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Summary

1. We measured the body sizes (weights or lengths) of animal species found in the
food webs of natural communities. In c¢. 90% of the feeding links among the animal
species with known sizes, a larger predator consumes a smaller prey.

2. Larger predators eat prey with a wider range of body sizes than do smaller
predators. The geometric mean predator size increases with the size of prey. The
increase in geometric mean predator size is less than proportional to the increase in
prey size (i.e. has a slope less than 1 on log—log coordinates).

3. The geometric mean sizes of prey and predators increase as the habitat of webs
changes from aquatic to terrestrial to coastal to marine. Within each type of
habitat, mean prey sizes are always less than mean predator sizes, and prey and
predator sizes are always positively correlated.

4. Feeding relations order the metabolic types of organisms from invertebrate to
vertebrate ectotherm to vertebrate endotherm. Organisms commonly eat other
organisms with the same or lower metabolic type, but (with very rare exceptions)
organisms do not eat other organisms with a higher metabolic type. Mean sizes of
prey increase as the metabolic type of prey changes from invertebrate to vertebrate
ectotherm to vertebrate endotherm, but the same does not hold true for predators.
5. Prey and predator sizes are positively correlated in links from invertebrate prey
to invertebrate predators. In links with other combinations of prey and predator
metabolic types, the correlation between prey and predator body sizes is rarely
large when it is positive, and in some cases is even negative.

6. Species sizes are roughly log-normally distributed.

7. Body size offers a good (though not perfect) interpretation of the ordering of
animal species assumed in the cascade model, a stochastic model of food web
structure. When body size is taken as the physical interpretation of the ordering
assumed in the cascade model, and when the body sizes of different animal species
are taken as log-normally distributed, many of the empirical findings can be
explained in terms of the cascade model.
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Introduction

Body size is one of the most obvious features of any
animal and one of the most important (Calder 1984;
Peters 1983; Reiss 1989; Schmidt-Nielsen 1984).

* Address for correspondence: Joel E. Cohen,
Rockefeller University, 1230 York Avenue, Box 20, New
York, NY 10021-6399, USA.

Size influences how much energy an animal needs,
how much food it can gather, and which other
organisms can try to eat it, among other aspects of
life history. Thus, size constrains animals’ feeding
interactions on an ecological time-scale and is influ-
enced by feeding interactions on an evolutionary
time-scale. Our aim is to describe and understand
the connections between the size and the feeding
relations of organisms in natural settings. We shall
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report here some steps towards this goal. For back-
ground on food webs, see e.g. Pimm (1982), Schoener
(1989), Yodzis (1989, Chapter 8) and Pimm, Lawton
& Cohen (1991).

The relations between body size and feeding re-
lations have been studied in several ways. Some
studies report the weights of predator—prey pairs
from different communities and ecosystems, but
restrict the data to taxonomically or functionally
defined groups, such as vertebrate insectivores, or
birds feeding on seeds (e.g. Schoener 1968; Wilson
1975; Peters 1983, p. 277; Vézina 1985). An alterna-
tive approach considers the pattern of variation in
the weights of predators and prey, not pairwise, but
along the full length of a food chain or in an entire
food web in a single community or ecosystem. Elton
(1927) suggested that in some food chains (e.g.
those including marine or aquatic grazers), body size
generally increases with increasing remoteness from
the green plants; in other food chains (e.g. those
including terrestrial herbivores), he suggested, body
size generally decreases with increasing remoteness
from the green plants. Exceptions to these general-
izations come readily to mind. A third approach
reports the weights of all (or as many as possible) of
the predator—prey pairs in a particular community
or ecosystem (e.g. Menge ef al. 1986; Warren &
Lawton 1987).

To investigate further the possibility that there
exist general relations between body size and food
web structure, we assemble here and analyse data
relating body size to feeding links among diverse
taxonomic groups of animals in a diversity of food
webs. Plants are not included. The data are obser-
vational, not based on experimental changes in either
animal body size or web structure. Therefore, the
data do not permit us to distinguish whether animal
body size unidirectionally controls food web struc-
ture, or vice versa. In any event, a bidirectional
interaction between body size and web structure
seems more likely than either unidirectional caus-
ation. Our purpose is to describe the interaction
quantitatively and to relate it to a model of food web
structure known as the cascade model (Cohen,
Briand & Newman 1990).

Data

Data set A

One of us (P.Y.) determined the average adult
weights (g) of as many as possible of the animal
species in the first 40 community food webs of the
Briand-Cohen collection, after excluding six webs in
which man appeared. The webs of the Briand-Cohen
collection are printed in full in Cohen, Briand &
Newman (1990, Chapter IV), and are also available
in machine-readable form (Cohen 1989a). As in
Yodzis (1984), weights were determined using pub-

lished data, scaling formulae, weighing of specimens
and, in a few cases, calculation from the geometry of
the animals. Some kinds of organisms in the food
web data lump too many taxa together, or are too
vaguely specified, to permit such a determination. A
few of the species involved were too obscure to
enable enough information to be gathered.

The data were previously used to test the hypo-
thesis that, other things being equal (including body
size), energetically efficient animals such as invert-
ebrate ectotherms are more likely to provide sole
support for a consumer than are energetically pro-
fligate animals such as endotherms (Yodzis 1984).

For each web, we constructed the subweb con-
taining the species with known weights. We excluded
any subweb with species of known weights that had
fewer than 10 links because we wanted a ‘large’
sample of links in each web for the randomization
test of the effect of body size, which is described
below under Methods. Data set A thus consists of
the 18 subwebs of community food webs listed in
Table 1 and of the weights associated with each of
the 262 species in these webs. From these subwebs
and weights, we constructed (prey weight, predator
weight) pairs for each of the 354 reported links.

Data set B

Another of us (S.L.P.) independently determined
the lengths (cm) of as many as possible of the animal
species in prey—predator pairs in 30 webs from a
compendium of sink, source and community webs
assembled by Anthony W. King & S.L. Pimm
(S.L. Pimm, personal communication). Seven webs
appear in both data sets A and B: those numbered
19, 23, 25, 33, 35, 38 and 39 in Table 1. The
remaining 23 webs in data set B include eight webs
from the Briand-Cohen collection (webs numbered
18, 24, 27, 34, 45, 67, 89, 98; see Cohen, Briand &
Newman 1990 for sources) and 15 webs from other
sources (Beaver 1979 [two webs]; Gardarsson 1979;
Hurlbert, Mulla & Willson 1972; Kitching 1983 [two
webs]; Larson et al. 1978; Marshall 1982; Mayse &
Price 1978 [two webs]; Moriarty et al. 1973; Readshaw
1971; Richards 1926; Zaret & Paine 1973 [two webs]).

The lengths are best estimates based on various
sources, primarily Borror, DeLong & Triplehorn
(1981), Migdalski, Fichter & Weaver (1976), Stanek
(1962), and Walker (1968). Lengths were used to
measure body sizes because they can easily be
measured from illustrations. Where a range of
lengths was given, the midpoint of the range was
used as the estimate. For age-specific groups of
organisms, lengths appropriate to the age group
were used. Sizes in data set B were determined
independently of those in data set A. Data set B
consists of 478 pairs giving (prey length, predator
length). Each species appears as many times as it has
links to other species.
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Table 1. Analysis of 18 food webs with at least 10 links having predator and prey of known weight (data set A). Sources of

webs are given in Cohen, Briand & Newman (1990)

Upper

Web no. n L b tail Habitat Habitat type

2 10 11 0 1 Knysna estuary, South Africa C

3 17 16 7 0-64 Salt-marsh, Long Island, USA C

4 11 18 5 0-87 Salt-marsh, California, USA C
12 10 16 2 0-96 Exposed rocky shore, Washington, USA C
13 9 19 3 0-96 Protected rocky shore, Washington, USA C
16 10 11 0 1 Pamlico estuary, North Carolina, USA C
17 11 18 5 0-90 Coral reefs, Marshall Islands C
19 14 23 2 1 Moosehead Lake, Maine, USA A
20 14 18 3 0-99 Antarctic pack ice zone M
21 7 17 1 1 Ross Sea M
22 20 26 2 1 Bear Island, Spitzbergen T
23 11 10 0 0-99 Prairie, Manitoba, Canada T
25 15 12 2 0-94 Aspen communities, Manitoba, Canada " T
33 26 20 1 1 Crocodile Creek, Malawi A
35 9 15 3 0-92 Morgan’s Creek, Kentucky, USA A
37 17 22 7 0-77 Marine sublittoral, southern California, USA M
38 26 56 2 1 Lake Nyasa, rocky shore, Malawi A*
39 25 26 0 1 Lake Nyasa, sandy shore, Malawi A*
Total 262 354 45

Web no. = serial number of web in the Briand-Cohen collection (Cohen, Briand & Newman 1990).

n, number of species with known weights.

L, number of links in the subweb containing only species of known weight.
b, number of links in which a smaller predator consumes a larger prey.
Upper tail = fraction of times, in 100 random permutations, that the simulated value of b exceeded the observed value

of b.
Habitat, location of study.

Habitat type: T, terrestrial; A, aquatic; C, coastal; M, marine.
* The organisms in this web were drawn only from the water offshore, not from the terrestrial boundary for which the
web is named, hence the web is classified as aquatic, not coastal.

Classification of species and habitats

Species were classified according to their metabolic
type as invertebrate, vertebrate ectotherm, or
vertebrate endotherm. All prey—predator pairs in
data set A and 468 of 478 pairs in data set B were
classified according to the metabolic type of prey
and predator. The habitat of each web was classified
as terrestrial, aquatic (freshwater), coastal (inter-
facial), and marine.

Because the webs included in data sets A and B
were selected independently and the sizes of the
organisms were determined independently, these
two data sets provide an internal control for the
effects of a difference between investigators. If pat-
terns emerge that are consistent between the two
data sets, these patterns are robust in spite of the
differing distribution of webs among types of habitat
and the differing methods of determining body size.

Methods of analysis

Role of body size in structuring food webs

Our first goal is to assess how weight influences the
partners of predator—prey pairs. If bigger species

generally eat smaller ones, the number of links in
which a smaller species consumes a larger species
should be small. For each subweb in data set A, we
counted the number of links in which a smaller
species consumes a larger species; we call this
number b(observed), where b indicates that the
weight of the predator is below that of the prey
(Table 1).

We then determined whether the observed num-
ber of links with bigger prey than predator is small
compared to the number of such links that would be
expected if body size played no role. For each
subweb, we permuted the observed weights ran-
domly using the algorithm RANPER of Nijenhuis &
Wilf (1978, p. 62), reassigned the permuted weights
to the species, and counted the number of links in
which a smaller species consumes a larger species;
we call this number b(simulated). We computed
b(simulated) 100 times for each web, using indepen-
dent random permutations of weights. We then
counted the number of simulations in which b
(simulated) was larger than b(observed) and divided
by 100 (the number of simulations) to estimate the
probability that a random ordering of species would
have smaller species eating bigger ones more often
than an ordering of species by weight (Table 1).



