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INTRODUCTION

In almost every field of science, and nowhere more than in biology, a tension has
existed constantly between the experimentalists and the theorists; the tension is
particularly strong in biology because there the theorists have not produced the
kinds of advances that have come from the theoretical physicists and chemists.
Among the biological theorists, the sub-class of mathematical modellers has often
suffered the most from the onslaughts of their “more practical” brethren. To some
extent, this tension has been the result of misunderstandings on the part of both
groups. The experimentalists have often been almost innocent of the mathematical
techniques needed for model-building. The modellers, often recruited from either
physics or mathematics, have plunged directly into some of the most difficult biolog-
ical problems with an impressive array of mathematical skills and an equally impres-
sive innocence of biological principles. The reading required for this paper has led
me to believe that the ex-mathematicians in particular display an almost cavalier
disregard for the biological literature. When a faulty citation in one paper, involving
an inversion in the order of authors, is repeated in a series of papers by at least three
other authors, I am led to wonder whether the later authors bothered to look up
the original paper, much less read it. A result of this lack of care has been the
rediscovery of the wheel at regular intervals.

Certainly some of the difficulties between the two groups stem from basic misun-
derstandings, on both sides, of the nature and function of mathematical models.
Models are too often considered simply as predictors, and any inability to predict
accurately is accepted as prima facie evidence of the uselessness of the technique.
Actually, only those engineering models designed to fit a particular set of circum-
stances are even moderately successful as predictors. The more general models of
theoretical biology are used to deduce the form of possible solutions, rather than
to predict future states of the system being modelled.
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If one were to erect a spectrum of model types, the end members would be the
descriptive and the analytical models. The descriptive model is essentially a method
for expressing data in a condensed form, emphasizing the regularities to be found.
Starting with an accumulation of data, a line or curve of best fit is found. In its purest
form, the terms in the descriptive model are all fitting constants; no mechanisms or
actual physical quantities are implied. There is no unique descriptive model for a
given system. Usually one can construct any number of equally valid descriptive
models for the same collection of data. The great virtues of this type of model are
its simplicity and its closeness of fit.

The analytical model, on the other hand, is constructed from consideration of the
mechanisms involved in the system. It is generally based primarily on logic, with
a minimum of actual data. It is almost always complex, but all of the variables
involved correspond to actual physical or biological quantities or rates. This kind
of model allows us to follow the effects of changes in the system on each of the parts,
and leads to a better understanding of the workings of the system. Where the
descriptive model permits, at best, limited prediction in stable circumstances, the
analytical model at its best permits the prediction of the behavior of the system
under unstable or greatly changed conditions. Sinee the aim of many of these models
is prediction under changed, or changing, circumstances, it is understandable that
the analytical model should be the aim of the theoretical ecologist. The great danger
of these models is their abstraction from the natural condition, since the models are
so complex that some simplifying assumptions must always be incorporated to
permit either analytical solution or numerical approximation.

Most biological models are neither purely descriptive nor purely analytical; they
are attempts to construct analytical models, with descriptive terms inserted to make
the model fit the available data. The danger in such an in-between model is that the
terms that are really fitting constants will be given names and will begin to assume
biological characteristics never intended by their creators. I discuss several cases of
this sort below.

Model builders make certain explicit assumptions in order to reduce the com-
plexity of their models to a level permitting solution or approximation. They are not
always aware, however, of the assumptions implicit in the mathematical form they
choose for their models. In many cases, the kinds of solutions possible are severely
restricted by these implicit assumptions; we should not be surprised by the answers
we get when we ask such limited questions.

In this paper, I do not attempt to review the entire literature on the Lotka-
Volterra models; this literature has grown almost as much as has the pollution
literature in the past few years. Much of this literature is reviewed in a recent book
edited by May (136). Instead, I indicate the major directions of investigation in the
field, and mention papers I have found particularly illuminating or stimulating.

THE GROWTH OF A SINGLE SPECIES POPULATION

The foundation of all deterministic models of interactions between species is the
model for the growth of a single species in an unvarying environment. Most of these
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models are direct descendants of the Malthusian model, which proposes an exponen-
tial increase in population size with time, as

dx/dt = rx, 1.

where x = population number and » = a constant rate of increase. The explicit
assumption made in this equation is that the rate of increase remains the same no
matter what the population size. While this appears a priori to be a biologically
unreasonable assumption, the exponential mode of population increase is apparently
common in laboratory populations whenever they are not limited by lack of nutri-
ents or space.

If we accept 7 simply as a constant, chosen to fit the equation to the straight-line
portion of population growth data, we cannot get into too much trouble. However,
if we try to assign biological significance to this constant, we can quickly find
ourselves making unsupportable assumptions. One of the usual assumptions is
that the constant » can be decomposed into the difference between two terms, as
(b — d), where b is the birthrate, d is the death rate, and both are constant with
respect to population number. The constant » then becomes the “intrinsic rate of
natural increase,” which is expected somehow to be a property of the species.

A little reflection on the mechanisms of population growth will suggest that this
rate is dependent upon the genetics of the population and the quality of the environ-
ment. The rate cannot, therefore, be specific to the species, or even to the particular
population,; it is specific to the experiment, and to nothing else. We might insist that
for a given species there is some value of 7 that cannot be exceeded, that results when
the genetic strain yielding the most offspring is raised in the environment most suited
to it. This would be a Platonic ideal of 7, since we could never know when we had
achieved it. Even when the birthrate was at its physiological limit, there would
always be the possibility that in some more salubrious environment the death rate
might be decreased.

Such a definition for the intrinsic rate of natural increase is operationally difficult.
Since even in experimental populations raised under laboratory conditions this rate
will seldom (if ever) be achieved, we must rewrite the original growth equation in
the form

dx/dt = prx, 2.

where p is the proportion of the maximum rate of increase actually achieved in the
particular experiment. This approach makes » an estimated value, based on our
judgment of the maximum birth and minimum death rates possible, and thus turns
p into our “fitting” constant; for a single fitting constant we have substituted two
estimates (of b and d) and a new fitting constant, with little gain in understanding.

In any case, unless we are writing a Sunday supplement article on human popula-
tion growth we cannot accept a growth equation as simple as equation 1. Every
species studied so far has shown some sort of control over its ultimate population
size, if only that of starvation of the weaker members as food becomes scarce.
Density-dependent population control was the subject of intensive debate in earlier
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years. The negative viewpoint was held primarily by field scientists who worked with
insect populations on which the influence of the weather was greater than any
possible influence of increased density. Similar findings were reported for some
northern birds and mammals (154, 155), and Dodson (46) suggested that in natural
populations of Daphnia rosea, the summer decrease can be explained entirely by
predation. The skeptical position was considerably strengthened by the difficulty in
determining by mathematical analysis whether a particular population showed any
density dependent effects (18, 48, 128, 180, 235). In our later discussion of the effects
of time lags on population models we will see theoretical reasons why the efforts to
elucidate density dependence by regression techniques should indeed fail.

However, with increased examination of the mechanisms by which birth and
death rates are affected by population size, the influence of population density on
these rates has largely been accepted. Almost every conceivable method for altering
either birth or death rates has been found. Perhaps because of the well-recognized
fluctuations in population size in some small mammals, much of the early laboratory
and field work was done with mice, lemmings, voles, and rats. Christian’s early work
(25, 26) on fluctuations in adrenal weight with population size focused attention on
the physiological basis for density-dependent regulation in these small mammals
(10, 89, 120, 122, 205). Other workers have chosen to look particularly at behavioral
expressions of physiological change, such as increased aggressiveness with increas-
ing population density, in such diverse organisms as various species of mice (81, 107,
191, 210, 226), the red grouse (234), and the cockroach (52).

Changes in both fetal (93, 118) and infant mortality (53, 73, 85, 145, 146, 148,
204) have been demonstrated. Differences in behavior attributed to crowding of the
mother during pregnancy have been seen in mice (100); interruptions in the breeding
cycle, including early cessation of breeding (43, 101) and delay of sexual maturity
(99) have been reported. In insects, competition for egg-laying sites seems to be a
common means of density-dependent control (7, 33, 227), a mechanism also re-
ported in green sea turtles (22). Changes in the growth rate of green hydra (207),
in the length of adult life in the azuki bean weevil (215), in its mortality rate (140),
and in egg cannibalism in Tribolium (141), all connected with increased population
density, also affect the rate of increase. Two particularly interesting mechanisms of
control are the suppression of growth in tadpoles by soluble materials added to the
water by larger tadpoles (176), and the lengthening of the mean sterile period
between births in primitive human populations by an increase in the lactation period
(189). The regulation of numbers in vole populations has been reported, without
examination of possible mechanisms, from a variety of environments (28, 29, 117,
233). Tanner (200) examined 111 populations, including 71 species, and found
definite density effects in 47 species. He concluded that most animal species regulate
their numbers by some density-dependent mechanism, rather than by predation. An
excellent semipopular account of the effects of crowding on populations has been
written by McBride (139).

Density-dependent population control can be incorporated into a growth equa-
tion by the addition of a term modifying the rate of growth as the population
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increases. The damping term introduced in this fashion usually functions as some
power of the population number; the term is normally given as a function of x2, as

dx/dt = rx [(K - x)/K] 3.
or
dx/dt = rx [1 - (x/K)). 4.

In these equivalent representations, it is assumed that there is some number of
organisms that the environment can support, expressed as K, the equilibrium num-
ber or the carrying capacity. These equations are variant expressions of the logistic
equation. Through the years the damping term, [(K — x)/K], has come to be called
the “biotic resistance;” along with the name has come the implication that it should
in some way be measurable as something other than a fitting function. If we wish
to make no assumptions concerning equilibrium levels, the growth equation can be
written as

dx/dt = rx — ax?, 5.

where a is a fitting constant.

The logistic equation fits many population growth experiments about as well as
any biological data are ever fitted; for this reason, as well as for its simplicity, it has
generally been accepted as the standard model for single-species population growth.
Only two constants must be determined, the “intrinsic rate of natural increase” or
“biotic potential,” and the “biotic resistance” or carrying capacity. While neither
of these quantities is really amenable to exact mathematical definition, both repre-
sent tendencies easily envisioned by the average ecologist. Two extremes of evolu-
tionary strategy may be recognized: (@) an evolution toward the fastest possible
growth rate: the r strategy; and (b) evolution toward the most efficient use of the
environment, resulting in the largest carrying capacity, the K strategy. It is gener-
ally considered that the pure 7 strategy is followed by opportunistic species, species
that can expand rapidly into favorable environments, or into marginal environments
in particularly favorable years. A pure K strategy is followed by species using more
stable environments, and possibly. by those with a lower carrying capacity. The
trade-offs involved in » and X selection strategies were discussed by MacArthur &
Wilson (125), and by a large number of other workers since then.

In order for the logistic equation to be used as a model for population growth,
certain assumptions, not always stated, must be accepted. The use of a differential
equation implies that both birth and death may be treated as continuous processes,
with no seasonality involved. One can argue that the model may be applied as long
as the sampling interval is long enough so that the birth and death rates can be
treated as averages over the span between samples. However, if the population being
studied is one that exhibits large fluctuations during the year (28), sampling on a
given date or through a single short period may give a false picture of the normal
behavior of the population (Figure 1). The model is thus most applicable to those














































































