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Abstract. Recent papers opposing ratio dependence focus on four main criticisms: (1)
the empirical evidence we present is insufficient or biased, (2) ratio-dependent models
exhibit pathological behavior, (3) ratio dependence lacks a logical or mechanistic base, and
(4) more general models incorporate both prey and ratio dependence and there is no need
for either of the two simplifications. We review these arguments in the light of empirical
evidence from field and experimental studies. We argue that (1) empirical evidence shows
that most natural systems are closer to ratio dependence than to prey dependence, (2)
“pathological”” dynamics in a mathematical sense is not only realistic, but the lack of such
dynamics in prey-dependent models actually makes them pathological in a biological sense,
(3) the mechanistic base of ratio dependence is (direct and indirect) interference and resource
sharing, and (4) although more general models (with extra parameters) can never fit natural
patterns worse than either prey- or ratio-dependent models, there are theoretical, practical,
and pedagogical reasons for attempting to find simpler models that can capture the essential

dynamics of natural systems.
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INTRODUCTION

In prey—predator models the link between the dy-
namics of prey and predator is described by the trophic
function, g, which is called the ‘‘functional response”
in the prey equation (Eq. 1a) and the ‘“‘numerical re-
sponse’ in the predator equation (Eq. 1b):

dN

=~ SN = g, PP (1a)
t

dpP

o - 8N, PP = ppP, (1b)

where N is the number of prey, P is the number of
predators, e is trophic efficiency, and p is predator
death rate.

Different formulations of the trophic function in-
clude dependence on prey density alone (prey depen-
dence; Lotka-Volterra-type models), on the ratio of
prey and predator densities (ratio dependence; Arditi
and Ginzburg 1989), and on prey and predator densities
separately (Table 1). Ratio dependence and prey de-
pendence are at opposite ends of a spectrum of func-
tional/numerical responses that are general functions
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2 This article responds to Comments on ratio-dependent
predation, which appeared in Ecology 75:1834-1850.

of both prey and predator densities. Functions of this
more general type include those proposed by Hassell
and Varley (1969), DeAngelis et al. (1975), and Bed-
dington (1975). In a number of studies we have sug-
gested that natural systems are generally closer to the
ratio dependence end of the spectrum than to the prey
dependence end; in particular, the evidence for ratio
dependence comes from purposely designed experi-
ments measuring patterns of equilibria predicted by
different functional response models (Arditi et al.
1991b, Arditi and Saiah 1992), and from biomass re-
lationships among trophic levels in natural ecosystems,
particularly in lakes with different nutrient loadings
(Arditi and Ginzburg 1989, Arditi et al. 19914, Arditi
and Saiah 1992, Ginzburg and Akgakaya 1992).

The critiques to which we have been invited to re-
spond (particularly Abrams 1994) contain a large num-
ber of statements that are misunderstandings of our
arguments. Rather than undertaking the tedious task,
of low interest to the reader, of commenting separately
on every such statement, we will focus instead on the
four main criticisms raised by Abrams (1994), Sarnelle
(1994), and Gleeson (1994), and by previous papers
cited by these authors (Freedman and Mathsen 1993,
Diehl et al. 1994): (1) the empirical evidence we pres-
ent is insufficient or biased, (2) ratio-dependent models
exhibit pathological behavior, (3) ratio dependence
lacks a logical or mechanistic base, and (4) more gen-
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TaBLE 1. Examples of prey-dependent, intermediate, and ratio-dependent trophic functions, g(N, P).
Name Equation* Source
Prey-dependent Lotka-Volterra g(N,P) = aN
Holling g(N,P) = aNI(b + N) Holling 1959
Rosenzweig-MacArthur g(N,P) = g(N) Rosenzweig and
MacArthur 1963
Intermediate Hassell-Varley g(N,P) = aNP™ Hassel and Varley 1969

DeAngelis-Goldstein-O’Neill

Getz
Arditi-Ginzburg

Ratio-dependent

g(N,P) = aNI(b + N + cP)

g(N,P) = aN/(cP + N)
g(N.P) = g(NIP)

DeAngelis et al. 1975

Getz 1984
Arditi and Ginzburg 1989

* N = number of prey; P = number of predators; a, b, ¢, o, and m are constants.

eral models incorporate both prey and ratio dependence
and there is no need for either of the two simplifica-
tions.

In this paper, we argue that (1) empirical evidence
shows that most natural systems are closer to ratio de-
pendence than to prey dependence, (2) ‘‘pathological”’
dynamics in a mathematical sense is not only realistic,
but the lack of such dynamics in prey-dependent mod-
els actually makes them pathological in a biological
sense, (3) the mechanistic base of ratio dependence is
(direct and indirect) interference and resource-sharing,
and (4) although more general models (with extra pa-
rameters) can never fit natural patterns worse than ei-
ther prey- or ratio-dependent models, there are
theoretical, practical, and pedagogical reasons for at-
tempting to find simpler models that can capture the
essential dynamics of natural systems.

EMPIRICAL EVIDENCE
Trophic abundances

Prey- and ratio-dependent models show striking dif-
ferences in the trophic abundances in food chains of
increasing length in response to variations in primary
productivity (Arditi and Ginzburg 1989: Table 2). In
the ratio-dependent model, all levels respond propor-
tionately, while in the prey-dependent model the re-
sponses differ depending on the trophic level and on
the number of levels. Prey-dependent models generally
do not predict that consecutive levels will concurrently
increase in equilibrium abundance in response to an
increase in productivity. The exception to this state-
ment is a structurally unstable model (Gatto 1991,
Gleeson 1994) that we will discuss below (see Density
dependence at only the top level).

We analyzed the relation between abundances of var-
ious trophic levels in 175 lakes (Ginzburg and Akgak-
aya 1992) and concluded that the patterns of abundance
were more consistent with the ratio-dependent model
than with the prey-dependent model. This analysis has
been criticized (Abrams 1994, Diehl et al. 1994, Sar-
nelle 1994) on the grounds that other (non-ratio-de-
pendent) models can also predict similar patterns, and
that some experimental evidence favors other models.
We discuss each of these arguments in detail.

Different number of trophic levels.—Fretwell (1977)

and Oksanen et al. (1981) developed a prey-dependent
theory that predicts that, as primary productivity in-
creases, the number of trophic levels increases and this
causes a stepwise increase in biomasses of all trophic
levels. This prediction of prey-dependent models is
summarized in two figures, which show changes in
pairs of trophic variables. Fig. 1A (based on Kerfoot
and DeAngelis 1989) shows the changes in the biomass
of the first trophic level (producers) as the potential
primary productivity (measured for instance by nutrient
loading) increases. Fig. 2A (based on Oksanen et al.
1981) shows the changes in the biomasses of first (pro-
ducer) and second (herbivore) levels as a result of an
increase in potential productivity (which is not shown).
Sharp changes in the relationship arise as new trophic
levels are added. In Figs. 1A and 2A, the last segments
(labelled ““4 levels’’) are drawn in a different style to
emphasize that they correspond to the data shown in
Figs. 1B and 2B, respectively (see below). Persson et
al. (1988) have suggested that further increases in pro-
ductivity can also cause a decline in the number of
trophic levels from 4 to 3.

Thus, the prediction of an increase in biomasses with
prey-dependent models is contingent upon simulta-
neous changes in the number of levels. The problem
is that such changes are not commonly observed. Sev-
eral studies have shown that food chain lengths do not
vary much, and whatever variation there is cannot be
explained by variation in productivity (Ryther 1969,
Pimm 1982, 1988, 1992, Beaver 1985, Briand and Co-
hen 1987, Pimm and Kitching 1987, Cohen et al. 1990).
A study by Persson et al. (1992) found that three-link
systems had lower productivity than four-link systems,
and therefore provided counter-evidence to the above
generalizations. However, besides the fact that the dif-
ference was not significant, one should note the dis-
crepancy in the number of communities included in
these studies: while Persson et al. (1992) is based on
11, Briand and Cohen (1987), for instance, is based on
113 communities. It is also important to note that an
increase in the number of trophic levels is not assumed
by ratio dependence, but it is not incompatible with it
either. In a ratio-dependent system, such an increase
would not result from changes in the stability properties
of trophic interactions, as proposed by Oksanen et al.
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Fic. 1. Relationship between potential primary produc-

tivity and phytobiomass. (A) Prey-dependent model predic-
tion (different segments correspond to the assumed increases
in the number of trophic levels). (B) Ratio-dependent model
prediction, superimposed with data from Mills and Schiavone
(1982). The data displayed in (B) deal with four-level lakes
and should be compared only with the last portion of the
prey-dependent prediction in (A).

(1981), but from minimum population sizes required
for persistence, as a function of fotal production. This
view is more in line with the “‘productivity space”
hypothesis of Schoener (1989): although more pro-
ductive lakes do not in general have more trophic lev-
els, a 1-m? lake will not support a population of top
carnivores.

Persson et al. (1992) also found other differences
between three-link and four-link systems compatible
with prey dependence, but the sample sizes in these
analyses were even lower, with only 5 or 6 data points
for each regression. In contrast, Ginzburg and Akcak-
aya (1992) compiled data sets from 175 lake ecosys-
tems, with sample sizes of 11 to 119 for each regres-
sion. All of these regressions showed increased
biomasses at all trophic levels as a function of increased
nutrient loading, but none of the studies in which these
data were collected mentioned an increase in the num-
ber of trophic levels with productivity.

A study similar to those compiled by Ginzburg and
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F1G. 2. Relationship between phytobiomass and herbivore

biomass. (A) Prey-dependent model prediction (different seg-
ments correspond to the assumed increases in the number of
trophic levels). (B) Ratio-dependent model prediction, su-
perimposed with data from Mills and Schiavone (1982). The
data displayed in (B) deal with four-level lakes and should
be compared only with the last portion of the prey-dependent
prediction in (A).

Akcakaya (1992) was performed by Mills and Schia-
vone (1982) on a series of 13 lakes. This study differed
from the others in its detailed identification of species
in each of the lakes, which made it possible to know
that each lake had the same number of trophic levels.
In these lakes, zooplankton density increased as a func-
tion of phytoplankton density (Fig. 2B), which in turn
increased as a function of the nutrient concentration
(total phosphorus; Fig. 1B). Log—log regressions for
both relationships give positive slopes that are signif-
icantly greater than zero (P < 0.01). Since all of the
lakes had four trophic levels, and an increase in the
number of trophic levels is impossible, the prey-de-
pendent theory would predict a decreasing function for
both relationships (the last ‘“‘segments” of the rela-
tionships in Figs. 1A and 2A, labelled ‘4 levels”),
whereas the ratio-dependent theory correctly predicts
the increasing relationships. Clearly, ratio dependence
is a more realistic description of these data than prey
dependence.

Abrams (1994) cites Diehl et al. (1994), who claim



