December 1988

SPECIAL FEATURE—-FOOD WEB THEORY 1655

Ecology, 69(6), 1988, pp. 1655-1664
© 1988 by the Ecological Society of America

DYNAMIC BASIS OF FOOD WEB ORGANIZATION

JoEeL E. COHEN
The Rockefeller University, 1230 York Avenue, New York, New York 10021 USA

AND

CHARLES M. NEWMAN
Department of Mathematics, University of Arizona, Tucson, Arizona 85721 USA

Two well-established, and almost equivalent, em-
pirical generalizations about community food webs are
the link-species scaling law and the hyperbolic con-
nectance law. The link-species scaling law says that,
in community food webs with a moderate number of
trophic species (=5-50), the expected number of tro-
phic links is directly proportional to the number of
trophic species, with a coefficient of proportionality
near 2; on average, community food webs have about
twice as many trophic links as trophic species. The
hyperbolic connectance law says that in community
food webs with a moderate number of trophic species,
the product of the number of species and the con-
nectance (defined below) is approximately constant
(with a value near 4), i.e., that the connectance is a
hyperbolic function of the number of species. The link—
species scaling law and the hyperbolic connectance law
are mathematically equivalent when the number of
trophic species is large compared with 1.

Here we explain these empirical laws quantitatively
by combining a dynamic model of ecological com-
munities with a model of the incompleteness of eco-
logical observations. This conceptual link provides, for
the first time, a partial dynamic basis for the cascade
model, a static stochastic model that predicts impor-
tant structural properties of community food webs. On
the basis of parameter estimates obtained by fitting the
models to the link-species scaling law, it is estimated
that ecologists record in food webs 20% or fewer of the
dynamic interactions among species in communities
with 30 or more trophic species, and 10% or fewer of
the dynamic interactions among species in commu-
nities with 50 or more trophic species.

A MODEL WITH A CHANGING COMMUNITY MATRIX

Paine (1988) pointed out that it would be highly
desirable to find a dynamic basis for static empirical
regularities and static stochastic models that describe
observed community food webs. The same desire to
find a dynamic basis has been expressed by others,

including Pimm (1982), Cohen and Newman (19855:
442), Cohen et al. (1985:460), and Newman and Cohen
(1986:376). Paine also pointed out, as have others, that
ecological data generally, and especially data on trophic
and dynamic interactions in communities, result from
the selective and imperfect attention of ecologists.

Here we suggest that criteria for the probable sta-
bility or instability of an ecological community, in
combination with a simple model of the incomplete-
ness of ecological observations, can provide a partial
dynamic basis for some static regularities (e.g., Briand
1983, Briand and Cohen 1984, Cohen and Briand 1984)
and static models of food webs (e.g., Cohen and New-
man 1985, Cohen et al. 1985, 1986, Newman and
Cohen 1986). The almost equivalent static empirical
regularities that will be explained here are the link—
species scaling law and the hyperbolic connectance law.

Others have proposed a dynamic derivation of the
hyperbolic connectance law from May’s criteria (1972,
1973) for the stability or instability of a model of eco-
systems. Unfortunately, those criteria are erroneous for
May’s model (Cohen and Newman 1984, 1985a), and
hence that proposed derivation fails.

Consider a simple, highly idealized community model
(Cohen and Newman 1984) inspired by a model from
May (1972, 1973). Suppose the state of a community
is described by a real vector x(¢) of S, elements. The
positive integer Sy, represents the number of species
selected for a dynamic description of the community.
These “dynamic” species might correspond to biolog-
ical species, or to age groups within a species if age
structure is important, or to genotypes within age groups
if age structure and genetics are important. No matter
what level of biological detail is selected, a purely biotic
description of the state of a community represents a
gross simplification that omits a large number of other
potentially influential variables. Hence it is to be ex-
pected that a description of community dynamics in
terms of S, dynamic species will be incomplete and
therefore subject to influences that may appear random
within the framework of the biotic model.
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The i element x,(¢) of x(¢) is interpreted as the dif-
ference between the quantity (e.g., number of individ-
uals or biomass) of dynamic species / at time ¢ and the
quantity of the same species at a hypothetical point of
equilibrium, arbitrarily taken to be the origin 0. Sup-
pose time ¢ to be discrete, t =0, 1, 2, . . . . The generally
nonlinear dynamics of the community are modeled by
a linear approximation near the origin:

t=1,2,..., 1

where x(0) # 0 (i.e., the community is initially per-
turbed away from equilibrium) and each A(?) is a real
Sp X Sp matrix with random elements g, (¢) indepen-
dently and identically distributed foralli=1, ..., Sp;
allj=1,...,S8p;andallt=1,2,....

The matrix A(?) is called the community matrix. The
element a,(¢) describes the effect of each incremental
unit of x,( — 1) on x,(¢). The elements of A(?) represent,
not only trophic relations, but all interactions that af-
fect dynamics, including, e.g., competition, mutualism,
and the effects of random environmental perturbations
on these interactions. For this reason, we do not require
that q,(f) < 0 whenever a;(¢) > 0, as might be reasonable
if we were modeling only trophic interactions, or that
a,(t) <0, as might be reasonable if density-dependent
autoregulation were the only factor effective in con-
trolling the size of the i** dynamic species. We assume
that many factors affect dynamic interactions in the
community and that trophic factors are not necessarily
always dominant.

The assumption that the elements g, () are random
and independent for all i, j, and ¢ reflects a lack of
detailed knowledge of their actual values and is in-
tended to approximate their behavior in an ensemble
of communities. May (1972) assumed A(f) to be the
same for all 7. Allowing the community matrix to vary
in time appears to be a step in the direction of realism.

Model 1 shares with May’s (1972) model a potential
weakness pointed out by DeAngelis (1975): neither
represents explicitly a material or energy balance of
biomass flows. How important this potential weakness
actually is depends on how variable assimilation effi-
ciencies are over time and from species to species, and
on how large and variable autotrophic flows are com-
pared with heterotrophic flows. Some more general
conditions for Model 1 considered by Cohen and New-
man (1984) may incorporate a material or energy bal-
ance in biomass flows, but that remains to be deter-
mined.

The distance of the community’s state vector x from
the point of equilibrium 0 will be measured by ||x| =
mayx, | x, | (but the following results apply to most other
norms, such as Euclidean distance). For any nonran-
dom initial perturbation x(0), the asymptotic rate of
growth of ||x| is A[x(0)] = lim,_.||x(?)||'"?, provided the

x() = A()x(t — 1),

limit exists with probability 1. In the cases that will be
considered here, A[x(0)] exists almost surely (i.e., with
probability 1), is nonrandom, and does not depend on
the initial state of the community x(0) [assuming al-
ways that x(0) # 0]. Consequently, it will make sense
to speak simply of the asymptotic growth rate A of
perturbations from equilibrium, keeping in mind that
A depends on both the number of dynamic species and
the distribution assumed for the random elements a,(z).

The community described by the time-series of com-
mupnity matrices {A(¢)}*_, is defined to be stable if
and omly if A < 1, because the deviations x(f) from
equilibrium 0 almost surely eventually decay toward
0 at an exponential rate. Similarly, the community is
defined to be unstable if and only if A > 1, because the
deviations x(¢) from equilibrium almost surely even-
tually increase in size at an exponential rate. When A
= 1, the community is defined to be at the frontier of
stability. For a fixed number of dynamic species, there
are some distributions (those in the domain of stability)
of the random elements a,(¢f) where A < 1; some dis-
tributions (those in the domain of instability) where A
> 1; and some distributions (those at the frontier of
stability) where A = 1.

A community that is unstable, according to the mod-
el, is in theory less likely to persist as a community.
However, a community could fail to satisfy the crite-
rion of local linear stability used here and still satisfy
other criteria of stability, such as having stable limit
cycles. So it is not surprising, as Auerbach (1984) sug-
gests, that communities that fail to satisfy a criterion
of stability are observed in nature. The concept of sta-
bility used here is widely used by others (e.g., Pimm
1982, 1984) and may be useful, but clearly has its
limits.

As did May (1972), consider a sequence of com-
munities with increasing numbers Sp of dynamic
species. For each Sp, the state vectors x(¢) and matrices
{A(O}-, are of size S, and S, X Sp, respectively.
The sequence of model communities is defined to be
asymptotically stable (or asymptotically unstable) if
and only if, for large enough S, the community is
always stable, A\ < 1 (or unstable, A > 1), i.e., if and
only if there exists a positive integer S, such that, for
all Sp > S, the community is stable (or unstable).

A MODEL OF IMPERFECT OBSERVATION

Prompted by Paine’s (1988) criticisms of ecological
data, we suppose that a field ecologist has a threshold
for noting the existence of an interaction between two
species. Specifically, we suppose that there exists a pos-
itive number A such that, whenever —A < q,(¢) < +A,
the ecologist records g, (t) = 0; while whenever a,(f) <
—Aorayf) > +A, the ecologists records g, () as having
some nonzero value. Define P(Sp) to be the probability




