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Summary

1. Recent efforts to understand how the patterning of interaction strength affects both
structure and dynamics in food webs have highlighted several obstacles to productive
synthesis. Issues arise with respect to goals and driving questions, methods and
approaches, and placing results in the context of broader ecological theory.

2. Much confusion stems from lack of clarity about whether the questions posed relate
to community-level patterns or to species dynamics, and to what authors actually mean
by the term ‘interaction strength’. Here, we describe the various ways in which this term
has been applied and discuss the implications of loose terminology and definition for
the development of this field.

3. Of particular concern s the clear gap between theoretical and empirical investigations
of interaction strengths and food web dynamics. The ecological community urgently
needs to explore new ways to estimate biologically reasonable model coefficients from
empirical data, such as foraging rates, body size, metabolic rate, biomass distribution
and other species traits.

4. Combining numerical and analytical modelling approaches should allow exploration
of the conditions under which different interaction strengths metrics are interchange-
able with regard to relative magnitude, system responses, and species identity.

5. Finally, the prime focus on predator—prey links in much of the research to date on
interaction strengths in food webs has meant that the potential significance of non-
trophic interactions, such as competition, facilitation and biotic disturbance, has been
largely ignored by the food web community. Such interactions may be important
dynamically and should be routinely included in future food web research programmes.
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Introduction

Food webs have long been a central concept in ecology
and are useful because they provide tractable abstrac-
tions of the complexity and interconnectedness of nat-
ural communities that potentially transcend system-
specific detail. While potentially unifying, the food web
concept has proved scientifically divisive over the past
three decades. Those interested in predicting species
population dynamics have suggested that the structure
of unweighted links alone tells little about the outcome
of a species perturbation (Levine 1976; Holt 1977;
Paine 1980; Vandermeer 1980; Abrams 1987; Paine
1988; Polis 1991), while others claim that generalities
in unweighted link structure transcend the spatially
and temporally variable details of individual species
dynamics (Cohen 1978; Briand & Cohen 1987; Sugihara
et al. 1989; Cohen et al. 1990; Martinez 1994).

The discovery of keystone predation was among the
first empirical examples that demonstrated dramat-
ically how unweighted link structure by itself is not
a good predictor of species and population dynamics
(Paine 1969, 1974, 1980). Ironically, this example is
also one of the first to illustrate the critical dependence
of dynamics on web structure. Keystone predation
is not a single strong predator—prey interaction,
but rather a particular configuration or structural
organization of strong and weak links: strong preda-
tion, relative to other predators of that guild, on a
competitively dominant prey species. It demonstrates
how a combined knowledge of both web structure and
interaction strengths is a key to understanding how
ecological communities function. Characterizing and
abstracting this relationship between web structure,
interaction strengths and population dynamics allowed
others to identify the presence (or predictable absence)
of keystone effects in other sites and communities
(Estes & Palmisano 1974; Lubchenco 1978; Castilla &
Duran 1985; Paine et al. 1985; Carpenter & Kitchell
1993).

General patterns of food web structure also appear
to be an emergent property of dynamical constraints
on species interactions (e.g. Bastolla ez al. 2001; Drossel
et al. 2001; Fox & McGrady-Steed 2002; Montoya
& Solé 2003). With interaction strengths assigned at
random from a specified distribution, early theoretical
work suggested that weak interactions are necessary for
diverse systems to be stable under certain mathematical
conditions (May 1972, 1974; Cohen & Newman 1984,
1985). More recent work suggests that non-random
patterning of strong and weak links can be critical for
the stability or persistence of theoretical and empiri-
cally observed complex communities (de Ruiter ez al.
1995; Polis & Strong 1996; Haydon 2000; Kokkoris
et al. 2002; Neutel et al. 2002). Additionally, not only
stability but also ecosystem functions might be strongly
mediated by the arrangement of interaction strengths
(Mikola & Setéld 1998; Duffy 2002; Montoya et al.
2003).

Together these advances suggest that understanding
the causes and consequences of interaction strength
structure in ecological networks may help bridge the
gap between food web patterns and dynamics. However,
recent efforts to do so have also raised issues that pose
obstacles to productive synthesis. Here we articulate
potential issues that have arisen at each general stage of
scientific inquiry: (1) goals and driving questions; (2)
methods and approaches; and (3) placing results in
the context of broader ecological theory. We use illus-
trative examples to identify opportunities for progress.

Issue and opportunities
GOALS AND DRIVING QUESTIONS

Issues

Animportant underpinning of the historic gap between
studies of structural food web patterns and those of popu-
lation dynamics lies in different basic goals and levels of
questioning. The former identify general community-
level attributes that characterize natural systems or
systematic variation among habitats (e.g. Pimm
et al. 1991; Martinez 1992; Hairston & Hairston 1993;
Schmid-Araya et al. 2002a; Williams et al. 2002). The
latter seek to understand what underlies the relative
importance of different links and processes that deter-
mine the population variation within and among com-
munities (e.g. Menge & Sutherland 1976, 1987; Polis &
Strong 1996; Ives et al. 1999a; Petchey 1987; Carpenter
et al. 1987). Confusion and miscommunication arise
from the fact that different kinds of questions are being
asked by the two approaches, as illustrated by the two
different categories of questions asked about interac-
tion strengths in food webs:

1. Questions about community-level patterns. For
example: (a) Are natural systems characterized by a
predictable non-random patterning of interaction
strengths? (b) What are the underlying mechanisms that
generate non-random patterns of interaction strengths?
(c) What are the consequences of this patterning
for community-level functions, such as stability and
persistence?

2. Questions about species-specific dynamics. For
example: (a) What is the minimum detail necessary to
predict the effects of a change in abundance or extinc-
tion of one species on other species abundances or
extinctions in the web? (b) Which particular species
have disproportionately large effects on community
structure and species’ population dynamics? (¢c) Which
species are particularly vulnerable to extinction?

Opportunities

The debate about the best way to characterize species
interactions is often a debate about what questions are
more interesting. Often, however, one approach cannot
answer all questions, and each approach must be
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evaluated in light of the type of question it addresses.
For example, if the goal is to predict community
changes resulting from a species removal, statistical
Markov models may be a useful approach even though
they do not clearly shed light on the patterning of inter-
action strengths or the exact mechanisms of change
(e.g. Wootton 2001).

Being clear about driving questions and their under-
lying assumptions facilitates communication among
different research programmes (Austin 1999). This
awareness is a critical first step for identifying synthetic
opportunities where apparently divergent lines of research
are actually two sides of the same coin. It encourages
additional lines of inquiry into how these different
questions are related. For instance, when does one level
of questioning provide insights into another? Is there a
third line of questioning that could provide a unifying
framework for all? Thus, in the case of interaction
strengths, recent integrative studies have shown that
body size, temperature and stoichiometry are critical
determinants of rate processes in organisms, including
the most fundamental process underlying trophic inter-
actions, metabolism (West et al. 1997; West et al. 1999;
Belgrano et al. 2002; Sterner & Elser 2002). Under-
standing how the distribution of body sizes, population
abundances and predator-prey body size ratios
constrain trophic links and interaction strengths may
provide a foundation that could simultaneously explain
community-wide patterns of interaction strength struc-
ture, predict species-specific deletion effects and
identify dynamically important species (e.g. Yodzis &
Innes 1992; Sala & Graham 2002; Cohen et al. 2003;
Emmerson & Raffaelli 2004).

METHODS AND APPROACHES

What is meant by ‘strong” and ‘weak’ interactions?

Issues. A number of studies have observed that weak
interactions prevail in natural communities (Power
et al. 1996; Paine 1992; Fagan & Hurd 1994; de Ruiter
et al. 1995; Raftaelli & Hall 1995; Wootton 1997; Sala
& Graham 2002; Navarrete & Castilla 2003). This pat-
tern has been observed in field experiments, matrix
analyses of food webs and numerical simulations
of random and evolved food webs and competitive
communities (De Ruiter et al. 1995; Ives et al. 1999a;
Kokkoris et al. 1999; Quince et al. 2003). Similarly, the
importance of weak interactions for dynamic stability
and species coexistence has been suggested from matrix
analyses of soil food webs, numerical simulations of
small and large webs and experimental manipulations
(McCann et al. 1998; Polis 1998; Berlow 1999; McCann
2000; Neutel ez al. 2002; Montoya & Solé 2003). How-
ever, these studies actually measure different things
with the most, or only, consistent aspect being the use
of the words ‘interaction strength’. Laska & Wootton
(1998) clearly articulated one aspect of this problem:
what theoreticians call interaction strength is generally

not what empiricists measure in the field. However,
even within theoretical or empirical investigations there
exists a diversity of measures of link weight, or inter-
action strength (Table 1). These include: (1) elements
of theinteraction matrix; (2) elements of the community,
or Jacobian, matrix; (3) elements of the inverse Jacobian
matrix; (4) biomass flux; (5) relative prey preference; (6)
maximum consumption rate; (7) consumption frequency;
(8) non-linear functional response of consumption with
respect to prey and/or predator abundance; (9) link
density; (10) perturbation effects on population abund-
ances, variability or secondary extinctions; and (11)
statistical correlations among population abundances
(Table 1). Appendix I summarizes some important
characteristics of commonly used theoretical measures
of interaction strength. A critical problem with using
a common word for these different aspects of link
weighting is that it may generate unnecessarily false
or misleading predictions about the effects of strong or
weak interactions in a community. For example, strong
consumption intensity by a predator, or large energy
flow from prey to predator, is not necessarily a good
predictor of large dynamical effects on prey abundance
(e.g. Paine 1980; Paine 1988; Lawton 1990; Raffaelli
2000; Navarrete & Castilla 2003), nor is it necessarily a
good predictor of strong interaction coefficients in
the community matrix (e.g. de Ruiter et al. 1995). Sim-
ilarly, strong interaction coefficients in the community
matrix, which are defined by small perturbations, may
not necessarily predict strong effects of a large pertur-
bation such as a species addition or removal (e.g. Yodzis
1988; Abrams et al. 1996; Woodward & Hildrew 2001).

Opportunities. Differences among studies in what they
measure as interaction strength highlight differences
between the two classes of questions described above.
In this respect, the various kinds of interaction strengths
can be distinguished into two categories: (1) inter-
action strengths that refer to the property of an indi-
vidual link (e.g. the Jacobian matrix element, specific
maximum feeding rates, biomass flow along on e link,
etc.); and (2) interaction strengths that refer to the
impact of a change in the properties of one link or of
a set of links (e.g. all links to and from a given species)
on the dynamics of other species or on the functioning
of the whole system (Table 1). The second category
includes the majority of field and microcosm perturba-
tion experiments. [t is important to remember that even
if studies are focused on a single interaction, the outcome
of small press perturbations will always be a whole
system response (e.g. Bender et al. 1984; Yodzis 1988).
Thus, in the first category individual interaction
strengths are independent of the network, in the second
category they are in theory inseparable from their
network context. Given this distinction, it is important
to understand whether and how these different kinds of
interaction strengths are related. Previous attempts to
translate pertubation interaction strengths into
individual link properties have proved problematic (see



Table 1. Multiple theoretical and empirical metrics of interaction strength in food webs

Interaction
strength Level of
metric What it measures measurement Advantages Disadvantages Example references
Interaction Interaction coefficients Property of Can be explicit coefficients ~ The distribution of elementsin ~ Kokkoris e al. (2002)
matrix (o) ina individual link in a L-V equation the interaction matrix does not
Lotka—Volterra Includes non-trophic necessarily predict the
multispecies competition interactions distribution of elements in the
model Simple relationship with ‘community matrix’
Can be generalized to the the community matrix Assumes linear functional
partial derivative of one under some circumstances  responseorconstantinteraction
species’ per capita growth Facilitates cross-system strength for each directed link
rate with respect to small comparison because Measures effects of very small
changesinanother species’ the coefficients are perturbations, and thus may
abundance (see independent of population  not always apply to large
Appendix I) size perturbations typical of most
Units: (n7't™) empirical studies
Community See Appendix I Property of Includes non—trophic Only valid in a small vicinity of ~ de Ruiter ez al. (1995)
(Jacobian) Partial derivative of one  individual link interactions the state where it is calculated Schmitz (1997)
matrix species’ growth rate with Analytically tractable Local stability analysis at Ives et al. (1999a)
respect to small changes At equilibrium, it gives equilibrium may not inform
in another species’ information about local global stability in response to
abundance stability large perturbations and non-
Units: (™) Can be measured at any equilibrium situations
state, although may not Values depend on species’
give information about population size
stability at a non- Assumes linear functional
equilibrium one response or constant interaction
strength for each directed link
Measures effects of very small
perturbations, and thus may
not always apply to large
perturbations typical of most
empirical studies
Inverse Changeintheequilibrium ~ Whole system Similar to a typical ‘press’  Similar to the interaction Bender et al. (1984)
interaction density of one speciesin  response perturbation experiment matrix Yodzis (1988)
matrix response to a change in
the carrying capacity of
another species (see
Appendix I)
Units: (nt)
Total direct and indirect
effects of one species on
another
Non-linear Number of prey Property of Interaction strength more ~ Real form in nature unknown  Beddington (1975)
functional consumed as a function  individual link realistically varies with Non-linear function makes Abrams & Ginzburg
response of prey density and prey and predator density  analytical solutions difficult (2000)
predator density or Critical for parameterizing  unless clear equilibrium exists ~ Ruesink (1998)
predator—prey ratios dynamic models Doesnotmeasure prey response
‘Top-down’ measure of Difficult to measure forallbuta
consumption intensity few interactions, and difficult
Various units to measure in an uncontrived
(or natural) setting
Relative prey Fraction of a predator’s  Property of Easy to tune in a dynamic ~ Limited tonumerical simulation ~ Yodzis & Innes (1992)

preference maximum consumption  individual link model Difficult to interpret simulations ~ McCann et al. (1998)
rate that is targeted toa  when assigned a  Standardizes all IS relative  because strengthening one link
specific prey item valuein amodel  to maximum Empirically simultaneously weakens another
Top-down measure of Whole system tractable Doesnot measure prey response
consumption intensity property when Snapshot in time, will probably
measured vary with the presence/
empirically abundance of alternate prey
Maximum Measures maximum Property of Isolates potential direct Ignores functional response Sala & Graham (2002)
consumption consumption per unit individual link effect on prey Does not measure prey
rate time on fixed abundance A model parameter thatis  response

of prey

Measures ‘top-down’
potential consumption
intensity

empirically tractable in
field or laboratory




Table 1. Continued

Interaction

strength Level of

metric What it measures measurement Advantages Disadvantages Example references
Biomass flux Absolute or relative Property of Common currency Does not measure either prey Benke et al. (2001)

magnitude of biomass
flowing from prey to
predator per unit time

individual link

Potentially can be derived
from first principles (body
size, abundance, metabolic
rates)

or predator response
magnitude

Bersier et al. (2002)
Cohen et al. (2003)

Change in Effect of changing the Whole system Stability measured as Not analytically tractable McCann et al. (1998)
population abundance of onespecies  response population variability is Difficult to explore parameter  Ives et al. (2003)?
variability on the pattern of empirically tractable space if investigated with
population variability of numerical simulations
another species
Link density Measures the number of ~ Whole system Identifies boundary Assumes links are temporally Sol¢ & Montoya
ingoing and/or outgoing  response conditions for secondary constant, and no prey switching  (2001)
links to/from a species Node property extinctions (e.g. predator if predatorloses all prey species  Dunne et al. (2002)
Deletion ‘experiments’ rather than link  loses all its prey) Difficult to estimate effects of
focus on ‘bottom-up’ property Identifies easily isolated predator on prey
effects of prey on species Cannot estimate effects of
predator Easy to measure changes in prey or predator
density
Secondary Number of species that Whole system For extreme cases, bottom- Toinclude all cases,canonlybe  Borrvall ez al. (2000)
extinctions go extinct as a result of response up effectsof preyonpredator measured with numerical Sol¢ & Montoya
perturbing a given can be measured from simulation of population (2001)
species topology of links alone dynamics Dunne et al. (2002)
Theoretical results are
empirically testable
Absolute prey ~ Absolute changesin one ~ Whole system Characterizes visually Difficult to compare across Many field
response species’ abundance or response dominant effects sites of varying productivity or  experiments where
biomass in response to Highlights effects on spp . density response variables are
typically large changes dominant species Snapshot in time/space (e.g. untransformed
in another species’ ignores functional response)
abundance (e.g. species Difficult to separate direct and
removal) indirect effects
Measured either as a
per capita effect or a
species-level effect
‘Paine’s Index’  ‘Absolute prey response’  Whole system Comparable across sites of ~ Snapshot in time/space (e.g. Paine (1992)
standardized by some response varying productivity ignores functional response)
measure of prey Highlights effects on rare Difficult to separate direct and
abundance species indirect effects
Measured either as a
per capita effect or a
species-level effect
Log response Log of the ratio of prey ~ Whole system Comparable across sitesof ~ Snapshot in time/space (e.g. Berlow et al. (1999)
ratio abundance ‘with’ vs. response varying productivity ignores functional response) Laska & Wootton
‘without’ predators Does not depend on Difficult to separate direct and  (1998)
Measured either as a per equilibrium conditions indirect effects
capita effect or a species- Works well for short-term IS approaches zero at
level effect experiments equilibrium
Statistical Measures magnitude of ~ Whole system Can estimate from Can be difficult to interpret Wootton (1994)
correlation correlation between response observational data mechanisms Pfister (1995)

change in one species
and change in another

Includes non-trophic
interactions

Difficult to separate direct and
indirect effects

Snapshot in time (e.g. ignores
functional responses)

Ives et al. (1999a)

Frequency of
consumption

Frequency of hosts that
are parasitized (e.g.
parasite prevalence)

Whole system
property

Easy to measure

Can estimate key
parametersin discrete-time
host—parasite models
Measures host response as
the abundance of hosts in
the next generation

Cannot estimate host response
magnitude when other forms of
predation are an important
source of host mortality
Snapshot in time (e.g. ignores
functional responses)

Hawkins & Cornell
(1994)

Miiller et al. (1999)
Montoya et al. (2003)
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below; Laska & Wootton 1998; Abrams & Ginzburg
2000; Sarnelle 2003). A different line of synthesis is to
explore how the patterns and structure of strengths of
individual system components/links can help predict
whole system responses to individual perturbations
(Ives et al. 1999a).

One intriguing pattern that emerges despite this
unrigorous terminology is that so many different meas-
ures of trophic link weighting point to the same, a few
strong and many weak, pattern. This pattern presents
an opportunity for exploring whether there are under-
lying mechanisms responsible for this consistency
across different attributes of link weight. For example,
constraints on predator-prey body size ratios (Cohen
et al. 1993; Warren 1996), self-similar species area
relationships (Harte ez al. 1999), hierarchical constraints
on feeding relationships (e.g. Cohen 1989; Williams
& Martinez 2000; Neutel ez al. 2002; Emmerson &
Raffaelli 2004), metabolic scaling relationships (West
et al. 1997), body size vs. home range size relationships
(e.g. Schoener 1968), etc. may independently or inter-
actively constrain the configuration of links and link
weights to a skewed distribution. Investigating funda-
mental mechanisms and scaling relationships that
limit the number of possible interactions to a subset of
probable ones may provide a holistic framework for
understanding the links between food web structure
and dynamics. A critical question here is to what degree
species (or populations) can be abstracted into key traits
that determine probable feeding relationships, prefer-
ences and magnitudes (Cohen 1989; Warren 1996;
Williams & Martinez 2000; Jennings ez al. 2001; Hooper
et al. 2002; Petchey & Gaston 2002; Woodward & Hildrew
2002; Brown & Gillooly 2003; Cohen et al. 2003). At the
same time, it is important to test the null hypothesis
that these patterns are to be expected at random.
For example, the log-normal distribution arises as the
product of an increasing number of independent
identically distributed positive random variables,
even if those variables are distributed symmetrically
(Johnson & Kotz 1970).

Identifying consistencies in a community-level
pattern of interaction strengths does not necessarily
provide information about the identity of key species or
particularly vulnerable species. Similar community-level
patterns of a few strong and many weak interactions
for two different interaction strength metrics do not
necessarily mean that the same species will be identified
as strong players in each case. A highly connected
topological keystone may not be the same species as the
population dynamics keystone or the biomass flow
keystone. These differences should encourage us to
be explicit about what we are measuring and to be cau-
tious about inferring that a species identified as a weak
player based on one metric is generally unimportant
across all metrics (e.g. Paine 1980; McCann et al. 1998;
Berlow 1999; McCann 2000). At the same time, the
differences encourage us to explore other potentially
more synthetic lines of inquiry that may simultane-

ously explain both emergent community-level patterns
and species-specific dynamics.

Theory vs. experiment

Issues. Laska & Wootton (1998) pointed out that what
theoreticians use as coefficients of interaction strength
are not what empiricists typically measure. These authors,
with Osenberg ez al. (1997) and Navarrete & Menge
(1996), proposed independently an empirical metric
that could potentially bridge this gap. However, this
metric measures only the interaction coefficient of the
simplest possible formulation of a Lotka—Voltera com-
petition model (Berlow et al. 1999). Because non-linear
predator functional responses and predator interference
make empirical interaction strengths contingent on
prey and predator density as well as prey productivity
(Ruesink 1998; Berlow et al. 1999; Abrams & Ginzburg
2000), it remains a challenge to translate easily the
results of perturbation experiments into interaction
coefficients for more complex and realistic models of
species interactions (Sarnelle 2003). This problem is
complicated by the difference between interaction
strengths measured as individual system components vs.
those that are whole system responses, as discussed
above.

Many theoretical investigations have focused on
stability of model communities (e.g. Levins 1968; May
1971, 1972, 1974; Hutchinson 1978; Cohen & Newman
1984; Cohen & Newman 1985; Case 1990; Logofet 1993;
McCann & Hastings 1997; McCann 2000; Kokkoris
et al. 2002; Jansen & Kokkoris 2003; Logofet 2004).
Multiple definitions of stability have been proposed,
with some designed to have closer ties to empirical data
(e.g. Lewontin 1969; Pimm 1979, 1984; Law & Morton
1996; Grimm & Wissel 1997; Dambacher et al. 2002,
2003; Loreau et al. 2002). Despite these developments,
many current analytical studies evaluate linear stability
of a community at equilibrium in the face of small per-
turbations (realistically, a change of one individual).
Empirical investigations, on the other hand, rarely
measure stability in this formal sense, but rather focus
on community changes (with no assumed equilibrium)
in response to comparatively large perturbations, such
as species removals, species additions and physical
disturbance (Ives et al. 1999a; Woodward & Hildrew 2001;
Woodward et al. 2002). Thus, one disconnect between
theory and experiment arises from the fact that many
theoretical analyses make predictions that are logistic-
ally difficult to test empirically (Ives et al. 2003). For
example, the effects of small pulse perturbations, such
as removing one individual, are unlikely to be statist-
ically detectable in most field situations (but see Law &
Morton 1996).

Opportunities. Combining field experiments with
statistical analyses of detailed population time-series
data offers one promising approach for the estimation
of community-wide patterns of direct interaction
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coefficients (e.g. Pfister 1995; Ives et al. 1999a, 2003).
Where the results of field and microcosm experiments
may not be translatable easily into model coefficients,
they can serve as critical independent tests of food
web models that are parameterized with other types of
empirical data (Morin & Lawler 1995; Sarnelle 2003).
Exploring ways to estimate or derive biologically reason-
able model coefficients from other easily obtained
empirical data, such as foraging rates, body size,
metabolic rate, biomass distribution and other spe-
cies traits, is likely to enhance greatly the link between
theory and experiments (e.g. Yodzis & Innes 1992;
Moore et al. 1996; Wootton 1997; Williams & Martinez
2001; Drossel & McKane 2003). These approaches will
facilitate empirical contributions to model development
(e.g. Peters 1983; Yodzis 2000). Theoretical contribu-
tions to empirical work will be greatly enhanced if the
former focuses on response variables that are empir-
ically tractable, such as permanence, invasion resist-
ance, the number of secondary extinctions and patterns
of population variation (Pimm 1979, 1980; Case 1990;
Law & Morton 1996; McCann et al. 1998; Borvall et al.
2000; Ives et al. 2003).

New approaches to numerically simulating realist-
ically large webs will also allow computer-based per-
turbation experiments to be tested directly against field
and microcosm experiments (Caldarelli ez al. 1998; Drossel
et al. 2001; Williams & Martinez 2001; Quince et al.
2002; Montoya & Solé 2003). Until recently, most
published dynamic food web models were limited
to relatively few species (e.g. McCann et al. 1998). For
example, using a typical Lotka—Volterra framework,
the systems assembled by Law & Morton (1996) from a
pool of 5075 species have invasion-resistant endpoints
of 4—6 species, although this seems to depend critically
on the strength of interactions among species in the
pool and connectance (Kokkoris et al. 2002; Jansen &
Kokkoris 2003). For both this framework and the
non-linear bioenergetic model developed by Yodzis &
Innes (1992) and used by McCann & Hastings 1997)
and McCann et al. (1998), persistent dynamics for
systems beyond six species are difficult to generate
without using biologically unrealistic species and
interaction parameter values (Chen & Cohen 2001a,b;
Williams & Martinez 2001).

Both numerical simulation and analytical approaches
have different benefits and limitations and thus shed
different but complementary light on food web dynamics.
Simulations can provide information about food webs
constructed using realistic population dynamics and
other processes known to be present in real ecosystems
(e.g. Drossel & McKane 2003). Ideally, they can allow
for multiple metrics of interaction strength, including
both measures of individual link properties as well
as those of whole system responses, to be calculated
simultaneously and compared. The power of complex
simulations comes at the price of difficulty in interpreting
model output or in determining the exact consequences
of individual assumptions. With many parameters,

numerical simulations quickly experience the curse of
dimensionality, making it difficult to explore para-
meter space or conduct sensitivity analysis. Clearly, a
simulation that is as complex as the reality it is trying
to describe is unlikely to be very insightful. Analytical
approaches to studying model food webs have the
advantage of being elegant, simple and precise. They
can offer clear heuristic insight into the consequences
of individual assumptions. However, analytical solutions
for food webs are limited currently to those that make
many unrealistic assumptions. One hope is that numer-
ical simulations of larger webs can facilitate the devel-
opment of new analytical approaches to more realistic
systems. Combining numerical simulations with com-
munity matrix analyses may help specify the conditions
under which analytical solutions based on simplifying
assumptions are reliable predictors of more realistic
dynamical models. For example, when is local stability
in the face of small perturbations a good predictor of
stability or persistence in the face of more realistic large
perturbations (Chen & Cohen 2001a,b)? Combining
numerical and analytical approaches should allow
more thorough explorations of the conditions under
which different interaction strengths metrics are inter-
changeable with regard to relative magnitude, system
responses, and species identity.

INTERPRETING RESULTS IN A BROADER
ECOLOGICAL CONTEXT

Predation in context

Issues. Because food web models focus by definition
exclusively on trophic interactions, they implicitly assume
that predation is the most important process regulating
community structure and dynamics. A long history
of experimental and theoretical ecology has elucid-
ated how predation interacts with other non-trophic
processes, such as interference competition, facilita-
tion, disturbance, environmental stress, productivity
and recruitment, to regulate species distribution and
abundance (e.g. Dayton 1971; Menge 1976; Bertness &
Callaway 1994; Holt & Lawton 1994; Leibold 1996; Dodds
1997; Chase et al. 2002; Post 2002). While models of
complex food webs implicitly incorporate exploit-
ative competition among most species, they generally
ignore any form of resource competition among the
basal species (Lockwood et al. 1997; Borvall et al.
2000; Williams & Martinez 2001; Drossel & McKane
2003). Food webs lacking competition among basal
species implicitly ignore extensive theoretical and empir-
ical research on keystone predation and the role of re-
source competition in structuring assemblages of plants
and other basal species (e.g. Grime 1979; Tilman 1982;
Connell 1983; Schoener 1983; Goldberg & Barton
1992; Gurevitch et al. 1992; Menge et al. 1994; Leibold
1996; Power et al. 1996; Hooper 1998; Tilman et al.
1998; Huisman & Weissing 1999; Jansen & Mulder
1999).
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Opportunities. Embracing this broader context opens
the door to fruitful interactions with other ecological
research programmes in order to integrate multiple
processes that potentially regulate both food web struc-
ture and dynamics. Theoretical development must
always find a balance between abstraction and relevant
detail. It is easy to make a laundry list of processes
known to potentially influence diversity, population
dynamics and stability that should be incorporated
into an emerging synthetic theory of food web struc-
ture and dynamics (e.g. non-trophic species interac-
tions, disturbance, productivity, environmental stress,
resource subsidies and dispersal). The critical chal-
lenge is to develop a rigorous framework for addressing
the consequences of incorporating them or not. This
framework will require both modifying food web models
to include non-trophic processes as well as integrating
these models thoroughly with empirical data.

A research programme that addresses both trophic
andnon-trophic processes is not necessarily one doomed
to be plagued by detail; rather, it is an opportunity to
explore more thoroughly the minimum detail required
to explain the widest variety of observed food web pat-
terns and dynamics. In the extreme case, it may identify
conditions under which unweighted link structure
alone is a reliable predictor of community stability,
population dynamics, and/or system responses to a
perturbation (e.g. Albert et al. 2000; Sole & Montoya
2001; Dunne et al. 2002). One challenge to incorporat-
ing non-trophic links (e.g. pollination, habitat provi-
sioning and ecosystem engineering) in community
models is that their broad patterns and prevalence are
not as easy to specify as are feeding links. Toward this
end, theoretical explorations that include non-trophic
links will benefit greatly from empirical work that
documents the subset of potential non-trophic inter-
actions that are observed most commonly (e.g. Menge
1995), and how they vary with environmental condi-
tions (e.g. Choler et al. 2001; Callaway et al. 2002). At
the same time, if theoretical results suggest that certain
patterns of non-trophic link placement have dis-
proportionately strong effects on community dynamics,
they can motivate empirical investigations into their
prevalence in real systems.

Webs in space and time

Issues. Many of the data on food web structure and
patterns of interaction strengths are snapshots in
time and space (Lawton 1990), yet in reality both feed-
ing links and interaction strengths vary over time and
space, at the very minimum due to non-linear func-
tional responses, predator interference and predator
switching, variation in prey productivity and environ-
mental conditions (e.g. Schoenly & Cohen 1991; Menge
et al. 1994; Polis et al. 1995; Schoenly et al. 1995, 1996;
Spiller & Schoener 1995; Tavares-Cromar & Williams
1996; Menge et al. 1997; Robles 1997; Sanford 1999;
Woodward & Hildrew 2001; Schmid-Araya et al. 2002b;

Navarrete & Castilla 2003). Most webs occur in a spa-
tial context with potentially critical dynamic linkages
across systems (Holt 1996, 2002; Polis & Hurd 1996;
Menge et al. 1997; Polis et al. 1997; Menge 2000;
Nankano & Murakami 2001; Finlay ez al. 2003; Sabo
& Power 2003a,b). Differences in the spatial grain
of investigation also hinder productive links between
food web models and experiments (e.g. Martinez &
Dunne 1998). For example, in many small-scale pred-
ator exclusion experiments, prey effects on predators
may be governed by predator immigration rather
than population growth (Navarrete 1996; Navarrete
et al. 2000). Ignoring the spatial context of food webs
and the role of temporal and spatial variability may
inhibit productive communication with other areas of
ecology.

Opportunities. Incorporating spatial scale, external
subsidies and open population dynamics into an emerging
synthesis of food web structure and dynamics creates
new opportunities for integrating basic and applied
ecology, such as designing effective marine reserves to
protect adjacent harvested food webs (e.g. Botsford
et al. 2003; Carr et al. 2003; Lubchenco et al. 2003).
The fact that multiple empirical snapshots of inter-
action strengths have yielded similar patterns of a
few strong and many weak links may point to under-
lying space- and time-invariant constraints on this
community-level property, even though the identity of
the strongest links may vary. A better understanding of
the relationship between spatial and temporal variation
in individual link properties and spatial and temporal
consistency in system-level properties may help to
predict the potential for compensatory responses to
buffer community level changes from perturbations
of individual species (e.g. Walker 1992; Chapin et al.
1995; Frost et al. 1995; Tilman 1996; Ives ef al. 1999b;
Yachi & Loreau 1999).

Conclusions

Recent approaches to using interaction strengths as
a focal point for integrating food web structure and
dynamics have raised issues due to: (1) confusion about
questions of interest; (2) confusion over the meaning of
interaction strength; (3) a disconnect between theory
and experiments; and (4) a lack of integration with
other ecological research programmes. A common
source of confusion lies in a lack of effective commu-
nication among research programmes that are driven
by different questions and objectives. Converting
these problematic issues into opportunities for progress
requires: (1) clearly defining the questions addressed
and identifying points of synthesis where apparently
divergent questions emerge as two sides of the same
coin; (2) recognizing fundamental differences among
the variety of interaction strength metrics and search-
ing for new approaches to relate the complementary
insights they provide; and (3) actively making connections
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to existing ecological theory. This approach can help
to reconcile variation in results, prevent false debates,
guide new approaches to linking theory and experi-
ments and identify avenues of potential synthesis.
Throughout, it is critical to avoid confusing the ulti-
mate goal with the assumed means to achieve it. If the
goal is to integrate food web structure and dynamics,
interactions strengths may be a useful conduit for
discussion but not an endpoint.

Acknowledgements

The material presented in this paper is the outcome
of a workshop held at the University of the Aegean,
Lesvos, Greece, 10-12 October 2002. The workshop
was an activity of the European Science Foundation
(ESF) Network InterAct, and the ESF kindly provided
support for most of the authors. The paper received
substantial input from the other workshop participants:
Maria Christanou, Anna Ecklov, Tomas Jonsson,
Hefin Jones, Richard Law, Alan Hildrew, Mark Ledger,
Peter Morin, John Moore, Dave Raffaelli, Andreas
Troumbis and Phil Warren, to whom we are extremely
grateful. Thanks also to Bruce Menge and Sergio Nav-
arrete, who kindly commented on an earlier draft.

References

Abrams, PA. (1987) Indirect interactions between species
that share a predator: Varieties of indirect effects. Preda-
tion: Direct and Indirect Impacts on Aquatic Communities
(eds W. C. Kerfoot & A. Sih), pp. 38-54. University of New
England Press, Hanover, NH.

Abrams, PA. & Ginzburg, L.R. (2000) The nature of preda-
tion: prey dependent, ratio-dependent or neither? Trends in
Ecology and Evolution, 15, 337-341.

Abrams, P, Menge, B.A., Mittelbach, G.G., Spiller, D. &
Yodzis, P. (1996) The role of indirect effects in food webs.
Food Webs: Integration of Patterns and Dynamics (eds G.A.
Polis & K.O. Winemiller), pp. 371-395. Chapman & Hall,
New York.

Albert, R., Jeong, H. & Barabasi, A.L. (2000) Error and
attack tolerance of complex networks. Nature, 406, 378—
382.

Austin, M.P. (1999) A silent clash of paradigms: some incon-
sistencies in community ecology. Oikos, 86, 170-178.

Bastolla, U., Lassig, M., Manrubia, S.C. & Valleriani, A.
(2001) Diversity patterns from ecological models at dynam-
ical equilibrium. Journal of Theoretical Biology,212,11-34.

Beddington, J.R. (1975) Mutual interference between para-
sites or predators and its effect on searching efficiency.
Journal of Animal Ecology, 51, 331-340.

Belgrano, A., Allen, A.P., Enquist, B.J. & Gillooly, J.F. (2002)
Allometric scaling of maximum population density: a com-
mon rule for marine phytoplankton and terrestrial plants.
Ecology Letters, 5, 611-613.

Bender, E.A., Case, T.J. & Gilpin, M.E. (1984) Perturbation
experiments in community ecology: theory and practice.
Ecology, 65, 1-13.

Benke, A.C., Wallace, J.B., Harrison, JW. & Koebel, JW.
(2001) Food web quantification using secondary produc-
tion analysis: predaceous invertebrates of the snag habitat
in a subtropical river. Freshwater Biology, 46, 329-346.

Berlow, E.L. (1999) Strong effects of weak interactions in eco-
logical communities. Nature, 398, 330-334.

Berlow, E.L., Navarrete, S.A., Briggs, C.J., Power, M.E. &
Menge, B.A. (1999) Quantifying variation in the strengths
of species interactions. Ecology, 80, 2206-2224.

Bersier, L.F., Banasek-Richter, C. & Cattin, M.F. (2002)
Quantitative descriptors of food-web matrices. Ecology, 83,
2394-2407.

Bertness, M.D. & Callaway, R. (1994) Positive interactions in
communities: a post Cold War perspective. Trends in Eco-
logy and Evolution, 9, 191-193.

Borvall, C., Ebenman, B. & Jonsson, T. (2000) Biodiversity
lessens the risk of cascading extinctions in food webs. Eco-
logy Letters, 3, 131-136.

Botsford, L.W., Micheli, F. & Hastings, A. (2003) Principles
for the design of marine reserves. Ecological Applications,
13, S25-S31.

Briand, F. & Cohen, J.E. (1987) Environmental correlates of
food chain length. Science, 238, 956-960.

Brown, J.H. & Gillooly, J.F. (2003) Ecological food webs:
high-quality data facilitate theoretical unification. Proceed-
ings of the National Academy of Sciences USA, 100, 1467—
1468.

Caldarelli, G., Higgs, P.G. & McKane, A.J. (1998) Modelling
coevolution in multispecies communities. Journal of Theor-
etical Biology, 193, 345-358.

Callaway, R.M., Brooker, R.W., Choler, P, Kikvidze, Z.,
Lortie, C.J., Michalet, R., Paolini, L., Pugnaire, F.I.,
Newingham, B., Aschehoug, E.T., Armas, C., Kikodze, D.
& Cook, B.J. (2002) Positive interactions among alpine
plants increase with stress. Nature, 417, 844—848.

Carpenter, S.R. & Kitchell, J.F. (1993) Simulation models
of the trophic cascade: predictions and evaluations.
The Trophic Cascade in Lakes (eds S.R. Carpenter &
J.F. Kitchell), pp. 310-331. Cambridge University Press,
Cambridge.

Carpenter, S.R., Kitchell, J.F., Hodgson, J.R., Cochran, PA.,
Elser, J.J., Elser, M.M., Lodge, D.M., Kretchmer, D., He,
X. & Von Ende, C.N. (1987) Regulation of lake primary
productivity by food web structure. Ecology, 68, 1863—
1876.

Carr, M.H., Neigel, J.E., Estes, JA., Andelman, S., Warner,
R.R. & Largier, J.L. (2003) Comparing marine and terres-
trial ecosystems: implications for the design of coastal
marine reserves. Ecological Applications, 13, S90-S107.

Case, T.J. (1990) Invasion resistance arises in strongly
interacting species-rich model competition communities.
Proceedings of the National Academy of Sciences USA,
87, 9610-9614.

Castilla, J.C. & Duran, L.R. (1985) Human exclusion from
the rocky intertidal zone of central Chile: the effects on
Concholepas concholepas (Gastropoda). Oikos, 45, 391-
399.

Chapin, E.S. II1, Lubchenco, J. & Reynolds, H.J. (1995) Bio-
diversity effects on patterns and processes of communities
and ecosystems. Global Biodiversity Assessment, United
Nations Environmental Programme (eds V. H. Heywood &
R. T. Watson), Ch. 5.2.2, pp. 289-301. Cambridge Univer-
sity Press, Cambridge, UK.

Chase, JM., Abram, P.A., Grover, J.P., Diehl, S., Chesson, P.,
Holt, R.D., Richards, S.A. & Nisbet, R.M. & Case. T.J.
(2002) The interaction between predation and competition:
a review and synthesis. Ecology Letters, 5, 302-315.

Chen, X. & Cohen, J.E. (2001a) Transient dynamics and
food-web complexity in the Lotka—Volterra cascade model.
Proceedings of the Royal Society London, Series B, 268,
869-877.

Chen, X. & Cohen, J.E. (2001b) Global stability, local stability
and permanence in model food webs. Journal of Theoretical
Biology, 212, 223-235.

Choler, P, Michalet, R. & Callaway, R. (2001) Facilitation
and competition on gradients in alpine plant communities.
Ecology, 82, 3295-3308.



594
E. L. Berlow et al.

© 2004 British
Ecological Society,
Journal of Animal
Ecology, 73,
585-598

Clark, C.E. & Hallam, T.G. (1982) The community matrix in
three species community models. Journal of Mathemathical
Biology, 16, 25-31.

Cohen, JE. (1978) Food Webs and Niche Space. Princeton
University Press, Princeton, NJ.

Cohen, J.E. (1989) Food webs and community structure. Per-
spectives on Ecological Theory (eds J. Roughgarden, R.M.
May, S. Levin), pp. 181-202. Princeton University Press,
Princeton, NJ.

Cohen, J.E., Briand, F. & Newman, C.M. (1990) Community
Food Webs: Data and Theory. Biomathematics, vol. 20.
Springer-Verlag, Berlin.

Cohen, J.E., Jonsson, T. & Carpenter, S.R. (2003) Ecological
community description using the food web, species abund-
ance, and body size. Proceedings of the National Academy
of Sciences USA, 100, 1781-1786.

Cohen, J.E. & Newman, C.M. (1984) The stability of large
random matrices and their products. Annals of Probability,
12, 283-310.

Cohen, J.E. & Newman, C.M. (1985) When will a large com-
plex system be stable? Journal of Theoretical Biology, 113,
153-156.

Cohen, J.E., Pimm, S.L., Yodzis, P. & Saldana, J. (1993) Body
sizes of animal predators and animal prey in food webs.
Journal of Animal Ecology, 62, 67-78.

Connell, JH. (1983) On the prevalence and relative import-
ance of interspecific competition: evidence from field
experiments. American Naturalist, 122, 661-696.

Dambacher, JM., Li, HW. & Rossignol, P.A. (2002) Relev-
ance of community structure in assessing indeterminacy
of ecological predictions. Ecology, 83, 1372-1385.

Dambacher, JM., Luh, K.H., Li, H.W. & Rossignol, PA.
(2003) Qualitative stability and ambiguity in model ecosys-
tems. American Naturalist, 161, 876-888.

Dayton, PK. (1971) Competition, disturbance, and commu-
nity organization: the provision and subsequent utilization
of space in a rocky intertidal community. Ecological Mono-
graphs, 41, 351-389.

De Ruiter, P, Neutel, A.-M. & Moore, J.C. (1995) Energetics,
patterns of interaction strengths, and stability in real eco-
systems. Science, 269, 1257-1260.

DeAngelis, D.L., Post, W. & Travis, C.C. (1986) Positive
Feedbacks in Natural Systems. Biomathematics, vol. 15.
Springer-Verlag, Berlin.

Dodds, W.K. (1997) Interspecific interactions: constructing a
general neutral model for interactions type. Oikos, 78, 377—
383.

Drossel, B., Higgs, P.G. & McKane, A.J. (2001) The influence
of predator-prey population dynamics on the long-term
evolution of food web structure. Journal of Theoretical Bio-
logy, 208, 91-107.

Drossel, B. & McKane, A.J. (2003) Modelling food webs.
Handbook of Graphs and Networks (eds S. Bornholdt &
H. G. Schuster), pp. 218-247. Wiley-VCH, Berlin.

Dufty, J.E. (2002) Biodiversity and ecosystem function: the
consumer connection. Oikos, 99, 201-219.

Dunne, J.A., Williams, R.J. & Martinez, M.D. (2002) Network
structure and biodiversity loss in food webs: robustness
increases with connectance. Ecology Letters, 5, 558-567.

Emmerson, M. & Raffaelli, D. (2004) Predator-prey body-
size, interaction strength and the stability of a real food
web. Journal of Animal Ecology, 73, 399-409.

Estes, JA. & Palmisano, J.F. (1974) Sea otters: their role in
structuring nearshore communities. Science, 185, 1058—
1060.

Fagan, W.F. & Hurd, L.E. (1994) Hatch density variation of a
generalist arthropod predator: population consequences
and community impact. Ecology, 75, 2022-2032.

Finlay, J.C., Khandwala, S. & Power, M.E. (2003) Spatial
scales of carbon flow in a river food web. Ecology, 83, 1845—
1859.

Fox, J.W. & McGrady-Steed, J. (2002) Stability and complex-
ity in microcosm communities. Journal of Animal Ecology,
71, 749-756.

Frost, T.M., Carpenter, S.R., Ives, A.R. & Kratz, T.K. (1995)
Species compensation and complementarity in ecosystem
function. Linking Species and Ecosystems (eds C.G. Jones &
J.H. Lawton), pp. 224-239. Chapman & Hall, New York.

Goldberg, D.E. & Barton, A.M. (1992) Patterns and conse-
quences of interspecific competition in natural communities:
a review of field experiments with plants. American Natur-
alist, 139, 771-801.

Grime, J.P. (1979) Plant Strategies and Vegetation Processes.
Wiley Press, New York.

Grimm, V. & Wissel, C. (1997) Babel, or the ecological stability
discussions: an inventory and analysis of terminology
and a guide for avoiding confusion. Oecologia, 109, 323—
334.

Gurevitch, J., Morrow, L.L., Wallace, A. & Walsh, J.S. (1992)
A meta-analysis of competition in field experiments. Amer-
ican Naturalist, 140, 539-572.

Hairston, N.G. & Hairston, N.G. (1993) Cause-effect rela-
tionships in energy-flow, trophic structure, and interspecific
interactions. American Naturalist, 142, 379—411.

Harte, J., Kinzig, A. & Green, J. (1999) Self-similarity in the
distribution and abundance of species. Science, 284, 334—
336.

Hawkins, B.A. & Cornell, H.V. (1994) Maximum parasitism
rates and successful biological control. Science, 266, 1886—
1890.

Haydon, D.T. (2000) Maximally stable model ecosystems can
be highly connected. Ecology, 81, 2631-2636.

Hernandez, M.-J. (1998) Dynamics of transitions between
population interactions: a nonlinear interaction o-function
defined. Proceedings of the Royal Society of London, Series
B, 265, 1433-1440.

Holt, R.D. (1977) Predation, apparent competition, and the
structure of prey communities. Theoretical Population Bio-
logy, 12, 197-229.

Holt, R.D. (1996) Food webs in space: an island biogeo-
graphic perspective. Food Webs. Integration of Patterns and
Dynamics (eds G.A. Polis & K.O. Winemiller), pp. 313-
326. Chapman & Hall, New York.

Holt, R.D. (2002) Food webs in space: on the interplay of
dynamic instability and spatial processes. Ecological
Research, 17, 261-273.

Holt, R.D. & Lawton, JH. (1994) The ecological con-
sequences of shared natural enemies. Annual Review of
Ecology and Systematics, 25, 495-520.

Hooper, D.U. (1998) The role of complimentarity and
competition in ecosystem responses to variation in plant
diversity. Ecology, 79, 704-719.

Hooper, D.U., Solan, M., Symstad, A.J., Diaz, S., Gessner,
M.O., Buchmann, N., Degrande, V., Grime, P., Hulot, ED.,
Mermillod-Blondin, F., Roy, J., Spehn, E.M. & Van Peer,
L. (2002) Species diversity, functional diversity and ecosys-
tem functioning. Biodiversity and Ecosystem Functioning:
Syntheses and Perspectives (eds M. Loreau, S. Naeem &
P. Inchausti), pp. 195-208. Oxford University Press, Oxford.

Huisman, J. & Weissing, F.J. (1999) Biodiversity of plankton
by species oscillations and chaos. Nature, 402, 407-410.

Hutchinson, G.E. (1978) An Introduction to Population Eco-
logy. Yale University Press, New Haven.

Ives, A.R., Carpenter, S.R. & Dennis, B. (1999a) Community
interaction webs and zooplankton responses to planktivory
manipulations. Ecology, 80, 1405-1421.

Ives, A.R., Gross, K. & Klug, J.L. (1999b) Stability and vari-
ability in competitive ecosystems. Science, 286, 542-544.
Ives, A.R., Dennis, B., Cottingham, K.L. & Carpenter, S.R.
(2003) Estimating community stability and ecological
interactions from time-series data. Ecological Monographs,

73, 301-330.



595

Interaction
strengths in fod
webs

© 2004 British
Ecological Society,
Journal of Animal
Ecology, 73,
585-598

Jansen, V.A.A. & Kokkoris, G.D. (2003) Complexity and
stability revisited. Ecology Letters, 6, 498-502.

Jansen, V.A.A. & Mulder, G.S.E.E. (1999a) Evolving bio-
diversity. Ecology Letters, 2, 379-386.

Jennings, S., Pinnegar, J.K., Polunin, N.V.C. & Boon, T.W.
(2001) Weak cross-species relationships between body size
and trophic level belie powerful size-based trophic structur-
ing in fish communities. Journal of Animal Ecology, 70,
934-944.

Johnson, N.L. & Kotz, S. (1970) Continuous Univariate Dis-
tributions, vol. 1. Houghton Mifflin, Boston; John Wiley,
New York.

Kokkoris, G.D., Jansen, V.A.A., Loreau, M. & Troumbis,
A.Y. (2002) Variability in interaction strength and implica-
tions for biodiversity. Journal of Animal Ecology, 71, 362—
371.

Kokkoris, G.D., Troumbis, A.Y. & Lawton, J.H. (1999) Pat-
terns of species interaction strength in assembled theoretical
competition communities. Ecology Letters, 2, 70-74.

Laska, M.S. & Wootton, J.T. (1998) Theoretical concepts and
empirical approaches for measuring interaction strength.
Ecology, 79, 461-476.

Law, R. & Morton, R.D. (1996) Permanence and the assembly
of ecological communities. Ecology, 77, 762-775.

Lawton, J.H. (1990) Food webs. Ecological Concepts: the
Contribution of Ecology to an Understanding of the Natural
World (ed. J. Cherret), pp. 43-78. Blackwell, Boston.

Leibold, M.A. (1996) A graphical model of keystone predators
in food webs: trophic regulation of abundance, incidence,
and diversity patterns in communities. American Naturalist,
147, 784-812.

Levine, S.H. (1976) Competitive interactions in ecosystems.
American Naturalist, 110, 903-910.

Levins, R. (1968) Evolution in Changing Environments. Prin-
ceton University Press, Princeton, NJ.

Lewontin, R.C. (1969) The meaning of stability. Brookhaven
Symposia in Biology, 22, 13-24.

Lockwood, J.L., Powell, R.D., Nott, M.P. & Pimm, S.L.
(1997) Assembling ecological communities in space and
time. Oikos, 80, 549-553.

Logofet, D.O. (1993) Matrices and Graphs: Stability Problems
in Mathematical Ecology. CRC Press, Boca Raton, FL.
Logofet, D.O. (2004) Stronger-than-Lyapunov notions of
matrix stability, or how ‘flowers’ help solving problems in
mathematical ecology. Linear Algebra and Its Applications,

in press.

Loreau, M., Downing, A.L., Emmerson, M.C., Gonzalez, A.,
Hughes, J., Inchausti, P., Joshi, J., Norberg, J. & Sala, O.
(2002) A new look at the relationship between diversity and
stability. Biodiversity and Ecosystem Functioning. Synthesis
and perspectives (eds M. Loreau, S. Naeem & P. Inchausti),
pp- 79-91. Oxford University Press, Oxford.

Lubchenco, J. (1978) Plant species diversity in marine inter-
tidal community: importance of herbivore food preference
and algal competitive abilities. American Naturalist, 112,
23-39.

Lubchenco, J., Palumbi, S.R., Gaines, S.D. & Andelman, S.
(2003) Plugging a hole in the ocean: the emerging science of
marine reserves. Ecological Applications, 13, S3-S7.

Martinez, N.D. (1992) Constant connectance in community
food webs. American Naturalist, 139, 1208-1218.

Martinez, N.D. (1994) Scale-dependent constraints on food-
web structure. American Naturalist, 144, 935-953.

Martinez, N.D. & Dunne, J.A. (1998) Time, space, and beyond:
scale issues in food-web research. Ecological Scales: Theory
and Application (eds D.L. Peterson & V.T. Parker),
pp- 207-226. Columbia University Press, New York.

May, R.M. (1971) Stability in multispecies community
models. Mathematical Biosciences, 12, 59-79.

May, R.M. (1972) Will a large complex system be stable?
Nature, 238, 413—414.

May, R.M. (1974) Stability and Complexity in Model Ecosys-
tems. Monographs in Population Biology, vol. 6. Princeton
University Press, Princeton, NJ.

McCann, K.S. (2000) The diversity—stability debate. Nature,
405, 228-233.

McCann, K. & Hastings, A. (1998) Re-evaluating the
omnivory-stability relationship in food-webs. Proceedings
of the Royal Society of London, Series B, 264, 1249-1254.

McCann, K., Hastings, A. & Huxel. G.R. (1998) Weak
trophic interactions and the balance of nature. Nature, 395,
794-798.

Menge, B.A. (1976) Organization of the New England rocky
intertidal community: role of predation, competition and
environmental heterogeneity. Ecological Monographs, 46,
355-393.

Menge, B.A. (1995) Indirect effects in marine rocky intertidal
interaction webs: patterns and importance. Ecological
Monographs, 65, 21-74.

Menge, B.A. (2000) Top-down and bottom-up regulation of
marine rocky intertidal communities. Journal of Experi-
mental Marine Biology and Ecology, 250, 257-289.

Menge, B.A., Berlow, E.L., Blanchette, C., Navarrete, S.A. &
Yamada, S.B. (1994) The keystone species concept: vari-
ation in interaction strength in a rocky intertidal habitat.
Ecological Monographs, 64, 249-286.

Menge, B.A., Daley, B.A., Wheeler, P.A., Dahlhoff, E.P.,
Sanford, E. & Strub, P.T. (1997) Benthic-pelagic links
and rocky intertidal communities: bottom-up effects on
top-down control? Proceedings of the National Academy of
Science, 94, 14530-14535.

Menge, B.A. & Sutherland, J.P. (1976) Species diversity
gradients: synthesis of the roles of predation, competition,
and temporal heterogeneity. American Naturalist, 110,
351-369.

Menge, B.A. & Sutherland, J.P. (1987) Community regula-
tion: variation in disturbance, competition, and predation
in relation to environmental stress and recruitment. American
Naturalist, 130, 730-757.

Mikola, J. & Setdld, H. (1998) Relating species diversity
to ecosystem functioning: mechanistic backgrounds and
experimental approach with a decomposer food web.
Oikos, 85, 180-194.

Montoya, J.M., Rodriguez, M.A. & Hawkins, B.A. (2003)
Food web complexity and higher-level ecosystem services.
Ecology Letters, 6, 614—622.

Montoya, J.M. & Solé, R.V. (2003) Topological properties of
food webs: from real data to community assembly models.
Oikos, 102, 614-622.

Moore, J.C., De Ruiter, P.C., Hunt, H-W., Coleman, D.C. &
Freckman, D.W. (1996) Microcosms and soil ecology: crit-
ical linkages between field studies and modelling food webs.
Ecology, 73, 694-705.

Morin, P.J. & Lawler, S.P. (1995) Food web architecture and
population dynamics: theory and empirical evidence.
Annual Review of Ecology and Systematics, 26, 505-529.

Miiller, C.B., Adriaanse, I.C.T., Belshaw, R. & Godfray,
H.C.J. (1999) The structure of an aphid—parasitoid com-
munity. Journal of Animal Ecology, 68, 346-370.

Nankano, S. & Murakami, M. (2001) Reciprocal subsidies:
dynamic interdependence between terrestrial and aquatic
food webs. Proceedings of the National Academy of Sciences
USA, 98, 166-170.

Navarrete, S.A. (1996) Variable predation: effects of whelks
on a mid intertidal successional community. Ecological
Monographs, 66, 301-321.

Navarrete, S.A. & Castilla, J.C. (2003) Experimental determina-
tion of predation intensity in an intertidal predator guild:
dominant versus subordinate prey. Oikos, 100, 251-262.

Navarrete, S.A. & Menge, B.A. (1996) Keystone predation
and interaction strength: interactive effects of predators on
their main prey. Ecological Monographs, 66, 409—-429.



596
E. L. Berlow et al.

© 2004 British
Ecological Society,
Journal of Animal
Ecology, 73,
585-598

Navarrete, S.A., Menge, B.A. & Daley, B.A. (2000) Species
interactions in a rocky intertidal food web: prey or preda-
tion regulation of intermediate predators? Ecology, 81,
2264-22717.

Neutel, A.-M., Heesterbeek, J.A.P. & De Ruiter, P.C. (2002)
Stability in real food webs: weak links in long loops. Sci-
ence, 296, 1120-1123.

Osenberg, C.W., Sarnelle, O. & Cooper, S.D. (1997) Effect size
in ecological experiments: the application of biological
models in meta-analysis. American Naturalist, 150, 798—
812.

Paine, R.T. (1969) A note on trophic complexity and commu-
nity stability. American Naturalist, 103, 91-93.

Paine, R.T. (1974) Intertidal community structure. Experi-
mental studies on the relationship between a dominant
competitor and its principal predator. Oecologia, 15, 93—
120.

Paine, R.T. (1980) Food webs, linkage interaction strength,
and community infrastructure. Journal of Animal Ecology,
49, 667-685.

Paine, R.T. (1988) Food webs — road maps of interactions or
grist for theoretical development. Ecology, 69, 1648—1654.

Paine, R.T. (1992) Food-web analysis through field measure-
ment of per capita interaction strength. Nature, 355, 73-75.

Paine, R.T., Castilla, J.C. & Cancino, J. (1985) Perturbation
and recovery patterns of starfish-dominated intertidal
assemblages in Chile, New Zealand, and Washington State.
American Naturalist, 125, 679-691.

Petchey, O.L. (2000) Prey diversity, prey composition, and
predator population stability in experimental microcosms.
Journal of Animal Ecology, 69, 874-882.

Petchey, O.L. & Gaston, K.J. (2002) Functional diversity,
species richness, and community composition. Ecology
Letters, 5, 402-411.

Peters, R.H. (1983) The Ecological Implications of Body Size.
Cambridge University Press, Cambridge.

Pfister, C.A. (1995) Estimating competition coefficients from
census data: a test with field manipulations of tidepool
fishes. American Naturalist, 146, 271-291.

Pimm, S.L. (1979) Complexity and stability: another look at
MacArthurs’s original hypothesis. Oikos, 33, 351-357.

Pimm, S.L. (1980) Food web design and the effect of species
deletion. Oikos, 35, 139-149.

Pimm, S.L. (1984) The complexity and stability of ecosys-
tems. Nature, 307, 321-326.

Pimm, S.L., Lawton, J.H. & Cohen, J.E. (1991) Food web pat-
terns and their consequences. Nature, 350, 669-674.

Polis, G.A. (1991) Complex trophic interactions in deserts: an
empirical critique of food-web theory. American Naturalist,
138, 123-155.

Polis, G.A. (1998) Stability is woven by complex webs. Nature,
395, 744-745.

Polis, G.A., Anderson, W.B. & Holt, R.D. (1997) Toward and
integration of landscape and food web ecology: the dynamics
of spatially subsidized food webs. Annual Review of Ecology
and Systematics, 28, 289-316.

Polis, G.A., Holt, R.D., Menge, B.A. & Winemiller, K.O.
(1995) Time, space, and life history: influences on food
webs. Food Webs: Integration of Patterns and Dynamics (eds
G. Polis & K. Winemiller), pp. 435-460. Chapman & Hall,
New York.

Polis, G.A. & Hurd, S.D. (1996) Linking marine and ter-
restrial food webs: allochthonous input from the ocean
supports high secondary productivity on small islands
and coastal land communities. American Naturalist, 147,
396-423.

Polis, G.A. & Strong, D.R. (1996) Food web complexity and
community dynamics. American Naturalist, 147, 813—846.

Post, D.M. (2002) The long and short of food-chain length.
Trends in Ecology and Evolution, 17, 269-277.

Power, M.E., Tilman, D., Estes, J., Menge, B.A., Bond, W.J.,

Mills, L.S., Daily, G., Castilla, J.C., Lubchenco, J. & Paine, R.T.
(1996) Challenges in the quest for keystones. Bioscience, 46,
609-620.

Quince, C., Higgs, PG. & McKane, A.J. (2002) Food web
structure and the evolution of ecological communities.
Biology Evolution and Statistical Physics (eds M. Lissig &
A. Valleriani), pp. 281-298. Springer, Berlin.

Raffaelli, D.G. (2000) Trends in research on shallow water
food webs. Journal of Experimental Marine Biology and
Ecology, 250, 223-232.

Raffaelli, D.G. & Hall, S.J. (1995) Assessing the relative
importance of trophic links in food webs. Food Webs: Integr-
ation of Patterns and Dynamics (eds G. Polis & K. Winemiller),
pp. 185-191. Chapman & Hall, New York.

Robles, C.D. (1997) Changing recruitment in constant species
assemblages: implications for predation theory in intertidal
communities. Ecology, 78, 1400-1414.

Ruesink, JL. (1998) Variation in per capita interaction
strength: thresholds due to nonlinear dynamics and non-
equilibrium conditions. Proceedings of the National Academy
of Sciences USA, 95, 6843—-6847.

Sabo, J.L. & Power, M.E. (2003a) Numerical response of
lizards to aquatic insects and short-term consequences for
terrestrial prey. Ecology, 83, 3023-3026.

Sabo, J.L. & Power, M.E. (2003b) River—watershed exchange:
effects of riverine subsidies on riparian lizards and their
terrestrial prey. Ecology, 83, 1860-1869.

Sala, E. & Graham, M.H. (2002) Community-wide distribu-
tion of predator—prey interaction strength in kelp forests.
Proceedings of the National Academy of Sciences USA, 99,
3678-3683.

Sanford, E. (1999) Regulation of keystone predation by small
changes in ocean temperature. Science, 283, 2095-2097.
Sarnelle, O. (2003) Nonlinear effects of an aquatic consumer:
Causes and consequences. American Naturalist, 161, 478 —

496.

Schmid-Araya, J., Hildrew, A.G., Robertson, A., Schmid, PE.
& Winterbottom. J. (2002b) The importance of meiofauna
in food webs: evidence from an acid stream. Ecology, 85,
1271-1285.

Schmid-Araya, J.M., Schmid, PE., Robertson, A., Winter-
bottom, J., Gjerlov, C. & Hildrew. A.G. (2002a) Connect-
ance in stream food webs. Journal of Animal Ecology, 71,
1056-1062.

Schmitz, O.J. (1997) Press perturbations and the predictability
of ecological interactions in a food web. Ecology, 78, 55-69.

Schoener, T.W. (1968) Size of feeding territories among birds.
Ecology, 49, 123-141.

Schoener, T.W. (1983) Field experiments on interspecific com-
petition. American Naturalist, 122, 240-285.

Schoenly, K.G. & Cohen, J.E. (1991) Temporal variation of
food web structure: 16 empirical cases. Ecological Mono-
graphs, 61, 267-298.

Schoenly, K.G., Cohen, J.E., Heong, K.L., Arida, G.S.,
Barrion, A.T. & Litsinger, J.A. (1995) Quantifying the impact
of insecticides on food web structure of rice-arthropod
populations in a Philippine farmer’s irrigated field: a case
study. Food Webs: Integration of Patterns and Dynamics
(eds G. Polis & K. Winemiller), pp. 343-351. Chapman &
Hall, New York.

Schoenly, K.G., Cohen, J.E., Heong, K.L., Litsinger, J.A.,
Aquino, G.B., Barrion, A.T. & Arida, G.S. (1996) Food web
dynamics of irrigated Philippine rice fields at five sites along
anelevational gradient. Bulletin of Entomological Research,
86, 451-466.

Sole, R.V. & Montoya, J.M. (2001) Complexity and fragility
in ecological networks. Proceedings of the Royal Society of
London, Series B, 268, 2039-2045.

Spiller, D.A. & Schoener, T.W. (1995) Long-term variation in
the effect of lizards on spider density is linked to rainfall.
Oecologia, 103, 133-139.



597

Interaction
strengths in fod
webs

© 2004 British
Ecological Society,
Journal of Animal
Ecology, 73,
585-598

Sterner, R.W. & Elser, J.J. (2002) Ecological Stoichiometry:
the Biology of Elements from Molecules to the Biosphere.
Princeton University Press, Princeton, NJ.

Sugihara, G., Schoenly, K. & Trombla, A. (1989) Scale-
invariance in food web properties. Science, 245, 48-52.
Tavares-Cromar, A.F. & Williams, D.D. (1996) The import-
ance of temporal resolution in food web analysis: evidence
from a detritus based stream. Ecological Monographs, 66,

91-113.

Tilman, D. (1982) Resource Competition and Community
Structure. Princeton University Press, Princeton, NJ.

Tilman, D. (1996) Biodiversity: population versus ecosystem
stability. Ecology, 77, 350-363.

Tilman, D., Lehman, C.L. & Bristow, C.E. (1998) Diversity—
stability relationships: statistical inevitability or ecological
consequence? American Naturalist, 151, 277-282.

Vandermeer, J. (1980) Indirect mutualism: variations on a
theme by Stephen Levine. American Naturalist, 116, 441—
448.

Walker, B.H. (1992) Biodiversity and ecological redundancy.
Conservation Biology, 6, 18-23.

Warren, P.H. (1996) Structural constraints on food web
assembly. Aspects of the Genesis and Maintenance of
Biological Diversity (eds M.E. Hochberg, J. Clobert &
R. Barbault), pp. 142-161. Oxford University Press, Oxford.

West, G.B., Brown, JH. & Enquist, B.J. (1997) A general
model for the origin of allometric scaling laws in biology.
Science, 276, 122-126.

West, G.B., Brown, JH. & Enquist, B.J. (1999) The fourth
dimension of life: fractal geometry and allometric scaling of
organisms. Science, 284, 1677-1680.

Williams, R.J. & Martinez, N.D. (2001) Stabilization of
Chaotic and Non-Permanent Food Web Dynamics. Santa Fe
Institute Working Paper 01-07-37.

Williams, R.J., Martinez, N.D., Berlow, E.L., Dunne, J.A.
& Barabasi, A.-L. (2002) Two degrees of separation in

Appendix I

COMMON THEORETICAL MEASURES OF
INTERACTION STRENGTH

Theoreticians commonly use a number of measures to
quantify interaction strength. Originally these meas-
ures were based to the interaction coefficients of the
Lotka—Volterra (L-V) interaction model, a;(e.g. Levins
1968). These interaction coefficients can generally be
described without having to invoke a L-V model, as the
change in the per capita growth rate of species i under
a small change in the density of species j. Formally,
this can be performed as follows. The change in the

population density of species i over time is written as

dN;
L NN
dl lf;( 1

cies iand f;(N,, ..., N,) is the per capita growth rate of
species i. We can now formally define the interaction
coefficient as the partial derivative of the per capita
growth rate of species / with respect to the density of
species J, i.e.

., N,)where N, is the density of spe-

eqn 11

This measures the per capita level direct effect of
species j on the per capita growth rate of species i
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(Laska & Wootton 1998). The interaction coefficients
together form a matrix, to which we will refer generally
as the interaction matrix, A = [a;]. For the L-V model
the assumption is made that the interaction coefficients
are constants. There is no a priori reason why this
should be the case. Often it will be more appropriate to
consider interaction strengths as functions of densities
rather than as constants (see e.g. Hernandez 1998).

An alternative way of quantifying interaction
strength is by measuring the change in the growth rate
of the population of species /i under a small change in
the density of species j (the partial derivative of the spe-
cies growth rate of species i/ with respect to the density
of species j), i.e:

. NI

oN;
Thisequals N,a;if i # jand fi(N,, ... ,N,) + N;a;if i = j.
This measures the per capita level direct effect of spe-
cies j on the population level growth rate of species i.
These elements together form what we call the commu-
nity matrix.

The notion of ‘community matrix’ in ecology was
first articulated by Levins (1968), who used the inter-
action coefficients in an LV interaction model scaled
such that the diagonal entries were unity. Without this
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scaling, the community matrix coincides with the
Jacobi matrix of the L-V system linearized at N* (May
1974):
J:diag{...,N,-”‘,...}A eqn 1-3
where diag{...} represents a diagonal matrix by listing
its diagonal elementsand N*=[..., N*, ...]" >0isa
(column) vector representing a feasible equilibrium.
This provides a simple relationship between these
two measures of interaction strength, but only at
equilibrium. The Jacobi matrix can be used to analyse (at
least, local) stability of the community at equilibrium
(N*). In this special case, it combines community struc-
ture and stability into a single analytically tractable
formulation:
J=[0(dN/dt)ION; | yx]. eqn 14
As in the case of the interaction matrix, this formula-
tion can be generalized to non-L-V cases where the
right sides of population equations admit formal dif-
ferentiation. Although the Jacobi matrix is determined
traditionally at an equilibrium point, it can be formally
calculated at any point N, thus bearing a potential to
describe, without the former stability sense, the state-
specific pattern of interactions in the non-equilibrium
community.

Since the time of May’s formulation, the above
matrices have often been referred to as the ‘community
matrix’ or ‘interaction matrix’ (Clark & Hallam 1982;
DeAngelis et al. 1986; Logofet 1994), leading to much
confusionin the literature. The long persistence of various

definitions is due partly to the fact the congeneric
matrices differ only by multiplication with a positive
diagonal matrix. This leaves the sign pattern invariant
under any one of the above definitions. Unfortunately,
this consistency among different formulations is not
true for the stability analysis: it is only within D-stable
matrices, a proper subset of the mere stable ones, that
the interaction matrix, 4, and the community matrix,
J, always yield the same stability or instability result
(Logofet 1993, 2004). Therefore, one can easily find an
example of a stable yet not D-stable matrix (ibidem), so
that a stable community matrix calculated by one defini-
tion would not be stable when calculated by a con-
generic one. A further reason to be careful to distinguish
between the two measures of interaction strength is that
a weak (per capita) interaction coefficient of species j
upon species i, a;, can still result in a sizeable interaction
strength at the population level, N, if species /is abund-
ant. This somewhat counterintuitive result is a direct
consequence of the species-level definition of interaction
strength that considers the per capita effect of species
j on the population-level growth of species i. In the
absence of a generally accepted nomenclature we
urge authors to include clear definitions in future
papers.

A third theoretical measure of interaction strength
that has been proposed is the inverse of the per capita
measured interaction matrix, 4™ (Bender et al. 1984).
In Bender et al.’s model, elements of the inverse inter-
action matrix represent the change in the equilibrium
density of species i in response to a change in the carry-
ing capacity of species j. This measure represents the
sum of the direct and indirect effects of the interaction.



