <1, aij(O) = 1/(potential number of sp. i’s resource species),
0 < X;(0) < 1. The probability that the initial abundance falls below the
extinction threshold is negligibly low.

THE PARAMETER-DEPENDENCE OF POPULATION
STABILITY IN ADAPTIVE FOOD WEBS

To evaluate the effect of foraging adaptation and food web characteris-
tics on population stability, I created 10,000 food web models with vary-
ing adaptation levels (F) and parameters representing food web
structure (N and C), and evaluated population persistence in these
webs. Population persistence (P,), defined as a probability that a species
randomly chosen from the N-species community does not become
extinct within a given time period, is given by [In Pp(C, N)=InP(C,N)/
N], where P_ is a probability that no species become extinct within a
given time period (T = 10°) and is directly measured by the simulations.

Adaptation has a major impact on the effect of connection probability
(C) on population persistence (Figure 1). In the absence of adaptive foragers
(F = 0), the effect of increasing C on population persistence depends on
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FIGURE 1 | The relationships between connection probability, (C) and population
persistence with varying fractions of adaptive foragers, F (0, 0.25, 0.5, 0.75. 1) and
species richness, N (3-8). Increasing adaptive foragers fraction inverses the negative
relationships between C and population persistence into positive ones. K;=1. B=1.

species richness (V). When N = 3, increasing C enhances population per-
sistence. When N > 3, increasing C always decreases population persist-
ence. It is notable that the negative relationship is partly affected by the
straightforward effect that a web with low C has more basal species with-
out consumer and thus less likely to lose a species. In the presence of
adaptive foragers (F > 0.25), in contrast, population stability always
increases with increasing C. The positive relationship is clearer as the
fraction of adaptive foragers, F, is higher.

EMERGING ARCHITECTURE OF ADAPTIVE
FOOD WEBS

As adaptive foragers may not utilize all potential diets, some potential
links may not be activated in a food web consisting of adaptive foragers.



3.3 | Emerging Architecture of Adaptive Food Webs

Indeed, a snapshot of adaptive food webs shows that only a small fraction
of potential links is activated while most links are silent (Figures 2 and 3).
The predicted pattern that connectance over a short time-scale (here-
after termed “short-term connectance”) is low is interesting because nat-
ural food webs are often characterized by many weak links and a few
strong links (Winemiller, 1990; Raffaelli and Hall, 1996; McCann et al.,
1998). The correspondence between natural food webs and the adaptive
food web model indicates that natural food web structure might be
shaped by foraging adaptation (Matsuda and Namba, 1991).

How short-term connectance changes with changing potential con-
nectance (C) depends on the fraction of adaptive foragers, F (see Figure 2).
In the absence of foraging adaptation, the short-term connectance is
identical to C as all links are activated. In the presence of adaptive for-
agers, although short-term connectance increases with increasing C, it
saturates at high levels. This implies that the fraction of silent links
increases with increasing C or increasing F.

The low short-time connectance does not mean that most trophic links
are not activated over a long time scale, because the activated links can
change their position within a web over time (see Figure 3). Such food
web reconstruction would be caused by, at least, two mechanisms. One is
intrinsic food web dynamics. A change in population abundance cat-
alyzes the reconstruction of food web architecture, and this drives further
changes in population abundances. This feedback between population
abundance and interaction strength may lead to fluctuating dynamics of
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FIGURE 2 | The relationship between connection probability (C) and short-term
connectance in varying fractions of adaptive foragers (F = 0.5, 0.75, 1.0). The broken
line represents the connectance when all potential links are activated (F = 0).
Standard deviations in short-term connectance increase with increasing C and
decreasing F. For F= 1, it is 0, 0.0168, 0.0213, 0.0261, 0.0258 and 0.0311 for C =0, 0.2,
0.4, 0.6, 0.8 and 1, respectively; for F = 0.5, it is 0, 0.0274, 0.0353, 0.0533, 0.0600 and
0.0545 for C=0, 0.2,0.4,0.6,0.8 and 1. K, = 1.
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FIGURE 3 | An example of (A) population dynamics, (B) adaptive dynamics, and
(C) structural changes of an adaptive food web with N =6 and C = 1. The carrying
capacity, K,, changes from 0.5 to 1.0 at T = 20000, representing an environmental dis-
turbance. The disturbance catalyzes fluctuation in population dynamics (A) and
adaptive dynamics (B), leading to dynamics reconstruction of food web architecture.
The short-term connectance (C) remains relatively constant over time. Panels (C1, 2,
and 3) show the snapshots of food web linkage pattern at 7= 15000, 21000 and 25000.
Other parameters are: F = 1, K, = 1. Trophic links with Aij > 0.01 are defined as “active”
in C.
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population and interaction strength, resulting in continuous reconstruc-
tion of food web architecture. The other is an extrinsic disturbance. The
parameters determining population dynamics or adaptive dynamics,
such as intrinsic growth rates, carrying capacity and foraging efficiency,
are not constant, but are likely to change over time due to environmental
fluctuations. Such parameter changes would alter the population
dynamics or adaptive dynamics, and thus activate silent links.

In adaptive food webs, where the linkage pattern is continuously
reconstructed, the fraction of active links depends on the time scale of
observation (Figure 4). Consider an idealized adaptive food web with nei-
ther a species addition nor extinction; assume that any active trophic
links are detectable by an infinitely short observation (this is, of course,
not the case in reality). If the observation time is extremely short, the frac-
tion of active connection would be low, since, as previously mentioned,
most links are silent in this time scale. However, with increasing observa-
tion time, the probability that a link is activated during the observation
period increases as population fluctuates, caused by intrinsic dynamics
or environmental changes, may activate links that have been silent.
Consequently, with an increasing time scale, the connectance estimated
from the cumulative active links increases until it reaches an asymptote,

High accumulation rate
Long-term
(potential) 4= ====-= /
» connectance A
Q 1
& 1
©
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“g’ Flexibility
S i 1
O Short-term Low accumulation rate '
(snapshot) ¥ == === e e e e e e — Y-
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FIGURE 4 | Idealized connectance curve, showing how the connectance deriving
from the cumulative number of trophic links increases with an increasing observa-
tion time period. Connectance, L, is given as an increasing function of observation
time, ¢, with an upper limit of potential connectance. The function is characterized
by the following four indices: (i) Potential connectance (tlirpw L(9), representing
connectance including any possible trophic links. This is obtained by infinitely long
observation. (ii) Shot-term connectance (ILI? L(1)), which is an instantaneous con-
nectance measured by a snapshot observation. (iii) Flexibility (1 _tILI?OL(t)/ tl_iHL L(9),
defined as the ratio of short-term connectance to potential connectance.
(iv) Accumulation rate, defined as a rate at which the accumulation reaches the
potential connectance. The two lines show connectance accumulation curve with a
high and low accumulation rate.
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which represents the potential connectance. Note that by evaluating a
web with all species persisting I excluded the possibility that the con-
nectance might change for the temporal variation in species richness.

LINKING FLEXIBLE FOOD WEB STRUCTURE TO
POPULATION STABILITY

The connectance-stability relationship of adaptive food webs is different
from that of static food webs in two ways. First, the relationship can be
time-scale dependent, as the connectance of an adaptive food web
depends on time scale. Second, the connectance-stability relationship
can change depending on the factor that causes the inter-web variance
of connectance, which is potential connectance or adaptation level.
I start by summarizing the predicted relationships between connectance
over various time scales (short-term, long-term, and intermediate-term
connectance) and population stability for adaptive food webs.

First, changing C has opposite effects on population persistence in the
presence and absence of foraging adaptation. Noting that potential con-
nectance is identical to long-term connectance, this suggests that the
relationship between long-term connectance and population persis-
tence depends on adaptation level (Figure 5). In the absence of adapta-
tion, increasing C decreases population persistence, suggesting a
negative relationship between long-term connectance and population
persistence. In contrast, if adaptation level is high, a positive relation-
ship emerges. In adaptive food webs, populations are more stable in
food webs with species that have, and can discriminate between, wider
prey ranges on average.

Secondly, the relationship between short-term connectance and popu-
lation persistence depends on which factor creates the variance in
short-term connectance (see Figure 5). If the variance in short-term
connectance between food webs is caused by a variance in adaptation
level, the relationship should be negative. This is because lowering adap-
tation level increases short-term connectance while lowering population
persistence. If the variance in short-term connectance is due to a vari-
ance in potential connectance (C), the relationship depends on the adap-
tation level. In the absence of adaptation, short-term connectance is
identical to potential connectance and has a negative effect on popula-
tion persistence. Therefore, the relationship is predicted to be negative.
In the presence of adaptation, high short-term connectance indicates
high potential connectance and the relationship would be positive, as
increasing potential connectance stabilizes populations in this case.
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FIGURE 5 | Emergent relationships between food web properties (A, long-term con-
nectance; B, short-term connectance; and C, flexibility) and population persistence.
Each point represents the resultant values of a food web property and population
persistence for varying connection probability (C) between 0.0 and 1.0 with steps 0.2.
The different simbols represent no (F = 0; circle), intermediate (0.5; square), and
high fraction (1.0; triangle) of adaptive predators. In panel B, the rigid lines connect
the points with the same adaptive level at three levels, showing the connectance-
stability relationship resulting from a variance in potential connectance; the three
dotted lines connect the points with the same potential (long-term) connectance at
three levels (0.184, 0.306, 0.430), showing the connectance-stability relationship aris-
ing from a variance in adaptive level. Parameters are: N=7, K, = 1.

Finally, the relationship between intermediate-scale connectance and
population persistence is unclear. This is because it is unclear how
adaptation or C affects the frequency of food web reconstruction, which,
in turn, influences the accumulation rate (see Figure 4). However, it may
be possible to relate intermediate-scale connectance to population vari-
ability. In the presence of adaptive foragers, population fluctuation cat-
alyzes the reconstruction of food web structure and thus increases
connectance accumulation rate. This is likely to increase connectance
on an intermediate time scale. If potential connectance and adaptation
level are kept constant, temporal variability of population dynamics is
positively correlated with intermediate-term connectance. This suggests
a negative relationship between intermediate-scale connectance and
population variability.

In summary, a connectance-stability relationship cannot be deter-
mined without identifying the time scale of the connectance and the
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causal mechanism of the variance in the focal connectance. This
implies a difficulty in detecting a consistent relationship between food
web connectance and population stability. This is consequential
because connectance is a static property and therefore cannot capture
the dynamic feature of an adaptive food web. A possible way to detect a
consistent relationship between food web structure and population
persistence is not to use such a static index, but to use a more dynamic
index that incorporates how the structure of the focal food web changes
over time.

An example of such dynamic indices is food web flexibility, which is
defined as a fraction of inactive links in all potential links (i.e., 1 — [short-
term connectance]/[long-term connectance]). In the presence of adap-
tation a consumer does not use some potential resources in a short time
scale. Food web flexibility can be regarded as a fraction of such an
unused and alternative diet to which a consumer can change its energy
source when the focal resource becomes less available. The model analy-
sis suggests that the flexibility-stability relationship is consistently posi-
tive and not altered by which parameter’s variance creates the
connectance variance between food webs (see Figure 5). The positive
flexibility-stability relationship clearly shows that what is essential for
the population persistence in an adaptive food web is not the static
structure of who eats whom at a particular moment, but the dynamic
structure of how food web architecture can change over time.

DISCUSSION AND CONCLUSIONS

The dynamic food web models show that the adaptive nature of preda-
tor’s diet choice can have major impact on food web properties. If
adaptation is sufficiently quick, food web architecture changes in the
time scale comparable with that of population dynamics, providing food
web architecture with flexibility. This makes food web connectance
time-scale dependent and enhances population persistence. As a result,
there emerge the diverse connectance-stability relationships depending
on the time scale in which the connectance is measured and the causal
mechanism of the inter-web variance in the connectance. The general-
ity of these patterns is however still an open question. Various simplify-
ing assumptions might have affected the model outcomes or general
conclusions, although the major result is not altered by using food
web topology of random (Kondoh, 2003a, b), cascade (Kondoh, 2003a,
b), and niche models (Kondoh, in press, but see Brose et al., 2003),
using trophic interactions of Holling’s Type I and II (Kondoh, 2003b,
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unpublished data) functional responses, and different fractions of
species with a positive intrinsic growth rate (Kondoh, 2003a, b).

Understanding of population dynamics and complexity-stability rela-
tionship of food webs require more care to be paid to dynamic changes
in food web architecture. However, we know too little about how food
web architecture changes in nature, while we need information as to the
relative time scale of web reconstruction to population dynamics is the
essential determinant of the complexity-stability relationship. We need
future studies, which focus more on dynamic property of food webs to
show how strengths of trophic interactions change over time or how
macroscopic food web characteristic such as connectance depends on
the time scale of observation. In addition, it should be noted that the
present model is simplified, where all flexible trophic links change with
the same rate, G. However, in reality trophic links are likely to fluctuate
with varying rates (i.e., there is intra-web variance in the time scale of
food web reconstruction). Behavioral flexibility at individual level might
lead to higher adaptive rate than evolution at population level; a shorter
generation time would again lead to a higher adaptive rate. This implies
that an empirical food web data may include both short-term con-
nectance and long-term connectance, and we cannot define the relative
time scale of trophic link dynamics to population dynamics at the whole
web level. It is important to extend the present theory to include such
variability within a web.
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Matthijs Vos, Bob W. Kooi, Don L. DeAngelis,
and Wolf M. Mooij

A variety of complementary approaches is required to understand the
structure and functioning of complex food webs. One approach is to
study the effects of important ecological mechanisms within relatively
simple food web modules (McCann et al., 1998; Polis, 1998; Persson et al.,
2001; Vos et al., 2001; Vos et al., 2002; Vos et al., 2004a; Vos et al., 2004b).
Once the isolated effects of such mechanisms are known, one can study
their combined effects (Abrams and Vos, 2003) and relative importance,
and test whether the results can be extrapolated to more complex com-
munities (DeAngelis et al., 1989a; Werner and Peacor, 2003; Vos et al.,
2004b).

Food webs are structures of populations in a given location organized
according to their predator—prey interactions. Interaction strengths and,
therefore, prey defenses, are generally recognized as important ecologi-
cal factors affecting food webs (Leibold, 1989; Power, 1992; Polis and
Strong, 1996). Despite this, surprisingly little light has been shed on the
food web-level consequences of inducible defenses. Inducible defenses
occur in many taxa in both terrestrial and aquatic food webs (Karban
and Baldwin, 1997; Kats and Dill, 1998; Tollrian and Harvell, 1999;
Vos et al., 2004b). They include refuge use, reduced activity, adaptive life
history changes, the production of toxins, synomones and extrafloral
nectar and the formation of colonies, helmets, thorns, or spines (Vos
et al., 2004a; Vos et al., 2004b). Here we briefly review the predicted
effects of induced defenses on trophic structure and two aspects of sta-
bility, ‘local’ stability and persistence, as well as presenting novel results
on a third, resilience. We consider differences between aquatic and ter-
restrial systems and discuss how inducible defenses cause flexible food
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web links and heterogeneous food web nodes. We focus on an important
class of inducible defenses, those that are reversible (i.e., allow both
induction and relaxation of defenses). Reversible defenses include
refuge use and other anti-predator behaviors, colony formation and the
production of toxins, synomones, and extrafloral nectar. Well-known
irreversible induced defenses against visually hunting fish include a
reduced age and size at maturity in Daphnia zooplankters (Vos et al.,
2002, and references therein).

The stability of complex food webs has fascinated ecologists for
decades (McCann, 2000). The wide range of ways in which the term ‘sta-
bility’ has been used in ecology led Grimm and Wissel (1997) to conclude
that “the general term stability is so ambiguous as to be useless.”
However, it is possible to give precise definitions to three aspects of
stability: local stability, resilience, and persistence (Pimm, 1982;
DeAngelis et al., 1989b; DeAngelis, 1992a). The first, local stability, is the
tendency for a system to return to steady-state, following a perturbation.
Local stability is equivalent to the linearized equations having negative
(real parts of the) eigenvalues. Resilience can be defined as the rate at
which the system returns to steady-state (i.e., the inverse of the return
time). Persistence is the property of the food web maintaining all species
at positive densities bounded from zero, despite perturbations or inter-
nal factors that cause populations to undergo variations in numbers. We
will use minimum population densities as a measure for persistence.
When these stay further away from zero, populations have a smaller risk
of extinction under demographic stochasticity (McCann et al., 1998).

Here theoretical results for the effects of inducible defenses on trophic
structure and the three aspects of stability are reviewed. This is done, in
part, using bifurcation analysis, a type of analysis that is applied to non-
linear dynamic systems described by a set of ordinary differential (contin-
uous time) or difference equations (discrete time). In Kooi (2003) the
application of this analysis technique for small-scale food web models is
reviewed. Here we apply it to predator—prey interactions in which the prey
population has inducible defenses that depend on predation pressure.

Our bi- and tri-trophic food chain models (Vos et al., 2004a;
Vos et al., 2004b) are extensions of the classical Rosenzweig-MacArthur
model (Rosenzweig and MacArthur, 1963; Rosenzweig, 1971; see also
Kretzschmar et al.,, 1993; Abrams and Walters, 1996; Abrams and
Vos, 2003). Each prey population consists of two subpopulations: one
undefended and the other defended. Changes in the proportion of
defended individuals are modelled as flows between these subpopula-
tions depending on predator density. Predators consume both prey
types, but have a reduced predation rate on defended prey. We think of
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our bitrophic example system as consisting of algal prey (denoted as
plants) and herbivorous rotifers. It is represented by the differential

equations:
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Plant growth is logistic, with intrinsic rates of increase r, and carrying
capacity k in undefended (P)) and defended plants (P,). The trophic
interaction is a Holling type II functional response, where handling times
h,, may be increased and attack rates v,, may be decreased on defended
algae. Algae may show induced colony formation in the presence of her-
bivorous rotifers and cladocerans (Verschoor et al.,, 2004b) and this
defense is costly in terms of the increased sedimentation rate s,, of
colonies (Van Donk et al., 1999; Vos et al., 2004a; Vos et al., 2004b).
Modelling the costs of defenses in terms of reduced growth or an
increased natural mortality or sedimentation rate is largely equivalent.
The third and fourth terms in equations (1a) and (1b) show that the rates
of defense induction and decay may depend on herbivore density H, in a
sigmoidal fashion (Vos et al., 2004a). Parameter g, is the herbivore density
at which half the maximum defense induction rate is reached. Induction
substracts from the undefended part of the plant population and adds to
the defended part. Similarly, decay of defenses substracts from the
defended part and adds to the undefended part of the plant population.
These rates combine to affect the fraction of individuals in the popula-
tion that is defended at each moment in time. In permanent defense and
no defense scenarios only a single prey type is present (e.g., an algal strain
that is always single-celled or colonial, see (Verschoor et al., 2004b) and
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the induction/decay terms are lacking from equations (1a), (1b), and (1c)
(Vos et al; 2004a; Vos et al., 2004b).

TROPHIC STRUCTURE

The classical hypothesis of exploitation ecosystems (EEH) by
Oksanen et al. (1981) is based on a food chain model that assumes com-
plete top-down control of plants by herbivores in bitrophic systems and
of herbivores by carnivores in tritrophic systems. The EEH model predicts
enrichment to increase only herbivore density in bitrophic systems, and
only plants and carnivores in tritrophic systems. However, empirical data
on aquatic, terrestrial, and microbial food chains often show all trophic
levels increasing simultaneously in biomass in response to increasing
primary productivity (Akcakaya et al., 1995; Leibold, 1996; Brett and
Goldman, 1997; Kaunzinger and Morin, 1998; Chase et al., 2000b).

The discrepancy between EEH predictions and the outcome of field
studies requires the identification of ecological factors that are not pres-
ent in the Oksanen et al. (1981) model, but are important in governing
trophic level biomass responses in nature. Vos et al. (2004b) identified
inducible defenses as a potential mechanism and modified the
Oksanen et al. (1981) model to include undefended and defended types
at each prey level. Using the inducible defense model for bitrophic sys-
tems (i.e., equations 1a, 1b, and 1c), it was shown, in contrast to the EEH
model, that herbivore-induced shifts in the fraction of defended plants
caused the total plant biomass to increase in response to enrichment
(Vos et al., 2004b). Numerical results extended this conclusion to show
that inducible defenses may result in all trophic levels increasing in
response to increased primary productivity in tritrophic systems as well
(Vos et al., 2004b). Interestingly, Kaunzinger and Morin (1998) observed
all trophic levels to increase under enrichment in bitrophic and
tritrophic microbial food chains. This result remained unexplained in
that paper, as EEH type behavior was expected in that experiment. Vos
et al. (2004b) have hypothesized that consumer-induced changes may
have caused this pattern, as morphological changes are known to occur
in the genera Serratia and Colpidium that were used by Kaunzinger and
Morin (see Vos et al., 2004b, and references therein).

Future studies face the challenge of explaining the combined effects of
important ecological mechanisms on complex communities. Abrams
and Vos (2003) investigated the effects of adaptive processes (including
induced defenses) and density dependence in a full factorial analysis,
and showed that trophic level responses and the (in)determinacy of
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theoretical predictions are greatly affected by interactive effects of these
different mechanisms.

LOCAL STABILITY

It is a major question whether inducible defenses stabilize or destabilize
the interaction between plants, herbivores, and higher trophic levels.
Early empirical studies suggested that induced defenses might cause
population cycles in herbivores (Haukioja, 1980; Seldal et al., 1994).
However, such a destabilizing effect was not predicted in the pioneering
model work by Edelstein-Keshet and Rausher (1989). These authors ana-
lyzed a model in which herbivore densities were coupled to the level of
defenses in plants. In that model the dynamics of herbivores were not
coupled to plant densities. Although such a simplification may not be
realistic for many plant herbivore systems, the results are interesting in
that inducible defenses almost invariably resulted in a stable steady-
state. Only when herbivores exhibited an Allee effect could oscillations
be driven by the dynamics of inducible defenses (Edelstein-Keshet and
Rausher, 1989). A similar model by Lundberg et al. (1994) typically
showed oscillations that damped towards a stable equilibrium. Such sta-
bility occurred despite the fact that the relaxation of defenses introduced
a delay in this model. Ramos-Jiliberto (2003) also showed a stabilizing
effect of predator-induced reductions in prey vulnerability. This model
did not include time delays in the onset or lowering of defenses.

Interestingly, Underwood (1999) used a simulation model loosely
based on the analytical work of Edelstein-Keshet and Rausher (1989)
and showed that population cycles may occur when a substantial time
lag occurs between herbivore damage and an increase in the level of
resistance to herbivory. Underwood (1999) concluded that inducible
defenses may drive population cycles in herbivores. While this confirms
that oscillations may occur in models that incorporate inducible
defenses, the potential conclusion that inducible defenses drive such
oscillations requires that the inducible defense scenario be compared
with positive and negative ‘control’ scenarios in which defenses are per-
manent or absent. Such a comparison with fixed defense strategies was
not made in the previous analyses.

Vos et al. (2004a) used a modification of classical bitrophic and
tritrophic food chain models (Rosenzweig, 1971; Oksanen et al., 1981;
Kretzschmar et al., 1993) and showed that both stable equilibria and
cycles may exist in models with inducible, permanent, or no defenses.
The major point of Vos et al. (2004a) was that inducible defenses may
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prevent a paradox of enrichment (i.e., enrichment causing the system to
become unstable and oscillate) in both bitrophic and tritrophic food
chains, although such enrichment-driven instability existed in the cases
in which defenses were permanent or absent (Vos et al., 2004a). It was
shown analytically that the absence of a paradox of enrichment
depended on differences in handling times and/or conversion efficien-
cies on defended and undefended prey. Vos et al. (2004a) did not analyze
the effects of time lags. It would be interesting to extend their analysis of
(equations 1a, 1b, and 1c¢) to see whether such time lags would cause the
paradox of enrichment to return. Abrams and Walters (1996) analyzed a
bitrophic model that differed in two ways from the one by Vos et al.
(2004a); prey with induced defenses were assumed to be completely
invulnerable, and the induction and decay of defenses did not depend
on predator densities. That study also showed that a paradox of enrich-
ment may be absent when defenses are inducible.

PERSISTENCE

When the densities of all populations in a food web are bounded from
zero, the system is called persistent. Population persistence may be
approached from the point of view of the minimum predator population
densities reached when the prey have different types of defenses.
Underwood’s study (1999) showed that a sufficient strength of induced
resistance in plants may cause herbivores to go extinct. In some systems
herbivore mortality may increase considerably on plants with more
damage (West, 1985), but usually induced defenses do not make plants
or other prey species invulnerable (see Jeschke and Tollrian, 2000;
Vos et al., 2001; Vos et al., 2004a; Vos et al., 2004b).

Vos et al. (2004a) analyzed a bitrophic plant-herbivore model (i.e.,
equations 1) and showed that minimum herbivore densities were lower
in the inducible defense and permanent defense scenarios than in the
no defense scenario. In contrast, minimum densities were highest (at all
trophic levels) in the tritrophic inducible defense scenario. This result
points at potential differences between simple and more complex com-
munities. This prediction resulted from a numerical analysis that was
tuned to a specific planktonic system. Thus the result is not general, but
could indicate the potential consequences of defensive strategies for
population persistence in other systems.

Different types of inducible defenses, such as refuge use through diel
vertical migration (DVM), or predator-induced life history changes, may
differ substantially in their effects on persistence. Vos et al. (2002) showed
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that a behavioral defense, DVM, decelerated a Daphnia population
decline under heavy fish predation much more strongly than a reduced
size at first reproduction, which decreases the visibility of daphnids for
visually hunting fish. Staying down in the safe and dark hypolimnion was
predicted to have an even stronger protective effect (Vos et al., 2002).
Daphnids that stay in this refuge avoid the predation suffered by migrat-
ing daphnids around dusk and dawn. Previous models focused almost
exclusively on the effects of DVM versus remaining in the epilimnion.
Staying down was ignored in the theoretical literature, but has in fact
been observed within a variety of Daphnia clones and species, both in
the laboratory and in stratified lakes (Vos et al., 2002, and references
therein). This model study suggests that staying down as an induced
defense under peak predation pressure may prevent a population decline
altogether, thus greatly enhancing persistence in the prey population.

RESILIENCE

Here we investigate resilience in bitrophic systems with inducible, per-
manent, and no defenses. Our approach is to contrast resilience in these
defense scenarios along a gradient of primary productivities, as mea-
sured by the carrying capacity. Many studies have shown that nutrient
enrichment may increase the resilience of a system (DeAngelis, 1980,
1992a, and references therein), although DeAngelis et al. (1989a) have
warned that resilience may not always increase with nutrient inputs. The
general idea is that the rate of recovery of a system is often inversely
related to the turnover time of the limiting nutrient in the system
(DeAngelis, 1992a). Increased nutrient inputs should shorten recovery
times, that is, increase resilience.

Since defenses tend to decrease the flux of nutrients through a food
chain, we hypothesize that resilience will increase more slowly under
enrichment when defenses play an important role in the system. As an
introduction to our results, we first elucidate how several aspects of the
dynamics of food webs are connected to changes in eigenvalues of the
models that describe these webs.

Eigenvalues, Bifurcation Analysis, and Resilience

A food web can be described by a set of differential equations. To deter-
mine the behavior close to steady-state, the Jacobian matrix is obtained
(Case, 2000), in which the eigenvalues, 4, determine the dynamic behav-
ior after a perturbation from the steady-state. The steady-state is only
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stable when each of the eigenvalues has a negative real part. Thus there
is a clear link between local stability and the sign of real parts of eigen-
values (Case, 2000). When the steady-state is locally stable, the magni-
tude of the dominant eigenvalue (i.e., the eigenvalue with the largest real
part) determines how fast the system returns to the steady-state follow-
ing a perturbation. This makes the dominant eigenvalue a direct mea-
sure for resilience.

It is important to note that the initial (transient) behavior of a per-
turbed system can be irregular. This depends on the type and direction
of the perturbation. Such transient irregularities do not play a role when
the sizes of applied perturbations for each population are proportional
to the eigenvector associated with the dominant eigenvalue. Such per-
turbations can easily be applied in theoretical studies, but not in exper-
iments in the laboratory or the field. A comparison of experimental and
theoretical results is facilitated most when a system is given the neces-
sary time to reach steady-state behavior (but note that transients may
be long).

Bifurcation analysis is aimed at detecting situations where the quali-
tative system behavior changes under parameter variation. Generally
such transitions occur when the real parts of one or more eigenvalues
are zero. Numerical bifurcation analysis packages calculate these transi-
tions by continuation (Kuznetsov and Levitin, 1997; Kuznetsov, 1998;
Kooi et al., 2002; Kooi, 2003). Bifurcations separate regions in parameter
space with qualitatively different behavior (e.g., stable steady-state, limit
cycles, or chaos).

Here we show the effects of different defense strategies on resilience
using the simplest possible food web module as an example: a bitrophic
predator—prey interaction (equations la, 1b, and 1c). This implies that
we focus on carrying capacities where both species can coexist (i.e.,
beyond the transcritical bifurcation, where a predator can invade a prey
population). We discuss only a system in stable steady-state. Therefore,
with increasing the carrying capacity we do not cross the Hopf bifurca-
tion, where the real part of the dominant complex eigenvalue becomes
positive and the system starts to oscillate. We will see that there is
another transition that occurs in the stable region between the transcrit-
ical and Hopf bifurcation, that is essential for our analysis of resilience.
It is not a bifurcation in its own right, but it marks the transition from a
stable node (the dominant eigenvalue is real and negative) to a stable
spiral (the dominant eigenvalue is complex with negative real part).
Following a perturbation, a system shows a monotonic asymptotic
return to a stable node, while it shows damped oscillations in the case of
a stable spiral.
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Figure 1 shows the effects of the carrying capacity, k, on (i) herbivore
density (top panel), (ii) total plant density (i.e., the sum of defended and
undefended plants), (iii) the fraction of defended plants, and (iv)
resilience (bottom panel). Resilience is defined as —Re 4, (i.e., minus real
part of the dominant eigenvalue). Inducible defenses, permanent
defenses, and no defenses in plants are indicated by solid, dashed, and
dotted lines respectively (Figure 1). The results for trophic structure are
more fully presented and discussed in Vos et al. (2004b).

Resilience when Defenses are Permanent or Absent

At low carrying capacity only the plant population can exist (Figure 1).
The herbivore population can attain a positive density (invade) above a
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FIGURE 1 | Trophic level abundances and resilience in bitrophic systems with
inducible defenses (solid lines), permanent defenses (dashed lines), or no defenses
(dotted lines). The top two panels show the total densities of herbivores and plants,
along a gradient of plant carrying capacities (k), a measure for primary productivity.
The panel below displays the fraction of defended plants in the inducible defense
scenario. Resilience is a unimodal function of the carrying capacity, as shown in the
bottom panel. All parameter values are as in Vos et al. (2004b).
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carrying capacity value called the transcritical bifurcation point (see
Figure 1, top panel). A higher carrying capacity is required for herbivore
invasion of a defended plant system. Increasing the carrying capacity
even further the Hopf bifurcation is reached, where the steady-state
becomes unstable.

Resilience is zero at the transcritical bifurcation and is zero again at
the Hopf bifurcation, since in both points the real part of the dominant
eigenvalue is zero (see Figure 1, bottom panel). Close to the transcritical
bifurcation point both eigenvalues are real and the steady-state is a sta-
ble node. Here the system’s asymptotic behavior after a perturbation is a
monotonic return to the steady-state. Close to the Hopf bifurcation both
eigenvalues form a conjugate pair and the steady-state is a stable spiral.
Here the system’s asymptotic behavior after a perturbation is a damped
oscillation. At some intermediate point both eigenvalues are real and
equal, which marks the transition from the stable node to the stable spi-
ral. In Hirsch and Smale (1974) this point is called a focus. At this point
resilience reaches a peak value, as can clearly be seen in Figure 1 (bot-
tom panel). In Neubert and Caswell (1997) this phenomenon was also
observed but not related to the occurrence of a focus. Further increases
in k cause the resilience to decrease sharply. This is in contrast with the
general idea that resilience is likely to increase with nutrient inputs.
DeAngelis et al. (1989a) studied a slightly different model and found also
that resilience increased monotonically beyond the transcritical bifurca-
tion. This earlier study used a Holling type III functional response, and
the parameterization allowed no oscillatory behavior. These model
characteristics probably caused the transition between a stable node
and a stable spiral to be absent. Our results show that resilience may ini-
tially increase with enrichment, at a faster rate, and to a higher level,
when defenses are absent (see Figure 1, bottom panel). This is in accor-
dance with our expectations. The sharp decrease in resilience beyond
the transition from a stable node to a stable spiral was a surprising
result. However, it is not difficult to see that such a decrease has to occur
in any system that can be destabilized by enrichment, since resilience is
by definition zero at the Hopf bifurcation.

Resilience when Defenses are Inducible

Now we focus on the case where the plant population consists of unde-
fended and defended individuals simultaneously. There is again a region
of carrying capacities where this food chain possesses a stable steady-
state. At the lower k values close to the transcritical bifurcation resilience
resembles that of the no defense scenario (see Figure 1, bottom panel,
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solid line). However, resilience quickly starts to resemble that of the per-
manent defense scenario as the carrying capacity increases. This is under-
standable, as the fraction of defended plants increases very rapidly to
almost one, with increases in k (see Figure 1, second panel from the bot-
tom). With further increases in k the inducible defense case has a
resilience that cannot be discriminated from the permanent defense case.
In this example, resilience reaches its maximum value at almost the same
carrying capacity in the inducible and permanent defense scenarios. In
other systems with inducible defenses, where the fraction of defended
prey might increase much more slowly with consumer density, resilience
could peak at a lower value of k than in the permanent defense scenario.
Resilience in systems with inducible defenses is strongly dependent on
the tuning of defense induction and decay to consumer densities.

In the inducible defense model scenario previously discussed, param-
eter values allowed a Hopf bifurcation to exist, implying that resilience
has to decrease towards zero, just as in the scenarios where defenses
were absent or permanent. However, for this inducible defense model
scenario a region in parameter space exists where the system cannot be
destabilised (Vos et al., 2004a). Then a focus point does not need to exist
and this allows a monotonic increase in resilience under enrichment, as
was observed in the study by DeAngelis et al. (1989a), where a Holling
type III functional response stabilized the system.

DIFFERENCES BETWEEN AQUATIC
AND TERRESTRIAL SYSTEMS

Although the examples previously discussed are based on an aquatic
system, the model also applies to terrestrial systems. This is not to say
that there are no differences between aquatic and terrestrial systems in
the way induced defenses act on consumers. In aquatic systems gape
limitation is very important, as many consumer species have no means
to tear their prey to pieces (Hairston and Hairston, 1993; Bronmark et al.,
1999). Algae, zooplankters, and fish are mostly ingested as whole indi-
viduals. Consequently, many inducible defenses in aquatic systems
involve morphological changes such as colony- and spine-formation
and deepened body shapes, that hinder handling and ingestion by gape-
limited consumers.

In contrast with algae, terrestrial plants are usually not consumed
as whole individuals. Plants may tolerate or compensate for tissue losses
due to herbivory. In addition, they may employ a variety of defenses. Direct
defenses include the production of toxins, while indirect defenses may
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involve the emission of volatiles that are attractive to natural enemies of
insect herbivores (Vet and Dicke, 1992; Dicke and Vet, 1999; Vos et al.,
2001). Feeding damage inflicted by insects may also increase the produc-
tion of extrafloral nectar that provides a sugar source to carnivores and
insect parasitoids (Wéckers et al., 2001; Wackers and Bonifay, 2004). This
type of positive effect between the first and third trophic level seems less
common, (or is less studied) in aquatic food webs.

Our theoretical work indicates that it is important, both in aquatic and
terrestrial systems, whether induced defenses have a stronger effect on
handling times or attack rates, as these have differential effects on func-
tional responses and community dynamics (Jeschke and Tollrian, 2000;
Vos et al., 2001; Vos et al., 2002; Vos et al., 2004a; Vos et al., 2004b). The
duration of delays in the onset and decay of defenses, and consequently
their effects on stability, may differ strongly between fast species such as
aquatic algae and much slower terrestrial species such as trees.

HETEROGENEOUS FOOD WEB NODES
AND FLEXIBLE LINKS

Inducible defenses modulate interaction strengths between predators and
prey, because the induction and decay of defenses respond to consumer
densities. Prey may ‘estimate’ predation risk through the concentration of
predator-released kairomones and through chemical cues from crushed
conspecific prey (Hagen et al., 2002; Stabell et al., 2003). Predator-induced
changes occur in many prey species. Kats and Dill have reviewed responses
to predator odors in more than 200 animal prey species (Kats and Dill,
1998; also see Tollrian and Harvell, 1999). Similarly, Karban and Baldwin
(1997) have reviewed induced resistance in more than 100 plant species.
Such induced responses to consumer densities have probably been fine-
tuned by natural selection and may be a structuring force on the distribu-
tion of interaction strengths in natural food webs.

We use Figure 2 to exemplify how induction-mediated variability and
heterogeneity in prey species modulate interaction strengths in a food
web. Our simplified food web example consists of a fish top predator
(Perca) that predates on an invertebrate predator (Chaoborus) and on
waterfleas (Daphnia) that consume algae (Scenedesmus). In this system
both daphnids and algae may employ morphological defenses, while
Chaoborus and Daphnia may both use a refuge against fish predation.
When consumer densities are low, all prey species are undefended and
per capita feeding rates are high (Figure 2A). When consumer densities
increase, defenses are induced. Part of the Chaoborus and Daphnia
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FIGURE 2 | Trophic interactions in a simplified food web, when prey are (A) undefended, (B) have induced defenses, or (C) are com-
pletely defended. Defenses and intraspecific heterogeneity in prey vulnerability determine which links are present and how strong they
are. Thickness of arrows represents the strength of per capita feeding interactions. Inducible defenses are predator-density dependent.
This causes variability in the fraction of defended individuals in prey food web nodes, when predator abundance changes. Species in
this food web example are Perca (zooplanktivorous fish), Chaoborus (invertebrate predator), Daphnia (herbivorous zooplankton), and
Scenedesmus (green alga). In this example, both Chaoborous and Daphnia can make use of a refuge from fish predation. Induced mor-
phological defenses include spine formation in daphnids and colony formation in algae.
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populations now occupy the spatial refuge and part of the algae and
Daphnia develop morphological defenses. Individual consumers have
different feeding rates on the different ‘defense classes’ within each prey
population (see Figure 2B). In the extreme case that all prey are mor-
phologically defended or in the refuge, some feeding links may disap-
pear altogether (see Figure 2C). This might reduce consumer densities to
the extent that the system returns to the situation in scenario (B).

Here we have focused on the differential effects of three defense strate-
gies on trophic structure and several aspects of community stability.
Changes in traits of a species, as occur in the case of inducible defenses,
may have both direct and indirect effects on the traits and densities of
other species in the food web. Determining the relative magnitude of
direct and indirect effects remains a fascinating issue in food web theory.
Abrams (1995), Werner and Peacor (2003), Bolker et al. (2003), and Peacor
and Werner (2004) provide excellent overviews of the main ideas and
results on direct and indirect interactions in relation to variable traits.

DISCUSSION AND CONCLUSIONS

Heterogeneous Nodes, Flexible Links,
and Food Web Dynamics

Faced with the brimming complexity of natural food webs (Polis, 1998),
it is tempting to ignore variation within populations. Lumping individu-
als, or even different species, into single food web nodes simplifies and
homogenizes our view of food webs. However, the work presented here
suggests that heterogeneity, as caused by induced defenses in prey
species, has major effects on the functioning of food webs. Inducible
defenses occur in many species in both aquatic and terrestrial systems
and theoretical work indicates they have major effects on important
food web properties such as trophic structure, local stability, persis-
tence, and resilience. All of the theoretical results presented here can be
tested in experimentally assembled plankton communities, using
strains and species that have inducible, permanent or no defenses.
Preliminary experimental results show highly replicable differences in
the dynamics of such communities and strong effects of 