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The stability of ecological communities largely depends on the
strength of interactions between predators and their prey. Here
we show that these interaction strengths are structured nonran-
domly in a large Caribbean marine food web. Specifically, the
cooccurrence of strong interactions on two consecutive levels of
food chains occurs less frequently than expected by chance. Even
when they occur, these strongly interacting chains are accompa-
nied by strong omnivory more often than expected by chance. By
using a food web model, we show that these interaction strength
combinations reduce the likelihood of trophic cascades after the
overfishing of top predators. However, fishing selectively removes
predators that are overrepresented in strongly interacting chains.
Hence, the potential for strong community-wide effects remains a
threat.

community stability � omnivory � trophic chain � trophic cascade �
quantitative networks

Quantification of the strength of interactions between species
is essential for understanding how ecological communities

are organized and how they respond to human exploitation.
Food webs are characterized by many weak interactions and a
few strong interactions (1–6), which appears to promote com-
munity persistence and stability (7–9). However, little is known
about how interaction strengths are combined to form the
simplest components of complex food webs (10, 11). An example
of such a component is a tritrophic food chain (TFC) in which
a top predator P eats a consumer C, which in turn eats a resource
R (Fig. 1).

The cooccurrence of strong interactions on two consecutive
levels of a trophic chain has the potential to modify the structure
and dynamics of entire food webs through trophic cascades
(12–16). Trophic cascades are predator–prey effects that alter
biomass or abundance of a species across more than one trophic
link (12, 16). Reductions in the abundance of a predator through
fishing would propagate through the food chain resulting in
increased consumer abundance and fewer resources (13).

The role of omnivory (the top predator also feeds on the
resource) (Fig. 1b) in food web stability has been debated for
decades. Although previous results concluded that omnivory
destabilizes food webs (17), recent studies have shown the
opposite trend (18, 19). It is unclear whether omnivory can
mitigate the effect of trophic cascades when top predators and
consumers are strong interactors (20). Thus, although the over-
fishing of top predators has the potential to cause trophic
cascades, we still do not know how general the community-wide
effects of overfishing are.

Here we analyze a real, large food web to describe the patterns
of interaction strength combinations and explore their implica-
tions for food web dynamics. Specifically, we first quantified
per-capita interaction strengths (interaction strengths hereafter)
between all predator–prey links. Then, we determined how
strong interactions are combined within TFCs with and without
omnivory. Finally, we linked structure and dynamics by using a
biologically parameterized food web model. This model allows us

to assess the implications of the observed interaction strength
combinations on trophic cascades.

Materials and Methods
The Food Web. We compiled from published studies (21, 22) a
large quantitative food web: 249 species�trophic groups and
3,313 interactions. The food web depicts the trophic interactions
of a Caribbean marine ecosystem covering �1,000 km2 and
comprises all benthic and pelagic communities from the surface
to a 100-m depth, including detritus, 4 primary producer groups,
35 invertebrate taxa, and 208 fish species, as well as sea turtles
and sea birds (see Data Set 1, which is published as supporting
information on the PNAS web site, for the food web and a list
of species and Supporting Materials and Methods, which is
published as supporting information on the PNAS web site, for
the strengths and limitations of data) (21, 22).

Quantification of Predator–Prey Interaction Strengths. To investi-
gate the structure of the food web we calculated a per-capita,
standardized measure of the strength of the interaction of

Abbreviation: TFC, tritrophic food chain.
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Fig. 1. The building blocks of complex food webs. (a) TFC. (b) TFC with
omnivory. Nodes from top to bottom represent the top predator (P), the
consumer (C), and the resource (R). Arrows represent trophic links. (c) Sche-
matic representation of a food web highlighting three TFCs (one of them with
omnivory). The central food chain shows cooccurrence of two strong interac-
tion strengths, the combination explored in this paper.
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predators on their prey (2, 5). This measure is estimated as the
proportion of prey biomass consumed per capita (per unit of
biomass of the predator), per day, i.e.,

�Q�B�j � DCij

Bi
, [1]

where (Q�B)j is the number of times an age-structured popula-
tion of predator j consumes its own weight per day (23), DCij is
the proportion of prey i in the diet of predator j, and Bi is biomass
of prey i (see Supporting Materials and Methods for the detailed
derivation of the above expression). Parameter values were
obtained from many individual studies compiled by Opitz (22).
From the above parameters, (Q�B)j is probably the most reliable,
and it is estimated as the metabolic efficiency of an average
individual during its growth (23). Information on this metabolic
efficiency comes from experimental studies for almost all species
considered in this food web (see Supporting Materials and
Methods for details) (22).

DCij values were obtained primarily from fish stomach con-
tents in the U.S. Virgin Islands (21). Specifically, stomach
contents of a total of 5,526 specimens of 212 fish species were
analyzed (21, 22). The average number of individuals per species
is 27.1 (SD � 29.03).

The biomass (measured in grams per square meter) of the
species used here are average estimates for the U.S. Virgin
Islands–Puerto Rico region (22). Body mass is estimated as the
average body mass of adults multiplied by a correction factor
describing the age structure of the population (see ref. 22 for
details). Density estimates were made by Opitz (22) synthesizing
several sources. She quantified previously qualitative measures
of density. The only exception are fire corals, for which no
biomass data were available. We estimated the average biomass
of fire corals on Caribbean coral reefs from ref. 24. This
approach takes advantage of the logic of the mass balance model
ECOPATH (25), which assumes that, at equilibrium, consump-
tion equals production plus respiration plus unassimilated food
and provides ‘‘instantaneous’’ snapshot estimates of biomasses
and biomass flow between species or trophic groups. Our goal,
however, was not to produce a mass balance model but to use
estimates of consumption�biomass ratios at equilibrium to ob-
tain measures of energy transfer between taxa that we then
standardized to average per-capita effects of predators on prey
populations.

With the above measure, we first described the frequency
distribution of interaction strengths. Second, we moved beyond
this statistical distribution by studying how interaction strengths
are combined in TFCs (Fig. 1a) and TFCs with omnivory (Fig.
1b). These basic chains can be viewed as the building blocks of
complex food webs (Fig. 1c) (10) or the simplest representation
of multitrophic relationships frequently used in theoretical stud-
ies (8, 26, 27). All TFCs were considered, from those with
primary producers at the base to those with fishes at the base.

Interaction Strength Combinations in Food Chains. Per-capita inter-
action strengths (IS) were classified in four quartile classes: class
1, IS � 10�7; class 2, 10�7 � IS � 10�5; class 3, 10�5 � IS � 10�3;
and class 4, IS � 10�3. We defined class 4 as strong interactions.
We looked at combinations of interaction strength values within
class 4 in TFCs and food chains with omnivory. Other classifi-
cations did not qualitatively change the results presented here.

To determine whether two strong interactions cooccur more
often than expected by chance within TFCs and chains with
omnivory, we randomized the original food web by randomly
exchanging predator–prey pairs of interaction strengths. These
pairs were kept intact to preserve the topological structure of the
matrix (10). That is, if two species interact in the real food web,
they also interact in each replicate, but the algorithm assigns to

this link a weight randomly chosen from the pool of interaction
strength values. Similarly, if two species do not interact in the real
food web, they will not interact in any replicate. We generated
a total of 50,000 replicate food webs. For each replicate food
web, we classified interaction strengths in the previous four
classes and measured the number of food chains with two strong
interactions. We then used the distribution of the number of food
chains with two strong interactions to determine the probability
that a random food web has a smaller or larger number of such
food chains than that in the real food web. Because not all
interaction strength values necessarily form a TFC (e.g., a basal
species A may be eaten by species B, which is not eaten by any
other species), we used a second null model in which only the
interaction strengths that belong to at least a TFC are random-
ized. Results were qualitatively similar.

Linking Structural and Dynamical Measures of Interaction Strength.
There are two main approaches to calculate interaction strength.
First, Paine’s seminal paper (2) was based on a dynamical
assessment of the ‘‘absolute prey response standardized by some
measure of prey abundance.’’ This measure has been empirically
calculated for only a few species. In contrast, observational,
indirect (static) information has been used to estimate interac-
tion strength for larger communities (5). Our measure of inter-
action strength builds from the last approach. This calculation,
unfortunately, precludes any inference about dynamical impli-
cations. The reason is that it is a static measure, i.e., it cannot
describe changes in biomass. There is a lack of direct estimates
of other parameters that affect such changes. For this reason, we
bridge between static and dynamic measures when relating the
results on structure to the dynamical model, a model built in a
way that maximizes the use of observational information. This
synthesis facilitates comparisons. As a first step, we have pa-
rameterized a bioenergetic model with biologically realistic
values. Combinations of the structural interaction strengths are
incorporated in the dynamical model by combining preference,
nonlinear functional response, metabolic parameters, and body
mass ratios. The above static and dynamic measures of interac-
tion strength have the following similarities.

1. They represent a property of each individual link (28).
2. They provide a top-down measure of consumption inten-

sity (28).
3. They do not measure prey response (28).
4. Prey preference is used in both measures: �ij in the model and

DCij in the static measure of interaction strength.
5. (Q�B)j is essentially identical to the maximum ingestion rate

Yj, although the first variable is per unit biomass and the
second is per unit metabolic rate.

The same static and dynamic measures of interaction strength
also differ. Our static measure ignores functional responses (it is
based on fixed biomass of prey). In contrast, our model considers
functional responses, which captures the fact that interaction
strength varies with prey and predator density. The first measure
can be calculated for many species, whereas the latter can only
be calculated for a small subset of species (the real form of the
functional response is unknown for the bulk of species).

The Food Web Model. To determine the consequences of the
interaction strength combinations on trophic cascades, we used
a bioenergetic model of a simple TFC and a food chain with
omnivory (8, 19, 29). Because overfishing tends to eliminate the
species in the higher levels of food chains (30, 31), we simulated
the fishing of top predators and explored the subsequent change
in resource biomass. As in related studies, the magnitude of the
trophic cascade was measured as the log ratio of resource
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biomass without fishing of the top predator to resource biomass
with fishing of the top predator (15).

Although the model describes independent trophic modules,
the modules studied in this paper are embedded within the entire
food web. A first step in addressing this difference is by adding
allochthonous inputs A to the model, which captures the fact that
resources and consumers feed on other species (see Supporting
Materials and Methods for more details). The model can be
written as

dR
dt

� rR�1 �
R
K� �

�1 � �Ac�XRCYCRnC
�1 � �Ac�Rn � �AcAc

n � �1 � cCC�R0
n

�
�RPXRPYPRnP

�RPRn � �ApAp
n � �CPCn � �1 � cPP�R02

n ; [2]

dC
dt

� �XCC �
�1 � �Ac�XRCYCRnC

�1 � �Ac�Rn � �AcAc
n � �1 � cCC�R0

n

�
�AcXACYCAc

nC

�1 � �Ac�Rn � �AcAc
n

�
�CPXCPYPCnP

�RPRn � �ApAp
n � �CPCn � �1 � cPP�C0

n; [3]

dP
dt

� �XPP � FP

�
�RPXRPYPRnP

�RPRn � �ApAp
n � �CPCn � �1 � cPP�R02

n

�
�CPXPYPCnP

�RPRn � �ApAp
n � �CPCn � �1 � cPP�C0

n

�
�ApXAPYPAp

nP

�RPRn � �ApAp
n � �CPCn , [4]

where R is the resource (basal species) biomass, C is the
consumer (intermediate species) biomass, and P is the top
predator biomass. r is the resource intrinsic growth rate (its
production-to-biomass ratio, see ref. 29). K is the resource-
carrying capacity, and R0, R02, and C0 are the half saturation
densities of the resource when consumed by C, by P, and of the
consumer itself when consumed by P, respectively. Xij is a relative
specific rate of respiration, normalized to the production-to-
biomass ratio of the consumer population (see ref. 29 and
Supporting Materials and Methods for a detailed derivation). Yj is
the ingestion rate per unit metabolic rate of species j (29). The
two previous metabolic parameters are estimated by using
information for vertebrate ectotherms (29) and biomass esti-
mated from this study (see Supporting Materials and Methods). F
is the fishing rate of the top predator.

�ij represents the species j preference for species i. Thus, Eqs.
2–4 represent a simple TFC when �RP � 0 and an omnivory food
web when �RP � 0.

c is a positive constant describing the magnitude of interfer-
ence among predators (see ref. 32 for details), and n is the
number of encounters a predator must have with its prey before
the predator is maximally efficient at feeding on that prey item
(33). The role of n is to shift the functional response from type
II to type III. The type II response is a special case of the type
III response (for n � 1, where a predator is always maximally
efficient on the prey item) (33).

We have tested Holling type II (29, 33) (n � 1, ci � 0), Holling
type III (29, 33) (n � 2, ci � 0), and predation interference (34)
(n � 1, ci � 0) functional responses. All three functional

responses and a range of realistic parameter combinations
showing stable dynamics have given similar qualitative results
(except for predator interference for certain parameter combi-
nations, see Fig. 4, which is published as supporting information
on the PNAS web site). The specific parameter combination
used in Fig. 3 is the following. Functional response, Holling type
II; �AC � 0.6, �CP � 0.4, and �AP � 0.6 for Fig. 3 a and b; �AP
� 0.2 and �RP � 0.4 for Fig. 3c. Xij � 0.1 and Yi � 3,
corresponding to weak interactions as depicted in Fig. 3a Inset.
Xij � 0.2 and Yi � 4, corresponding to strong interactions in Fig.
3 b and c. Other parameter values are r � 1, K � 1, R0 � R02 �
C0 � 0.75, n � 1, cC � 0.005, cP � 0.35, and AC � AP � 0.01.

Results and Discussion
Fig. 2a shows a random sample of the whole food web for
representation purposes. Link width represents interaction
strength. There are a few strong interaction strengths distributed
within a matrix of weak interactions, confirming previous results
(1–6). The frequency distribution of per-capita interaction
strengths fits a lognormal distribution with marginal significance
(P � 0.06, Lilliefors’ test) (Fig. 2b) and spans seven orders of
magnitude, highlighting the extreme variability of predator–prey
interaction strengths.

The fish species involved in most strongly interacting TFCs
were sharks as top predators (see Data Set 1), groupers (family
Serranidae) as consumers, and fishes of the Blenniidae, Clupei-
dae, Engraulidae, Pomacentridae, and Scaridae families as the
base of the TFC.

Fig. 2. Interaction strength variability. (a) Random sample of the Caribbean
food web containing 30% of the species and 11% of the interactions. Each
node represents a species or taxon. Arrows represent trophic interactions
between predators and their prey. Arrow thickness is proportional to the
interaction strength. Loops represent cannibalism. (b) Frequency distribution
of interaction strengths (n � 3,313) spanning seven orders of magnitude. The
line represents the best fit to a lognormal distribution.
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Our analysis showed that the cooccurrence of two strong
interactions in TFCs is less frequent than expected by chance
(n � 3,086, P � 0.0018). When two strong interactions cooccur,
strong TFCs have a strong omnivory link more often that
expected by chance (n � 585, P � 0.0001).

The food web model indicated that the cooccurrence of two
strong interactions in the basic TFC increases the magnitude of the
trophic cascade (Fig. 3, compare a with b). However, the magnitude
of the trophic cascade is reduced in the presence of strong omnivory
(Fig. 3, compare b with c). In addition, omnivory qualitatively
changes the response of the resource, which may first increase with
moderate fishing of the top predator (Fig. 3, compare b with c).
These results indicate that the interaction strength combinations
here reported reduce the likelihood of trophic cascades, with
important implications for food web dynamics. Future work is
needed to explore how these results are affected by the use of
trophic modules more explicitly embedded within the whole food
web. This challenge remains because models describing an increas-
ing number of species become increasingly unstable for biologically
realistic parameter combinations (35).

The reduced tendency for trophic cascades resulting from the
reported interaction strength combinations, however, does not
imply that this community is buffered from the effects of exploi-
tation. Fishing selectively targets a biased sample of species be-
longing to upper trophic levels (30, 31). These species, which include
top predators, are overrepresented in the relatively rare strongly
interacting TFCs. For example, 10 heavily fished top predators
(sharks from seven families; see Data Set 1) account for 48% of the
strongly interacting TFCs in the Caribbean food web. The likeli-
hood of trophic cascades after the depletion of these strong
interactors will thus depend on the relative fraction of strong

omnivory. Of these strongly interacting TFCs, 31% have the
buffering effect of strong omnivory, still leaving roughly two of
three strongly interacting TFCs susceptible to trophic cascades.

The dynamic consequences of the structural patterns reported
here provide a framework to assess the community-level impacts
of overfishing. Although the web appears to be well protected
against the overfishing of randomly picked species, it is suscep-
tible to the effects of selective fishing. Strongly interacting TFCs
include species at the base, such as parrotfishes (Scaridae) and
other herbivores (see Data Set 1), which are important grazers
of macroalgae (21). The removal of herbivores by fishing has
been partly responsible for the shift of Caribbean reefs from
coral- to algae-dominated (36). Our results suggest that over-
fishing of sharks may have also contributed to the depletion of
herbivorous fishes through trophic cascades, thus enhancing the
degradation of Caribbean reefs. The community-wide impacts of
fishing are stronger than expected because fishing preferentially
targets species whose removal can destabilize the food web.
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