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A detailed investigation of various aspects of the populations of interacting biological species is made, using Volterra’s
and other models. For a system with two species, a detailed analysis is possible, and we plot the time variation of the
population of two species for a set of values of the parameters. For a many-species system, it is shown that the time
average of the population N; of the ith species is equal to its steady state value ¢;. I'or time averages of other functions
of N: and N;N;, only the equations satisfied by them are derived. The population growth of a species is studied by as-
suming that the effect of other species is to introduce a random function of time in the growth equation. The resulting
Fokker-Planck equation is shown to have the same form as the Schrédinger and Bloch equations. The “potential” of
the Schrodinger equation depends upon the form of the number-dependent term in the growth function. I'or the Gompertz
form, it is a simple harmonic oscillator potential and, for the Verhulst form, the Morse potential. I'or both the forms,
the Fokker-Planck equation is explicitly solved to obtain the probability distribution P (N, ¢) of the population as a
function of time. It is shown that considerable simplification is achieved in the calculation of the steady state concentra-
tions (¢i’s) of the component species if Pfaffians are used. Since ¢; is equal to the time average of the population of the
ith species, a great deal can be said about the stability of the population in the sense of the rarity of explosion or extinction
of one or more species. If the interactions between various species and their growth coefficients (in the absence of inter-
actions) are known, we show that a priori one can determine whether the population will be stable or not and, if not,
which of the species will disappear. Also, the stability of the population is discussed when several new species are introduced.
We show that the stability is dependent on how the newly introduced species interact with each other and with the
population into which they are introduced. If the information about the detailed interactions between various species
is absent, as is usually the case, then a statistical mechanical treatment of the population is desirable. We show that for
small deviations from steady state populations, the necessary and sufficient condition for such a treatment is that the
number of species is large. For arbitrary deviations the latter is a necessary condition and may not be sufficient. This
statistical mechanical treatment provides an empirical method for calculating the interaction between two species and
the stability of the population. A measure of the stability of an ecology is defined which could be used to compare the
relative stabilities of two ecologies with the same macroscopic properties. The effect of changes in the interactions between
various species, due to changes in temperature, humidity, age distribution, etc., is studied by assuming the rate constants
to be random. A master equation for the probability distributions of Ni’s is derived. It is shown that the stationary
population distribution is Poisson only if the variation in the rate constants is not too rapid. A brief outline of another
stochastic model for the population growth in terms of the probabilities of birth and death of the individuals is given.
Since the members of the population do not react instantaneously to any change in the environment, the prey-predator
interaction does not affect the population of either prey or predator instantaneously, and the egg is not converted into
an adult instantaneously, the effects of the time lags in the above processes on the behavior, in particular the stability,
of the population are studied. Further generalizations of the Volterra model are discussed, and a brief review of other
systems of interacting species, e.g., systems of biochemical oscillators, nervous systems, multimode lasers, systems of
simultaneously growing bacteria, etc., is given. Finally, a sampling of the experiments which throw some light on the
validity of Volterra’s model and the statistical mechanical treatment is given.
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must be determined empirically or be calculated from
some auxiliary equations. When the number of inter-
acting variables is large, the rate equations may become
difficult to solve and, as is the case in the application of
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classical mechanics to physical problems, one might not
even know all the initial conditions of the problem. It
is, therefore, of interest to try to develop a “statistical
mechanics” for many coupled rate equations. Some
important aspects of any assembly of elements which
can be studied using statistical mechanics are its
inherent stability, its stability relative to small changes
in the rate constants, and its stability relative to the
introduction of a new element. One is also interested in
the basic relaxation times of the assembly.

With the currently developing interest in the in-
vestigation of social and biological mechanisms, it is of
considerable importance to find a model which might
be amenable to a detailed investigation. Such a model
might play the same role that the harmonic oscillator
or the Ising model plays in theoretical physics.

An interesting model for the interaction between a
number of different biological species was introduced
by Volterra a number of years ago! (1928, 1931, and

1937). The two-species version of the model and its
similarity to autocatalytic reactions had already been
discussed independently by Lotka (1910, 1920, 1956).
The model was, for a while, considered as a basis for
ecological processes. It was strongly criticized because
certain features of ecological systems were omitted. We
are under the impression that the fall from favor oc-
curred because of general notions about the omissions
and oversimplifications and not because calculations
based on the model were in strong contradiction to ob-
servations. Indeed, few nontrivial deductions were made
from the model since it is a nonlinear one. If the same
kind of criticism had discouraged people from the
investigation of models (such as the van der Waals
model, the Ising model, the Lee model in quantum
field theory, the Kronig-Penney model, the mass and
spring model of lattice vibrations, the Heisenberg
model of ferromagnetism, model of electrons imbedded
in a continuous positive charge background, etc.) used
in many-body physics, physicists would have never
developed the intuition necessary for the understanding
of the behavior of complicated real materials. The
model as introduced by Volterra is described in the
next section where we have also discussed the implica-
tions of the model for the two-species case. In addition
we show that for the model there is a constant of
motion. However, if one includes the effect that a
population, surviving on limited resources, approaches
saturation, there is no constant of motion. At various
points in this paper and in a later one we will investigate
the influence of this and various other omissions and
simplifications of the Volterra model. Our main aim
here, however, is to consider it as one of the simplest
of nonlinear competition models. Because of certain
accidental aspects of the model which might not have

! An excellent English review of the original Volterra theory
and its use for the interpretation of experiments involving a
s(rnall number of species can be found in the book of D’Ancona

1954).

been planned by Volterra, we will be able to carry out a
program which would be desirable but not always easy
to pursue in other models. ’

In Sec. 2 we study the population growth of a species
by assuming that the effect of other species is to
introduce a random function of time in the growth
equation. The resulting equation has the same mathe-
matical form as the Schrédinger and Bloch equations.
That equation is solved to obtain the probability dis-
tribution P(N,?) of the population as a function
of time.

In Sec. 3 we discuss various necessary conditions for
the existence of an equilibrium concentration of the
component species. We show that a great deal can be
said about this question from knowledge only of the
graph which describes which species interact with each
other (the “organization chart” for the ecology).

As mentioned above, in the absence of detailed
information about the interaction between the species,
a statistical mechanical treatment of a population is
very desirable. The first statistical mechanical con-
siderations of the Volterra model were made by Kerner
(1957, 1959, 1971). His theory, though elegant, has
been criticized because he has given no justification for
the validity of the application of the statistical mechanics
to the problem of population of interacting species.
We know that, even in physics, the justification of
statistical mechanics is rather tricky. Perhaps its most
simple and convincing justification in that field lies in
its connection with thermodynamics. No such connec-
tion, which is close to experiment, exists for the Volterra
model. Kerner’s treatment has also been applied to the
study of an assembly of interacting biochemical
reactions (Goodwin, 1963), to the nervous system
(Cowan, 1968), and to a system of simultaneously
growing cells (Goodwin, 1970). In these assemblies the
validity of statistical mechanics is also assumed.
Because of the importance and simplification of a
statistical treatment, we have attempted to justify it in
Sec. 4. We start with the dynamics of the system
described by the Volterra’s equations, (sometimes with
some modifications) and determine the conditions
under which the results obtained by a statistical
mechanical analysis are consistent with the results
obtained directly from the Volterra equation. In
particular, we determine under what conditions the
canonical averages satisfy the equations by the time
averages of arbitrary functions of a number of various
species.

In Sec. 5 we discuss the stability of systems in terms
of the statistical properties of their population fluc-
tuations. We define a measure of the stability of an
ecology which could be used to compare the relative
stabilities of two ecologies with the same macroscopic
properties.

One might expect the ‘“rate constants” appearing in
Volterra’s model to be affected by changes in tempera-
ture, humidity, age distribution of various species, and
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other ecological factors. On this basis we assume the
rate constants to be random and derive and discuss the
master equation for the probability distribution of
Ns in Sec. 6. We show that the stationary population
distribution is Poisson only if the variation in the rate
constants is not too rapid. We also briefly outline in
Sec. 7 another stochastic model for the population
growth of interacting and competing species in which
the equation satisfied by the probability distribution is
expressed in terms of the probabilities of birth and
death of the individuals.

In general, the members of the population do not
react instantaneously to any change in the environ-
ment; the egg is not instantaneously converted into an
adult and the prey—predator interactions do not affect
the population of both the prey and the predator
instantaneously. In Sec. 8 we discuss the effects of the
time lags in the above processes on the behavior, in
particular the stability, of the population.

In Sec. 9 we review some of the work done in recent
years in an attempt to generalize and to modify the
Volterra equations. These generalizations throw some
light on the behavior of the population if Volterra’s
model is changed; also, the generalized equations may
be more realistic in describing the behavior of other
systems of interacting species. In the latter category,
we specifically point out the nervous system, a system
of biochemical oscillators, a system of growing bacterial
cells, and the multimode optical maser.

In Sec. 10 we give a sampling of the experiments
which throw some light on the validity of Volterra’s
model for two or three species and the application of
statistical mechanics to many-species case within the
same model.

1. VOLTERRA MODEL

Volterra was motivated to investigate competing
species by discussions with his friend D’Ancona (1926),
who made a statistical analysis of fish catches in the
Adriatic. It was apparently observed that the popula-
tions of two species of fish commonly found in these
catches varied with the same period, but somewhat out
of phase. One of these was a species of small fish which
we identify as “1,”” and the other was a species of a
larger fish which we identify as ““2.” It seemed as though
the large fish ate the small ones, grew, and multiplied
until the population of small ones diminished to such a
level that there were insufficient numbers for the
survival of the large ones. As the population of large
ones declined, that of the small species prospered to the
degree that a larger number of large fish could be

supported, etc. This qualitative mechanism was

described by Volterra through the pair of equations
(LVl/dt=a1N1—>\1]\71N2, (113)
lez/dt = —a2A72+)\21\71A72. ( 1. 1b)

The term —M\ V1V, represents the loss rate of small
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fish due to “collisions” with larger ones, and A\NV1N,
represents the growth rate of the population of the
species of larger fish through the same collisions. In
this model, species 1 would grow exponentially in the
absence of species 2, while species 2 would die out with-
out the availability of 1. Lotka (1910) had independ-
ently investigated these equations in the theory of
autocatalytic chemical reactions, as well as in the
theory of competing species (Lotka, 1920).

The pair of equations (1.1) has been generalized by
Volterra to the n-species set

n
dNi/dl=kiNi—{—Bfl Z dijN-;Nj. (12)
=1

The first term describes the behavior of ith species in
the absence of others; when k£,>0, the ith species is
postulated to grow in an exponential Malthusian
manner with &, as the “rate constant.” When %,<0 and
all other V;=0, the population of the ith species would
die out exponentially. The quadratic terms in Eq.
(1.2) describe the interaction of the ith species with all
the other species. The 7th term in the quadratic sum is
proportional to the number of possible binary encoun-
ters N,N; between members of the ith species and
members of the jth species. The constants @;; might be
either positive, negative, or zero. A positive a;; tells
us how rapidly encounters between 7th and jth species
will lead to an increase in N;; a negative a;; tells how
rapidly these encounters will lead to a decrease in N,
and a zero a;; simply denotes the fact that ¢th and
Jth species do not interact. If, during a collision between
ith and jth species, jth species are gained, then <th
species are lost. Hence a;; and a;; have opposite signs.
The positive quantities 3,7 have been named ‘“‘equiva-
lence” numbers by Volterra. During binary collisions
of species 7 and 7, the ratio of 7’s lost (or gained) per
unit time to 7’s gained (or lost) is 8;7/8;~1. With this
definition, we have

@i;= —0aj;. (13)
Except under certain conditions which we discuss
below, we have

a;;=0 for all 4. (1.4)

We define the steady state of our assembly to be
characterized by that set of populations { N;} for which
dN;/dt=0 for all j. The quantity ¢; is defined to be the
value of N; under this condition so that the defining
equations for {¢,} are

gilkiBi+ 2 aijg;]=0. (1.5)
. 7
When none of the ¢’s vanish, they satisfy
kiﬁi+Zdiij=0 i=1, 2, cec, M. (16)

J=1

It is important to note, as was first shown by Volterra,
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(a)

uz

(c)

T1c. 1. Geometric scheme used to prove the periodicity of
the solution (1.14) of the Volterra equations (1.1). For discussion
of the scheme, see text.

that there is a constant of motion which depends on the
{¢;} for our assembly.? We define

v=log N;/g; or Ny=g;exp (). (L)

Clearly, as N;—q;, v,—0 so that v; is a measure of the
deviation from equilibrium. The rate equation (1.2) is
easily expressed in terms of the v; [by expressing k3;
through Eq. (1.6) ]:

Bidv;/di= 3 aziq exp (vi) —1]. (1.8)
If we multiply both sides of this equation by
g;Lexp (v;) —17] and sum over all 7, we find

d/dt 3 Biq;Lexp (v;) —v;]
= 2 ajigigilexp (v:) —1][exp (v;) —1]=0,

the double sum vanishing because the summand is
antisymmetrical in 7 and j. Then, we find

G= Zngj[-vj+ exp (v;) ]J= const = > G; (1.9a)

so that G is our desired constant of motion. Every
individual term in G is positive since in case (a) ;>0
implies exp (v;) >v; and, in case (b) 2;<0, —2;>0, and
the exponential is positive whether v; is positive or
negative. Hence we have G>0. Since > 8;¢; is con-
stant, one also finds that

Go=— 2 Big;{14v;— exp (1) ]= const.

The constancy of G in the case of two competing
species can be used to show that they vary periodically
in the manner described above. Equations (1.1) are
equivalent to (1.2) when #=2 if one sets

(1.9b)

0[]=k1, a2=——k2,

(1.10a)

MB1= —Q12= a1 = \sf:. (1.10b)

_ *Let us now restrict ourselves to the stable case of physical
interest with all ¢;>0.

Then, we have

a=as/Ns,  @=a/\. (1.11)
If we define
fi=N1(DNo/an,  fo=No()\1/ou, (1.12)
and note that V
v;=log f; with 7=1,2, (1.13)

we see that (1.9a) is equivalent to the statement that,
at any time ¢,

Lfiexp (—fi) ]V fo exp (—fo) JVo2= const. (1.14)

The periodic character of this solution can be seen
through the aid of the four diagrams in Fig. 1. If we let

wm=[frexp (—fi) /1, w=[ faexp (—fo) JH*,

(1.15)
then (1.14) becomes the equation of a hyperbola

e = const

(1.16)

which is plotted in Fig. 1(a). Figures 1(b) and 1(c)
show the behavior of #; and #, as functions of f1 and fs,
respectively. An important feature of these two figures
is that #; and #, attain maximum values which are
identified by My and M, in these figures. Hence the
relevant region of the hyperbola in Fig. 1(a) is bounded
by points 4 and B. Note that a typical point O between
A and B corresponds to two values of f» (¢ and ) and
to two values of f1, @’ and &’. Hence on Fig. 1(d) which
relates fi and fe, the point O corresponds to the four
points C, D, E, and F. As one goes from points 4 to B
in Fig. 1(a), one traces out the closed curve in Fig.
1(d). The end points 4 and B correspond, respectively,
to extrema in f2 and f; on Fig. 1(d).

Equations (1.1a), (1.1b), and (1.12) imply that the

3

I'16. 2. Variation of f;
with respect to f; for
various values of the
parameters and initial
values f1(0) and f,(0).
(a) (a1/en) = 3 with
the values of f1(0) and
f2(0): —, 0.2 and 0.8;
-, 2.0and 0.5; ...,
0.5 and 2.0. (b) (a/
as) =1 with the values
of f1(0) and f>(0): —,
0.2 and 0.8; ---, 0.5 and
2.0; -+, 1.0 and 0.8.
(C) (al/az) =2 with the
values of f1(0) and
f2(0): —, 0.2 and 0.8;

. --, 0.2 and 2.0; ---, 2.0
f and 0.5.
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F1c. 3. Time variation of the two populations for several values of parameters. (1), (2), (3), a1=1, aa=2; (4), (5), (6), cx=as=1;
(7), (8), (9), ex=2, ap=1. The intial values are the values for {=0.

initial conditions (for ¢=1,2) f;(0)=0 and f;(0)=1
vield species populations which will remain at their
initial values forever. While the first set of conditions
is of no interest, the second represents a true equilib-
rium state. Any other set of initial populations yields
periodic population variations which trace a closed
curve about the equilibrium point in a counterclockwise
direction. There is, of course, a whole family of these
curves, each member depending upon the initial
conditions. Curves which lie close to the equilibrium
point are essentially ellipses, whereas those which are
farther away begin to look like lopsided eggs (see
Fig. 2).

For each set of initial values f1(0) and f>(0), one finds
a solution of (1.14) (for fixed a; and as). The points on
closed curves such as those in Fig. 2 can be identified
with the time by integrating

f1(t)
= / dfyfen fL(1—1o). (1.17)
f1(0)

Since f; is given as a function of f; on the curve in Fig. 2,
one could start at the initial values [ f1(0), f2(0)],
integrate numerically along the curve a short distance
to a prechosen point fi(?), and, from the value of ¢
determined from (1.17), one would identify the time
appropriate for that value of fi(#). This process could
be continued until a full oscillation would be com-

pleted. The time variation of the two populations are
given in Fig. 3 for several sets of parameters.

It is interesting that without formally solving the
dynamical equations (1.2), we can say quite a bit
(especially for a two-species system) about the long
time averages of various functions of N,’s.

Let us integrate our basic rate equation (1.2) from
t=0 to T. Then, after dividing by 7', we have

lim {7 log N:(T)—T""log N;(0)}
T->x

=kifit Zl a5V,
=

where [ J] denote the time averages. Our conservation
condition (1.9) prevents any v;(7) from increasing
indefinitely and therefore prevents N;(7") from in-
creasing indefinitely. Hence, if V;(T) does not vanish
as T—wo, the left-hand side of the above equation
vanishes so that

kit 3 aslIV]]=0.
=1

Whether V,(7")—0 or not, we can multiply both sides
of the above equation by [[V,]] to obtain

IND(kS X au[VD) =0,  i=1,2, -, .
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Hence the time averages of the populations of our »
species satisfy the same equations as the equilibrium
values [Eq. (1.5) ] so that

[NV:]=g:
Time averages of other functions of V; are derived in

Appendix A. In particular, we show that for two-
species systems

i=1,2, -, n. (1.18)

[N1No]| = ¢1ge, (1.19)
Billy’1/ g1 =B:lly:"1l/ g2 =, (1.20)

where
yi=Ni—q;, 1=1,2, (1.21)

and 6 is a constant. For [[y;?]], the expressions similar
to (1.20) exist. It is further shown that if we know
[[Ny7]], we can calculate [[Vo?]] and [[N1?N,7]]. In addition
to the time averages of polynomials of Ny and N, time
averages of polynomials of #; and v, and their time
derivatives are also calculated. In particular, it has
been shown [[(A23) and (A24) ] that

ap/Pri= [[7)17)2]]/ [['5’23’2]]
=[[owy]/ 32T

These equations can be used to calculate @12/B81, one of
the “rate constants” in (1.2), if the time-dependent
variation of Ni(¢#) and N:(¢) is known. The latter,
presumably, can be measured experimentally.

We have also derived the equations which satisfy the
time averages of various functions of V; in systems of
many species. The two-species averages given above are
consistent with these equations.

The fact that G as given by (1.9a) is a sum of
individual terms, each relating to a separate species, is
of considerable importance. It allows a natural specifica-
tion of the “components” of the system in the sense
usual in statistical mechanics. This was recognized by
Kerner (1957), who constructed a statistical mechanics
of the Volterra system. He constructed a Gibbs’
ensemble of the Volterra systems such that all systems
were controlled by the dynamical equation, (1.2), and
such that each system represented one of the possible
sets of initial values of {v;} consistent with the constant,
G. The state of each member of the ensemble was
represented by a point in the phase space ;- « -v,; that
of the ensemble, by the collection of phase points. As
the ensemble evolves in time, the collection of points
moves in the phase space. If p(v1---7,) denotes the
density of phase points at (v1+++v,) in the phase space,
the equation of continuity is

(1.22)
(1.23)

6p/6t+ Z a(pi;,-)/av,-=0. (124)
Since, from (1.8),
(1.24) becomes
Dp/Di= (3p/dt)+ 3 9:(3p/dv:) =0 (1.26)

which is the Liouville’s theorem of the conservation of
density in phase space.

If, in addition, one assumes (a) that in the ensemble
we contemplate all possible copies of a system com-
patible with whatever information we have about it
(e.g., G) and weigh each copy equally, and (b) that
time averages over a single system are the same as the
averages over a suitable ensemble (ergodic theorem),
then one can construct a statistical mechanics of the
system. This is exactly what Kerner assumed.

Suppose our knowledge about the system is limited
only to the initial value of G, G(0). Then we can define a
microcanonical ensemble such that the ensemble
average E{ f} of any function f(vy, +--,2,) of phase
coordinates is

E{fy=[pf dx/[p dr,
p=ped{G—G(0)}, (1.28)

the integrals extend over all the phase space, and p is
an unimportant normalizing factor.
Using a well known trick (Khinchin, 1959) we find

ds ds
sin= [ i/ forsep 0

where ds is an element of area on a surface of constant
G, the surface integral extends over the surface G=G,,
and

(1.27)

where

where 0; is a unit vector in the »; direction. In Appendix
B, using (1.29), we have calculated the microcanonical
averages of various functions of ;. In particular, we
show that these averages are

E{N:} =g, (1.31a)
E{N;N;} =qq;, (1.31b)
Efy?} =qi0/B:, (1.31¢)
Ely#}=qi0:/872, (1.31d)

where 6, and 6; are constants. Expressions similar to
(1.31c) can be derived for Ef{y;?}, p an integer. In
addition we show that if E{N,?} is known for all 7 and
p, E{NP1NyP2. - . N, 7=} can be calculated. We further
show that if we assert that

E{j\Tlmz\sz. . .1\7’”7)"} :.E{]\Tlm}E{]\sz} .. .E{]Vnpn}’
(1.32)

then all the microcanonical ensemble averages can be
expressed in terms of ¢;, 8;, and E{N?}, and

Ely#}=(p—1) (6/8:) [E{yi" "} +¢:E{yi7*} ]

Thus all the averages of polynomials in N; can be

expressed in terms of ¢;, B;, and 6. In Sec. 4 we will

determine the conditions under which (1.32) is true.
To study the behavior of a part, or component, con-

(1.33)
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sisting of, say, only » of the total #n species, Kerner
(1957) assumes that the phase points corresponding to
these components are distributed according to the law

exp (—G,/0)

y = 1.34
P [ exp (—=G,/0) dr, ( )
which defines the Gibbs’ canonical ensemble. The
canonical average ( f) of any function f is

(/)= Ifo, dr,. (1.35)

In (1.34), © is a constant characterizing the dis-
tribution. Because of the decomposibility of G, into its
components, i.e.,

G= Z Gi,
we have

(frly)fa(y2) + = < fu () )= { fr(3) ) fa(32) )+ = = { fu () ).
(1.36)

In Appendix C we have derived the expressions for
various functions of N, v;, and their time derivatives.
In particular, we show that

equal to the time average and the microcanonical
average. Furthermore, we have

(y:i*)=0q./B:
=qi{y:s), (1.38)
(i?)=(6/B:) (p— D) [{ys ) +q:(ys )] (1.39)

Equation (1.38) is exactly the same as for the micro-
canonical ensemble if we identify © with 6, [Eq.
(1.31c)] of the microcanonical ensemble. All other
averages are also the same, provided we assume (1.36)
to be true also for the microcanonical ensemble. This
can be true for the microcanonical ensemble, but need
not be. The validity of (1.36) enables us to describe all
the averages in terms of a single parameter 0. If it is
not valid, we need a number of parameters, one for
each of the averages of ¥, N#, ---. Thus it is impor-
tant for us to test the validity of the canonical ensemble,
i.e., whether canonical ensemble averages are the same
as the corresponding time averages, i.e., whether the
ergodic theorem is true for canonical ensemble averages.
This will be investigated in Sec. 4.

It should be noted that there exists a constant of
motion only because of the special form of the Volterra
equation (1.2). If one adds other terms in (1.2) to
include other aspects of the population, in general there
will not be any constant of motion. For example, one
aspect which is neglected in the Volterra model (al-
though it was well known to him) is the approach to
saturation of a population which must survive on
limited resources. If a species is not preyed upon by
other species, it is expected that its population will
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saturate and not continue to grow indefinitely. This
point was first made by the Belgian mathematician,
Verhulst (1845), when he was asked if the population
of Belgium would grow exponentially in the manner
proposed by Malthus. The Verhulst population growth
equation (which was rediscovered by Pearl and Reed,
1920) is

dN/di=kN (6—N) /0, (1.40)

6 being the saturation level. If such a term is introduced
into (1.2), the resulting set of equations is
dN]' 0]'—%[1-{— sgn kj]Nj

— —}L.N.
a 0,

+B;7IN; 2 aiN..
1
(1.41)

The influence of such saturation terms is to damp out
fluctuations in the population of species j. However,
the time scale may be so long for that damping effect
that an enormous number of oscillations may occur
during the damping relaxation time. In Sec. 3 we will
retain this term only when it is necessary to keep a
population from exploding.

In the steady state, the populations of the various
species {g;} are given by

0;—3[1+ sgn k;Jg;
0;
Hence, in terms of v;, we have
Bivi=—3k;[14 sgn k;1(q;/0;)
X[exp (v;) =118+ 2 auglexp (v) —1]. (1.43)

k;iB;

+ i a«j@‘q1‘=0. (142)
1

If we follow the ideas used in the derivation of (1.9),
we find that

dG/dt=—3 3_ Bk;(1+ sgn k;) (¢/6;) Lexp (v;) =11 <0

(1.44)
with
shi{1+4 sgn k;} =0

=k,

it k<0
i k>0,

The quantity G is no longer a constant of the motion
when the Verhulst term is included. Instead it con-
tinually decreases in time until each N; with £2;>0
(with nonvanishing Verhulst term) approaches gj,
and then, since v;= log N;/¢;=0, dG/di—0. Hence we
conclude that N; for all those species with %&;>0,
approaches ¢; asymptotically, and for those species
with k;<0, N, is bounded.

When one or more of the ¢;’s has the nonphysical
characteristic of being negative, the definition (1.7)
of v; is no longer appropriate. Instead, we define v;" by

Nji=gq;s; exp (v,'), (1.45a)
where

s;= 1 if ¢;>0

=—1 if ¢;<0 (1.45b)
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and
G'= 3 gssiBilexp (v") —s0/]= 22 GJ'.

After some algebraic manipulation, we find that
dG'/dt=—% 3° Bik;(1+ sgn k;) (q/9;)
X[exp (v;/) —s; <0 (1.47)

If the Verhulst term is absent for all the species, we
have dG’'/di=0, i.e., G’ is a constant of motion. With
this new definition (1.45a) of G, it can be shown (see
Sec. 3) that if one or more g¢;’s are negative, at least
one of the species with ¢; negative will eventually
vanish.

(1.46)

2. A PRIMITIVE STATISTICAL MODEL OF
POPULATION GROWTH

Most of this paper is concerned with statistical
aspects of the population growth of individual species
and of the correlations between population variation of
different species. We start our presentation of this
topic with a simple stochastic model.

Consider the Verhulst equation for the population
growth of a single species with saturation level 8,

dN/dl=kN (6—N) /8. (2.1a)
The solution of this equation is
J(0)=f(0)/{ f(O)+[1—f(0) Jexp (—kt)} (2.1b)
with
f()y=N(t) /6. (2.1¢)

It is well known that the time variation of the popula-
tion of many countries can be fitted quite well by Eq.
(2.1) [see, for example, Pearl (1924) and Montroll
(1968)]. An excellent guide to the literature of popula-
tion growth and its theory has been given by Glass
(1967). The Malthusian exponentiation of population
growth is just the 6—o limit of (2.1a):

AN/dt=kEN or N(£)=N(0) exp (kt). (2.1d)

There are differential equations besides (2.1a) which
lead to population saturation. One is the equation of
Gompertz (1825)

AN /dt=—FkN log N/, (2.2a)

which was invented for the investigation of mortality
rates rather than population growth. It was, however,
used for fitting growth statistics. Equation (2.2a)
implies that
log log [V (¢) /61— log log [N (0) /6= —kt
and, therefore, that
N (t) =0 exp {e*[log N(0)/67} (2.2b)

which approaches the saturation level 8 as t—o. The
Gompertz form apparently became unfashionable
because of computational difficulties, in precomputer

0<N <0,

days, in using the method of least squares to fit observa-
tional data (Davis, 1941).

Generally one might consider arbitrary saturation
inducing functions G(V/6) with the property

G(x)—0
and which lead to the differential equation
AN /dt=kNG(N/6). (2.3)

Often G(x)—1 as 2—0 as in the Verhulst case in which
Glz)=1—z.

Now let us suppose that our species of interest is not
only influenced by other specific species of the set of #,
but also by species, say bacteria, (if the # species are
larger animals) and other parasites, plant life which
varies in intensity from season to season, and un-
specified migrating species, etc., which affect the
population of our # species in a random way. Then our
basic equations for population growth might be con-
sidered to be of the form

dN; N;
dt ;

where G(z) is a saturation-inducing term and U;(¢)
represents random unspecified influences. When the
number of specified related species, #, is large and each
species interacts with a fairly large number of others,
one would expect a;:’s of both signs to appear in (2.4)
for most j. Since the population of each of the species
Njy, N, - -+ varies with the time when each is influenced
by random unspecified species, the sum in (2.4) might
also be considered to be a random function of time.
The combination of U;(#) and the sum might then be
considered as a random function of time, F;(¢). This
consideration would lead to the species being coupled
in only a random way. Since only terms with index j
will appear in the resulting equation, we suppress the
7 in the following, and develop the consequences of
postulating F;(¢) to be a random function. Then (2.4)
becomes

as z—1

=ijij( ) FNAT) 87 S 0], (24)
i=1

J

dN/dt=kNG(N/0)+NF(¢). (2.5)

We also assume that the average value of F(¢) vanishes,
Le.,

(F(#))=0. (2.6)

As is shown at the end of this section, nothing is
basically changed when this is not so. The Fokker—
Planck equation for this process follows from the
standard hypothesis made in the theory of Brownian
motion and random processes that

F(L)F(L))=c"%(h—1). (2.7)

It may be noted that (2.5) also represents the growth
of a species (in the absence of other species) in a random
environment, or equivalently the growth when growth
coefficient is k+F(¢), where f is the average growth
coefficient.
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Instead of investigating the Fokker-Planck equa-
tion for the variable NV, we will investigate that for the
variable V defined by

V=log N/, (2.8)

this being more physically meaningful. Thus our
basic equation for deriving the Fokker—Planck equa-
tion is

adV/dt=kG(exp (V))+F(2).

In a short time A¢, the variation in V is

(2.9)

AV = kG (exp (V) )Ai+ /HMF(tl) dL-+0(AD?. (2.10)

Then, if (2.6) is valid, we find
A= lim (AV)/At=kG(exp (V)),

At->0

(2.11)

while

((AV)H)=k[G(exp (V) )] (At)?
At At
+ / / (F() F(1))dt dbt-O (A1, (2.12)

If the classical Brownian motion postulate (2.7) is
made, then

B= lim ((AV)?)/At=g.

At->0

(2.13)

If one assumes that F({) is generated by a Gaussian
random process, the standard form for the IFokker-
Planck equation for the probability that V(¢) has a
value V at time ¢ is (Wang and Uhlenbeck, 1930)

aP/at=—(8/aV){AP}+1(8/aV?) {BP}. (2.14)
When 4 is given by (2.11), this becomes
AP/dt=—k(3/3V){PG(exp (V))}+3c2(3*P/0V?).

(2.15)

It may be noted that the Fokker—Planck equation
for the variable N derived by using (2.5) when trans-
formed into the variable V is different from (2.15).

The steady state distribution function for this case
is obtained by setting dP/dt=0 and letting

U=k/VG(exp (V) dV with dU/dV =kG(exp (V).
0

(2.16)
Then (2.15) becomes
(8/0V){—P(dU/aV)+%6*(0P/0V)} =0 (2.17)
from which we see that
(0/3V) {exp (2V/a®) (8/dV)[P exp (—2V/e?) ]} =0.
(2.18)

The solution of this equation is, with Py being a nor-
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malizing constant,

P=Pyexp (2U/o?)

= Py exp [zg~z /V G(exp (V) d'V] . (2.19)

In the Gompertz and Verhulst cases, this distribution
becomes, respectively,

P=Pyexp (—kV?s?),
P=Pyexp {2k[V— exp (V) ]/a?}.
(2.19”)

Equation (2.19") was first derived by Leigh (1969).
Leigh also derived the special form of the Fokker—
Planck equation (2.15) which is appropriate for the
Verhulst case. '

The normalization constants are easily obtained for
the two special cases (2.19") and (2.19”). The dis-
tribution functions in terms of the population variable
are

Gompertz: (2.19")

Verhulst:

Gompertz: P(N, ©)=(k/2rq?) 2N
X exp {—k(log [N/0])%/2¢2}, (2.20a)

Verhulst:  P(N, ) =[6T'(2ke™2) ]
X (2kN /852)%1* exp (—2NE/65), (2.20b)

where I'(z) is the classical gamma function.
An alternative form of the Fokker-Planck equation
of our process, (2.15), is obtained by letting

P(V,t)=Y(V,t) exp Iikfz /V G(exp (V)) dV] .
0
(2.21)
Then we find
(2/k)¥,=c® Wyy
—{[8G (exp (V))/0V I+ka*[G(exp (V)) T}¥.
(2.22)
This is to be compared with the Schrédinger equation
¥, = (72/2m)V,,— U (2) ¥ (2.23a)

and the Bloch equation in which —if/7 is replaced by
B=1/kT (which is used in statistical mechanics):

Wp= (52 2m) W po— U () V. (2.23b)

If, in the Bloch equation, we choose the mass to be %
and identify 8 with $k¢, A2 with o%/k, and U (z) with
W(V)=ka[G(exp (V))J+0G(exp (V))/dV,

(2.23¢)
it has the same form as our basic equation (2.22). Of
course, there is no connection between the physical

significance of the two equations. However, there
is a mathematical convenience in their similarity
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because the literature on the Schrédinger and Bloch
equations is immediately available for our problem.

We begin our investigation of the statistical develop-
ment of an initial population distribution by considering
the Gompertz case G(z) =— logz, or G(exp (V))=
— V. Then (2.22) becomes

(2/kR)¥,=c% Wyy—{—1+ke2V2} ¥ (2.24)

which is essentially the Bloch equation for a harmonic
oscillator. Let

Y(V, 1) =¢(V) exp {—3(\—D)kt}  (2.25)

and

VEV2e1=¢. (2.26)

Theny (V),in terms of £, is an eigenfunction of Hermite’s
equation which is familiar in the theory of the harmonic
oscillator:

dY/dE+ (N—£)Y=0. (2.27)

Since our probability distribution P(V, {) must vanish
as V—zoo, this is also a property of ¢ (V). The
appropriate characteristic values and normalized
characteristic functions of (2.27) are (Titchmarsh,
1937)

N=2n+1,

¥n(§) =Hn(£) exp (—38)/[2"n!x'P]0,
the H,(¢) being the Hermite polynomials defined by

H,(8§) = (=1)"(d/de)" exp (—&), (2.28¢)

(2.28a)
(2.28b)

so that

H():l, H1=2£, H2=4£2, H3=8£3—12£, etc.

(2.284)
The solution of (2.27) is a linear combination of

the ¥,’s:

0

\I’(Vy t) = Z Cn‘l’n(g) €xp (—ﬂkt),

n=0

(2.29)

where the ¢,’s are to be obtained from the initial (¢=0)
distribution function P(V,0) by employing the
orthogonality of the y,’s. When =0, ¥(V, 0) can be
expressed in terms of P(V, 0) using (2.21) and (2.26):
¥(V,0)=P(V,0) exp (kV?/25%)

=P(V,0) exp (38). (2.30a)

Hence, we have
6= [ OP(1,0) exp (1) . (2.300)
and, in particular,
o= / TPV, 0) B0 AV =B Jomt (2.31)

since P(V,0) must be normalized to unity. Then,

combining (2.21), (2.29), and (2.31) gives
P(V,t)=(k/me®)1? exp (—kV?/a?)

£ 3 oa(®) exp (—nki—kVie™). (2.32)

The ¢,’s for n>1 depend on the initial conditions while
the first (time-independent term), which gives the
equilibrium distribution, is independent of the initial
distribution and is in agreement with (2.19).

There is an alternative form for P(V,¢) which
contains P(V,0) explicitly, instead of the ¢,’s. First
suppose that

P(V,0)=56(V—V,) with &=Vk'2/e. (2.33)
Then, from (2.30b) and (2.26), we have
cn=(E'?/0)¥u (%) exp (Vitk/20%)  (2.34)

and, from (2.32),

iz Vi—V2)k
P(V, Vo;t)= 76‘(})((()—&‘2‘)‘“)

X 2 Un () (80 [exp (—kD) T, (2.35)

Using Mehler’s formula for the sum (Titchmarsh 1937),
Z Yn(E)¥n (£0) o
n=0

Ptf  (t—ba)?
2 1—o?

—[r(1—a?) T exp< ) . (2.36)

we find that an initial delta function distribution
develops according to

3 1/2
P(V, Vo t)= <1rc72[1— exp (—2kt) ])

[V—Voexp (—kt) Pk
o[1— exp (—2kt)]

X exp — < > (2.37)

An arbitrary initial distribution develops according to
PV, 1) = f PV, Vo ) P(Vo, 0) dVo.  (2.38)

The first few moments of (V/6) are easily found from
the distribution function (2.37) when N is known to
have the value Ny when ¢=0. The calculation of

((NV/6))= (exp (2\V))

using (2.37) as the weight function leads to easily
carried out Gaussian integrals. One finds that

((N/8)™)= exp (\M{2Vy exp (—ki)
+\(*/k)[1— exp (—2kt) ]})

(2.39)

(2.40)
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which implies that
(N/8)= exp {Voexp (—kt)+ (o*/4%) [1— exp (—2k1) ]}
= (No/0) @29 exp {(0*/4k)[1— exp (—2kt) ]},

(2.41)
while

(N=N)2)/(N)?
=—1+ exp {(¢%/2k)[1— exp (—2kt)]}.

The next special case which we consider is the
Verhulst case with

(2.42)

G(x)=1—=z. (2.43)
The basic equations (2.21) and (2.22) then become
P(V,t)=¥(V,t) exp {—ka2[1+V— exp (V) ]}
(2.44a)

and
(2/k)‘1’¢= O'Zk—l\I»’VV

—{— exp (V)4ka?[1— exp (V) }¥. (2.44b)
With a few trivial definitions, we can put this equation
into the same form as the Bloch equation for a diatomic
molecule whose atoms interact according to the Morse

potential.
We note from (2.23c) and (2.44b) that

W(V)=ko[1— exp (V) J2— exp (V)

=Alexp (2z) —2 exp (x) J+ko2, (2.45)
where
x=V-V* exp (V*)=1+(o%/2k), (2.46)
A=ko2(14+30%)2. (2.47)
If we introduce a new function ® by
Y (V,t)=Pexp { —3k(ke 2+ E)t} (2.48)
then the equation for ® is
(6%/k) @+ {E— A[exp (22) —2 exp (2) ]}@=0 (2.49)

which is just the Schrodinger equation for a diatomic
molecule with a Morse potential when the reduced
mass is taken to be %, and 72 is again identified with
o*/k. Generally our z is replaced by —z in studying
diatomic molecules. Mathematically this difference is
of no importance. We seek solutions of (2.49) such
that ¢(2)—0 as x—+ 0.

Let us examine several regimes in the population
growth process. First consider the Malthusian regime
for which #—w. When G(x)—1 as x—0, which is the
case for the Verhulst but not for the Gompertz model,
the basic equation (2.15) becomes

P¢= —kPV—I—%O'QPVV (250)

in the Malthusian limit independent of the detailed
form of G(z), provided that G(0) =1. This equation is
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easily solved by using Fourier transforms. Define
p(&,\) by

P, V)= (2m)-12 / “exp (W) p(LN) AN, (251a)
p(1,\) = (2m) 112 / " exp (—iNV)P(L, V) dV.
(2.51b)
Then, we find
dp/di+ (Tn+302) p=0 (2.52)

and

p(&,\)=p(0,\) exp [— (ikA+30°2) 1] (2.53)
so that, from (2.51),

i, vy=m [* 7 po, v
X exp [—iN(kt—V+V") =122 JdN AV’
= (2img?) 112 /‘°° PO, V")

X exp [— (V—V'—kt)?/2tc®] dV’. (2.54)

In the case in which the population is precisely N
at time /=0, we have

PO, V)=86(V'—V,), (2.55a)

where .
V'—Vo= log (N'/Ny), (2.55b)
N'/No= exp (V'—V,). (2.55¢)

The probability that V lies between V and V44V is
exp [— (V—=Vo—kt)?/2t6*1dV
(2two®) 112 ’
—o V<o,

P(t, V)dV =

(2.56)

so that, as 0—0, V follows the Malthusian exponential
trajectory

V—Vo=kt or N/Noy= exp (ki). (2.57)

The probability that N lies between N and N--dN
at time ¢, generally, is

P(t, N)dN

_dN exp {—(log [(NV/N,) exp (—kt)])*/2ts%}
B N (2tmwo?)1/? ’

0<N<w. (2.58)

The first two moments of this distribution are
N=Ngexp (k+3c®t, (2.59a)
((N—N)2)/N?=—1+ exp (t6?).  (2.59b)

The next regime we consider is that in which V is
small. This corresponds to a population which deviates
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only slightly from saturation, i.e., N/6~1 so that
V=log (N/6)= log [14 (N/6—1) J~(N/6) —1~0.
(2.60)

At the same time that we let V—0, we work in the
regime

k/o*—w  or o*/k—0
so that

n=VE2/q (2.61)

is finite. Under these conditions, since we are restricting
ourselves to examples for which G(1) =0, we find

Glexp (V))=G(A+[exp (V) =1 =VG'(1)+0(V?),

(2.622)
14
2o / Glexp (V) dV
0
=ke2V2G(1)+ko20(V?)——an®. (2.62b)
We have defined the parameter « as
a=—G"(1). (2.63)

On this basis, the equilibrium distribution function of
Vis (see 2.19)

P(V)=(ak/mo®) 2 exp (—akV?/a?). (2.64)

The function W(V) defined by (2.23c) and which
appears in our basic rate equation (2.24), is found in
the regime of interest from (2.62a) and

dG(exp (V))/dV = exp (V)G'(1)

+2Lexp (V) —1]exp (V)G (1)+---. (2.65a)
As V—0, we have
dG(exp (V))/dV—G'(1), (2.65b)
while
o[ G(exp (V) P=ko2V[G'(1) P
+koe20(V3)—ak?.  (2.66)
Hence in our regime
W(V)=—a+n% (2.67)

In the Verhulst case with G(x) =1—x, we have a=1.
Other saturation inducing functions G(z) lead to other
values of a. From (2.22), (2.23c), and (2.67) we find

(2/R)¥ =Y, + (a—a2?) V. (2.68)
Now let
V(n,t)=¢(n) exp [—3k(E—a)t], (2.69a)
then we have
St (E—a??)¢p=0 (2.69b)
or
¢+ (AN—8)p=0 (2.69¢)
if we define

A=E/a and E=na'2

Equations (2.69a)-(2.69c) are essentially the same
as those obtained for the Gompertz model (2.25)-
(2.27). The ideas presented for the investigation of
that case are immediately applicable here. One finds
that if initially the population is N, so that
V()= log N()/e, then

P(V, Vo t) = (ak/mo’[1— exp (—2akt)])L/?
X exp —{[V—V, exp (—akt) Pha/c?
X[1— exp (2k8)]}. (2.70)

If the initial distribution of population is P(Vy,t),
then again we have

PV, 1) = [ P(V, Vs §) P(V, 0) V.

We can summarize our results for the two regimes:

(a) 6—c0,
(b) V—0 and ¢*/k—0 such that (Vak=/2) = const,

by stating that, as long as G(0) =1 (as is the case for
the Verhulst model), (i) the population distribution
develops according to (2.58) in the Malthus range
(a), and (ii) that when the population is near satura-
tion, it fluctuates according to the distribution function
(2.70) independent of the details of the model. The
only parameter which distinguishes one model from
another is

a=—G'(1)

which has the value 1 for the Verhulst distribution.

The population distribution in other regimes besides
(a) and (b) depends on the detailed behavior of G(z).
We now consider the Verhulst model over all regimes
by returning to Eq. (2.49), which is the Schrédinger
equation for the Morse potential if one identifies A2
with o%/k.

The energy levels of a Morse oscillator are known
to be

Ey=—A{1=(R/A)P(n+3) . (2.71a)

In terms of our parameters (which are related to %
and A4 by (2.23c) and (2.47), it is easy to show that

sk(E-+ko™?) =nk(1—no®%), n=0,1,2, -, [k/c?],

(2.71b)

where [2] is the integral part of the number z, i.e., the
largest integer less than or equal to z.
The general solution of (2.44b) is then
ko2
Y (V,0)= 3 capu(x) exp [—nk(t—no%1)]

n=0

-+ continuous spectra contribution, (2.72a)

where the function ¢, (z) is the nth of the orthonormal
wave functions of (2.49). The constants ¢, must be
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determined from the initial distribution P(V, 0) which
is related to ¥(V, 0) by (2.44a).
An alternative form for our basic equation (2.49) is

Bpptho2{ (E+A4)— Alexp (x) —1}®=0 (2.72b)

whose normalized solutions are (Trischka and Salwen,
1959)

On(X) =M 222D exp (—2z/2)F,(3) (2.73a)
in the regime of the discrete spectrum. Here we have

z=qexp (V—Vy) with ¢=2ke[14 (c?/2k)],

(2.73b)
2(g—2n—1) =k 2—n, (2.73¢)
n — )i !
1 —2n),
M=~ f(i,q—‘z:ﬁT) , (2.73¢)
the definition of (a), being
(a)n=1 if »=0
=a(a+1)-+-(a+n—1) if =>1. (2.73f)
In particular, we find
Fo(2) =1, Me={T(2ke2)}™!, (2.74a)
¢o(x) = {T'(2ko™2) }1/2(2ko2) b~
X exp {—ko[exp (V)—V]}. (2.74b)

Since the ¥,(x)’s form an orthonormal set, the
constants ¢, in (2.72a) have the form

o= [ eu@) PV, 0) exp(— /= N 4y
[~ @ (v, 0 exp( e N ar,

(2.75a)

where, in particular, since P(V,0) is normalized to
unity,
co= (2k/a?)¥1o* (T (2ko—2) } 112, (2.75b)

Hence the final form for our required distribution
function P(V, 0) is

(2ko—2) k"

PV, t)= T2k ) exp {—2ko2[exp (V)—V]}
[k/o"]
-+ Z=1 Cnn (x)

X exp {k[V— exp (V) Jo2—nkt(1—no%1)}
(2.76)

The continuous spectrum contribution is of the form

/” F(E, 7) exp [%k[V— e2Xp (V)]]
0 g

X exp (— k[ E+ko?]) dE,

+ contribution of the continuous spectrum.
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where the function F depends on confluent hypergeomet-
ric functions. We will discuss this in detail elsewhere.
The important characteristic of this expression is that
it decays very rapidly with ¢ so that one does not have
to be very far out of the Malthus range before it is
negligible. In the contribution of the discrete spectrum,
E, is negative so that it subtracts from ko2, while in
the continuous range it is positive so that it enhances
ko™® As t—ow (2.76) reduces to the equilibrium
formula (2.19b).

The above ideas can be summarized by dividing the
population growth process into three regimes. In the
first (the 6—c regime), the population grows freely
with no interference. This is analogous to a free particle
which accelerates in a field. In the second regime, the
population has grown to the point where it is affected
by other influences such as other species (and, in the
case of human population growth, by fluctuations in
the economy, by changes in personal attitudes, by
agricultural successes and failures, etc.). In our Morse
type equation, this is analogous to the system falling
into the highest energy bound state of the Morse
potential, then dropping into lower energy states until
it reaches the ground state. In the ground state, the
population fluctuates around its average value with
statistics characterized by the equilibrium distribution
(2.19b). These fluctuations are the analogs of the zero
point fluctuations of a Morse oscillator.

We close this section with a remark about the
hypothesis (2.6) that (F({))=0. Suppose that this is
not the case and that (¥(¢) )=a. Then we can let

F(t) =a+6F, (2.77a)
where (§F)=0. On this basis, (2.5) becomes
AN /dt=aN+kNG(N/6)+NsF.  (2.77b)

The parameters £ 'and 8 can usually be changed to put
this equation into the same form that it would have
had if (F)=0. In the Gompertz case, we can write

dN/dt=kN log (N/6’)+N&F, (2.78a)
where 6’ is now defined to be
0'=0exp (a/k). (2.78b)

If one generalizes the Verhulst saturation inducing
function to

Gx)=1—z (2.79a)

(v=1 corresponds to Verhulst case), then (2.77b) can
be written as

dN/di=k'NG(N/0')+NsF (2.79b)
with
0'=0[1+ (a/k) 1",

This generalization (2.79a) is also equivalent to the
Morse potential since (on the assumption that

E=a+k.  (2.79)
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F1c. 4. The graph of an example of a
12-species ecology. If species ¢ either feeds
on species j or is eaten by j, a bond con-
nects points 7z and j.
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(F(1))=0)
W((V)=—vexp (vV)+k[1— exp (»V) P02 (2.80a)
=Alexp (2vx) —2 exp (vx) ]+ka?, (2.80b)

where now
z=V—-V* exp (WV*) =14wv?/2k, (2.80c)
A= ko2 (14Lye?k1)2, (2.80d)

The function ® defined by

V(V,1)=®exp [—3k(ka®+E)L] (2.81)

leads to
(0*/ )P+ {E— Al exp (2vx)—2 exp (vx) ]} ®=0

which is the Schrédinger equation again for a Morse
potential. Indeed, if we replace v by z and ¢*/k by
(vo)?/k, the analysis from (2.71)-(2.76) is immediately
applicable. o as defined by (2.63) has the value ».

(2.82)

3. EQUILIBRIUM THEORY

We now return to the Volterra equations in their
original form and refrain from replacing the sum in
(2.4) by a 1andom function. A rather detailed analysis
can be made of equilibrium populations {g;} by setting
N;=0 in the basic equation (1.2). This analysis is
important because, as already shown in Sec. 1, the
equilibrium population of a given species is the long
time average of its population. This conclusion is not
vitiated even by the inclusion of the Verhulst term
[see Eq. (1.41) and the discussion following (1.44)7].
Further, the calculation of equilibrium numbers can
be used to develop the criteria for the stability of a
given assembly of interacting species. For example, if
by solving (1.6) we find that one or more of ¢’s are
negative, then the system is unstable. To show this we
use the definition (1.46) for G’. In the absence of the
Verhulst term, G’ is a constant of motion, similar to G
for the case of all ¢’s positive. However, it is no longer
true that each G, is bounded and positive for, if ¢;<0,
Le., s;=—1, G/—— o as y;—— o (N;—0). Let ¢,<0.
If none of the species disappear, i.e., N;’s are bounded
away from zero, then each G;’ is bounded and, if so,
then from the argument of Sec. 1

Ni=q, (3.1)

Hence, if only one of the ¢’s is negative, e.g., ¢;<0, the
population of species j has to cross zero and we arrive
at a contradiction. This can be resolved only if the jth
species disappears. If there are more than one species
with negative ¢’s, we cannot tell which of the species

for all 5.

will disappear. The indirect way to deal with this case
is to eliminate one of the species with negative ¢ from
the system and then consider the stability. Most
probably the species whose elimination yields a stable
system will then disappear.

The above result for the disappearance of a species
with negative ¢ is true even in the presence of the
Verhulst term. This is so because, from (1.47),dG’/dt<0,
ie., G'(t) <G’(0), and if none of the species disappears,
G’ will be bounded and the argument presented will
go through.

For the calculation of equilibrium numbers and the
understanding of their connections with the stability
of a system, it is convenient to associate a graph with
an ‘“ecology” (i.e., a specified set of a;;). We represent
each of the species by a point and each pair of species
which influence each other directly by a line or bond
connecting the two species points. An example of such
a graph is given in Fig. 4. At least one of the k;’s must
be positive if the populations of all the species are not
to die out. It is sometimes useful to indicate the connec-
tion of those species with ;>0 to the great nutrient
reservoir (the earth, sun, very small organisms which
are not enumerated, etc.) by a dotted line to the
ground. On this basis the big fish-little fish interaction
graph would be given by Fig. 5(a).

We start our systematic discussion of equilibrium
values of species populations by examining the case of
three species. Then Eq. (1.6) has the form

91[51]31 +dl2g2+ 01393] =0, (3-2)
qa[ Boket-anqy +a23¢5]1=0, (3.3)
gs[ Bsks+angi+-asge J=0. (3.4)

If one of the species, say ¢1=0, vanishes, then the
other equilibrium populations are given immediately
with g¢3=pks/az2 and ¢a=sks/as. Since the only
interesting case is one in which ¢; and ¢» are nonnegative,
ks and a3 must have the same sign, as must k3 and as;.
Hence k2 and k; must have opposite signs. In view of
the importance of signs, we add another convention
to our graphs. When ¢ feeds on j, we direct an arrow
toward ¢ on the bond connecting the points representing
the species. Then the =2 little fish-big fish case has
the diagram shown in Fig. 5(b). The arrows give the
direction of “material flow.”

Let us seek a solution of (3.2)—(3.4) for which none
of the ¢,’s vanish. Then the ¢; factors on the left of each
equation can be dropped. In order for this type of
solution to exist, the determinant of the coefficients of

F16. 5. Two-species graph. The dotted
line indicates that species 2 feeds off
the large natural reservoir and species
1 feeds only on 2. The arrows indicate
the direction of “‘mass” flow.
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the g;’s must not vanish. That determinant is

0 ap ag

a1 0 ax| = 01023051 01305001

an ap 0

In view of the antisymmetry of the a’s, this deter-
minant vanishes, so that we have the interesting result
(already known to Volterra) that there is no equilib-
rium population distribution between three species
such that the population of all the species is finite and
nonvanishing.

Since in this discussion we postulated that no species
vanished at equilibrium, one way we can avoid having
an equilibrium with a finite population of each species
is to allow at least one to become infinite. When such a
situation arises, one can no longer neglect the Verhulst
term in (1.41). Let us suppose that species 3 is the only
one for which &; is positive. Then Eq. (3.4) becomes

Baks(1—gs/63) +anq1+asg:=0. (3.5)

Now consider the diagrams of Figs. 6(a), 6(b), and
6(c). Clearly, in Fig. 6(a), species 1 would vanish
because it is eaten by 2 with no source to supply it.
Hence the problem would reduce to a two-species
problem and the discussion below (3.4) would apply.

In Fig. 6(b), ax=a13=0 so that our full set of
equations would be

Bsks(1—gs/63) +azg=0, (3.6a)
k1Bt a19g2=0, (3.6b)
kaBotaa1qi+a2q3=0, (3.6¢)
with

a32<0, a1>0, kiB1<0 and %pB:<0, k3B85>0.
(3.7

We then have the equilibrium population
¢2=k1B1/an >0, (3.8a)
¢s=05(1—asoksB1/ a12ksBs) (3.8b)

q1=— (kofBa/@21) + (azs/t12) 05(1—asekesB1/arksBs). (3.8¢)

If we have

(@skiB1/ arksBs) <1, (3.9)

then ¢;>0. The second term in ¢; is also positive while
the first term is negative. The ultimate fate of species
1 then depends on whether or not

(@23/@12) 03 (1 — @zok181/ arokesBs) > (koB2/a21). (3.10)

If it is, then species 1 survives. If it is not, then the
equilibrium population of species 1 is negative so that,
from any initial distribution, it will pass zero, the point
of the vanishing of the species in its trajectory toward
the equilibrium point.

The ecology of Fig. 6(c) can be discussed in a similar
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F16. 6. Some graphs involving three interacting species.

way. The basic equations for equilibrium are (3.5) and

koBeta23g: =0, (3.11a)
kiBit-a1g;=0, (3.11b)
with
ksB2<0; k181<0; azs>0 and  a>0. (3.12)
Hence, we find
gs=FkoBs/02>0 and gz3="FkiB1/as. (3.13)

Generally these two equations are inconsistent; hence
the hypothesis that there exists an equilibrium solution
in which no species vanishes is false so that at least one
has to vanish. In the special case

koBotts= k1Biass, (3.14)

the two species 1 and 2 behave as though they are a
single species and can form an equilibrium system with
3. Under this condition the system is equivalent to a
two-species system.

Qualitatively it is not surprising that the ecology
corresponding to Fig. 6(c) is generally unstable.

Both “1” and “2” nibble on “3”’ in a manner that is
generally uncorrelated. Let us suppose that the death
rate constant of 1 is smaller than that of 2. In the
absence of 1, the population of 2 and 3 would oscillate.
But now, when the population of both 3 and 2 are both
low in a state such that.3 would start to recover in the
absence of too many preying 2’s, 1 with its smaller time
constant would continue to attack 3 until either 2 or 3
disappeared. If 2 disappeared first, then 1 and 3 would
form an oscillating two-species ecology. If 3 disappears,
then both 1 and 2 would also die out. These implications
come under a beautiful “ecological exclusion principle”
known as Volterra-Lotka principle, according to which
two closely similar species will not both indefinitely be
able to occupy essentially the same ecological niche,
but that the slightly more “successful” of the two will
eventually completely supplant the other (Kerner,
1961, and the references therein). The reader might
find it interesting to make an analysis of graph 6(d).

It can be shown that the determinant of any anti-
symmetrical matrix of an odd order vanishes. This is
related to the facts that the eigenvalues of an anti-
symmetric matrix are purely imaginary and that they
occur in pairs, one being the complex conjugate of the
other. In the case of an odd order matrix, the only way
this condition can be satisfied is to have one eigenvalue
zero. Since the determinant of the matrix is the product
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F16. 7. All the connected graphs involving four interacting
species.

of all the eigenvalues, it must then vanish. This means
that in every Volterra ecology of an odd number of
species, at least one must eventually die out or that at
least one species would grow indefinitely in the absence
of the Verhulst term. In the latter case, the Verhulst
saturation term would have to be included in the
manner discussed above for the three-species case. We
develop the general theory after we complete our dis-
cussion of the ecology of an even number of species.
We first examine in special cases the necessary condition
for the existence of stable populations in the absence
of a Verhulst term.

When # is even, say, 2V, the necessary condition for
the existence of a set of finite nonvanishing solutions
of (1.6) is

0 Q12 13 a1.2N
an 0 Q23 az 2N
Doy = #0. (3.15)
aey,1 GaNg2 N3 0

The determinant of an antisymmetric matrix 4 is a
perfect square, and, indeed, its square root is an object
called a Pfaffian (Caianiello, 1959; Montroll, 1964)
with

Doy'?=Pf A= | a2 @13 au Q1,98
Qo3 Qo 20N (3.16a)
azzv:-l,zN
=25p Upip2 Cpspy Apoy_y,p2n
(3.16h)
n<p, Ps<ps, Pps<pe, * and N<ps<ps<o-e,
(3.16¢)

where the summation extends over all permutations of
the integers 1,2, .-+ 2N which satisfy conditions
(3.16¢c). The signature 6, is +1 if (p1, po, * -, pov) is
an even permutation of the first 2V integers, and —1
if it is an odd permutation. When N =2 (four species),

we have
Dy= (Pf A)?= (a12054— a13004+a14095)%.  (3.17)

The equilibrium numbers in the case #=4 are easily

shown to be
Q= (k2ﬁ2(134+k3;83042+ k4ﬂ4a'23)/Pf A
| kaBs ksBs  kafs

= s aw | /PEA, (3.18)

A3
g2 = (k1Prass+ksBsa1u+kaBaas) /PI A, (3.18b)
gs= (k1BraastkoBoan—+kaBaass) /PE A, (3.18¢c)
qa= (kiP1ase+koBaa1;+ksBsa2) /P A. (3.18d)

Similar expressions can be derived for the general case
of an even number of species. This will be done later
in this section. All ¢;s can always be expressed as a
ratio of two Pfaffians.

All possible diagrams (without arrows) which involve
four connected species are given in Fig. 7. Equation
(3.17) tells us which of these diagrams corresponds to
the vanishing of one species. In cases (a)—(f), respec-
tively, the Pfaffians, Pf 4, are

() 0

(d) — Q13024+ A14023

(a) — 013024
(c)
(e)

Q12034 — Q13024
Q12034 Q13004+ G12003.
(3.19)

Hence, with the exception of case (b), there is some
possibility that there exist appropriate nonvanishing
a; such that nonvanishing finite equilibrium popula-
tions exists for all species even in the absence of the
Verhulst terms.

In order for physically reasonable nonvanishing
solutions to exist for the basic equilibrium equation,
all equilibrium populations ¢; must be nonnegative.
This puts certain restrictions on the ranges of the a;’s.
Let us first consider case (a). Then from (3.18), with
12=a3=0a1,=0, we have

012034 Q13024 (f)

q1= (koBotsa+tksB30s) / a31004, (3.20a)
go= (kiBrass+kaBaast) / asiaas, (3.20b)
gs=kiB1/asn and qa=koBs/as. (3.20c)

There are a number of diagrams which express the
manner in which graph (a) is applicable. One or more
of our four species can feed on the nutrient reservoir
with a number of possibilities of whether ¢ eats 7, or 7

2 2
4 4
I'16. 8. Some of the graphs involving
3 1 \%2 31 four interacting species. The graphs
4 ) |4 represent some of the interactions with
= ! ! the nutrient reservoir.
N S -

(i) (ii) (iii)



GoEL, MAITRA, AND MONTROLL Models of Interacting Populations

eats 7. Some of these possibilities are exhibited in Fig.
8. Consider first case (1). We ask for a set of conditions
such that each ¢;>0. Our arrangement of arrows imply

k1>0, k2<0, k3<0, and k<0
a3 >0, a3>0, and @x>0.

From these conditions it is clear that ¢;>0, ¢s>0, and
¢1>0. The stationary population g» of species 2 can be
positive only if

k1B1as3> kyfB4iz. (3.21)

Hence once the diagram with the arrow arrangement
(1) is presented to us, an equilibrium population dis-
tribution exists as long as (3.21) is satisfied.

Case (ii) is characterized by

k<0, k2<0, k3>0,

while

and £4<0,

a3>0, a>0, and @x>0.

The conditions for this system to have an equilibrium
population are

Bik1a3a> — kafBaars,
k3B3aas> koBaass.

Intuitively one would expect species 4 and 2 to dis-
appear under the conditions of diagram (iii) so that
some g would be negative. The characteristics of (iii)
are

k1>0, k3<0, k2<0, k4<0;

aun>0, a3 >0, ap>0.

For these conditions, ¢;<0. Hence no suitable equilib-
rium conditions with four species exist. As shown in the
beginning of the section, if one of the ¢’s is negative,
the species corresponding to ¢<0 will disappear. Thus
species 4 will disappear. Since species 2 will then be
isolated, it will also disappear.

The reader can easily work out the conditions for the
existence of positive equilibrium populations for
various other diagrams involving four species.

These ideas can be generalized to the case of 2V
species. For this purpose, the expansion of the Pfaffian
by “line”” is useful. The Ath “line” is defined as the set
of elements a;; which have % as one of the subscripts.
In terms of line 1, the expansion of the Pfaffian (3.16a)
is

PfA=(1,2, -, 2N)

o

=2 (—1D*au(2, -+« k—1,k+1, .-+ 2N), (3.22)
k=2

where (2, «--, k—1, k41, .-+, 2N) represents the

Pfaffian of a’s with the first subscript starting with 2
and the second ending with 2V, and with subscript
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missing. For example, when N =2, we have
PiAd= (1, 2, 3, 4) =dlz(3, 4) —a13(2, 4)+1114(2, 3)

= Q19031 — Q13034+ Q14003
as required.

The general set of linear equations (1.6) for equilib-
rium populations {g;} can be solved by Cramer’s rule.
After some elementary manipulation, using (3.22),
one finds

@:PEA= (=)™ T ki

J#
X<]+17]+2: R} ZN) 1) 2, "',’i—l,’i+1, "';j—l):
(3.23)

where the Pfaffian on the right starts with subscripts
j+1 and ends with j—1 with § and 7 omitted. For
example, when V=3, we have

@ Pf A=FyB:(3,4,5,6)+k:B:(4, 5,6, 2) +k4B4(5,6,2,3)
+%5B5(6, 2, 3, 4) +keBe(2, 3, 4, 5)

=koB2(3,4,5,6) —kiB5(2,4,5,6) +k4B4(2,3,5,6)
—ksB5(2,3,4,6)+keBs(2, 3,4,5)

= | kBs ksBs kiBs ksBs keBs
Q3 G Qa5 QB3
@3y A A |
Q5 Qg
56
@PiA=— | kB ks kB FksBs keBs
13 G Q15 O16
@ a0z |, ete. (3.24)
Qs Qug
Q56

There are two advantages of writing the equilibrium
populations in terms of Pfaffians. First, it is easier to
construct explicit expressions for {¢;} for any number of
species than it would be if we used determinants. Also,
if one knows which a;;’s are zero, it is easier to decide
if det A=0, i.e., to see if a set of nonvanishing g’s
exist which are a solution of (1.6). We now develop the
latter point further and develop a scheme for making a
quick decision to see whether or not Pf 4 =0.

We are concerned only with interconnected graphs.
There must be some path along which one can go from
any point to any other point. We start our expansion
by choosing a point which is attached to only one other
point, say for species 1, which we postulate to be
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connected only to species 2. Then if we expand Pf 4 in
terms of line 1, the result would be @2 multiplied by a
new Pfaffian which we would again reduce by seeking
other loose ends in the diagram which represents our
system. The final unfactorable Pfaffian would have to
be examined to see whether or not it vanishes.

To clarify this procedure, consider the diagram of
Fig. 4. The reader can easily construct the Pfaffian. If
one expands successively by line 2, line 3, line 4, and
line 5, which correspond to loose ends in the figure,
one finds

PfA:alz(—da7)048('—059) l as,10 0 0
Q10,11 0

a,12
= Q1903704305906,10011,127 0.

It is interesting to note that if the doubly connected
ring (10, 11, 12, 8, 7) is cut by setting au,12=0, the
Pfaffian vanishes, while this is not the case when the
cut is made between 10 and 11 since @10,11 does not enter
into the formula.

By inserting a bond between 5 and 6, one can no
longer factor the Pfaffian into a product of a;’s. Let us
in this case expand the Pfaffian successively along lines
2, 3, and 4. Then we obtain

PiA =(112( —(137) (121 I as6  Qs9 0 0 0

0 a1 O 0

Q9,10 Q9,11 0
Q10,11 0
Q11,12

= @19 (— a37) Gasln, 12 [aseas 10— 05906,1()]

which will not vanish unless @ss@9,10=@59a6,10, 2 singular
situation.

One can derive the conditions for all ¢; to be positive
in the above two cases, but of course it requires a little
more effort than it did in our cases with four species.

We should point out that associating a graph with
an ecology and then determining whether the Pfaffian
is zero or not has interesting implications about the
stability of the population when new species are
introduced. To illustrate let us consider a system of
eight species. Let us number them 3, 6, 7, 8, 9, 10, 11,
and 12 and let them be connected as in Fig. 4, with the
exception that 11 and 12 are not connected. Since the
Pfaffian of this population is not zero, in general, this
population is stable. Suppose we introduce two new
species, 1 and 2, with the interactions in the manner
shown in Fig. 4 (i.e., 2 interacts with 1 only, and 1
with 6 only). One can easily see that the Pfaffian is
still not zero and, in general, the system of 10 species

should be stable. However, if we introduce two other
species (say 3 and 4) such that they do not interact
with each other but interact with the two species
(7 and 8) of the original eight species, the Pfaffian is
zero and the system of 10 species is unstable.

Let us now consider the general case in which det a,;
vanishes in the absence of the Verhulst term. Through
the introduction of the Verhulst term, we can find the
equilibrium distribution if one exists or determine
which species vanishes if the equilibrium distribution
does not exist.

We first discuss the case of an odd number of species,
say, (2n+1), in which only one, namely, species
(2n4-1), is connected to the nutrient reservoir. Species
(2n+1) is the only one which does not depend on any
other of our selected species for survival. As in the
three-species case, we must include the Verhulst term
in the equation obtained by setting dNa,,1/dt=0 and
letting NVen11=¢sn+1. One then finds that

2n
0=kon11B2n+1(1—Gony1/02n 1) + Z @n11,54;=0, (3.25)

7=l
where 602,41 represents the saturation population of

species (2n-+1) in the absence of all others. The
generalization of (1.6) for i=1,2, -+-, 2n is

2n
kB4 2 ai9;=0, i=1,2,+++,2n, (3.26a)
=1

with
kB = kiBi+ @i gni1gani1. (3.26b)

Hence if we can determine geny1 separately, all the
other equilibrium populations are given by Pfaffians
analogous to (3.24) with the k;8; in (3.24) replaced
by ki,,Bi’.

The calculation of ¢sn1 is performed by writing
(3.26) in the alternative form

2n+1

—kBi= 2 4595, i=1,2, -+, 2n, (3.27a)
Jj=1
and (3.25) as
2n+1
—Ront1Boni1= D Gony1,iq; (3.27b)
=1
with the definition
Goni1,2041= — Ron41B2n 11/ Oen1=2. (3.28)

The determinant of the coefficients of ¢; has the form

0 a2 @1,20+1
Q91 0 @2,2n+1
f(@)= detay= (3.29)
aZn-{—l,l cee oo X

If we set z equal to zero, deta,;; becomes an anti-
symmetrical determinant with an odd number of rows
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and columns which, as we mentioned earlier, vanishes
and we find
f(0) =0.

By expanding the determinant by the bottom row,
we find

0 ai ai,2n
an 0 a2,2n
flz)=x -+ const.  (3.30)
Aon,1 A2n2 0

However, since f(0)=0, the constant must vanish.
Hence, from (3.29), we have

det a¢j=x(Pf A)2= - {k2n+1ﬁzn+1/02n+1} (Pf A)z, (331)

where Pf 4 is the Pfaffian of the antisymmetric matrix
of 2n rows and columns.

The final equilibrium population of species (2n+41)
is then

0 a @10 — k1B,
an 0 @220 - k262
Qonp1= —
@ong11 Coni12 Gong1on — RonaBenta
X Oony1/ kont1Bonia (PL A)?
[FBy koBe  RsfBs Foni1Bon1
aye a3 a1,2n+1
= Qo3 v a2,9n+1
Q2 2041
X 02n+1/k2n+1ﬁ2n+1 Pf A . (3 3 2)

As was mentioned above, once gs,41 is known, it can be
substituted into (3.26b) so that k;/8;" are known. Then
from (3.26a), q1, g2, ***, g2n can be determined from
generalizations of (3.24) in which %,8; are replaced
by ki’ﬂi’.
When several &; are positive, it can be shown that
Gid=(i+1,i42, «++ m, 1, ---, i—1)E, (3.33)

where
E= X kBi(j4+1,5+2, «--,m, 1, +++,j—1), (3.34a)
=1
= Z (kiB:/8:) (41,042, e+ o m, 1, +++, i—1)2

+0(1/6:6:), (3.34b)
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where the summation over 7 extends over all 4 for which
k;>0. Generally, the saturation levels 6; would be
expected to be much greater than populations which
could be achieved under competitive conditions. Hence
the terms of O(1/6:6;) can be neglected, compared with
those of order (1/6;).

In the expression (3.33) for ¢;, the only quantity
which depends on the Verhulst term is A, which from
(3.34b) is always negative. Therefore, the sign of ¢; as
determined by keeping the Verhulst terms is the same
as in the limit of Verhulst term going to zero. If from
(3.33) and (3.34), we find that all the ¢’s are positive,
then the system will be stable. (Of course, we will need
some Verhulst terms to have a finite value for ¢’s.) If,
on the other hand, we find that only one of the ¢’s, e.g.,
¢i, is negative, then as argued in the beginning of this
section, the ith species will disappear. If more than one
of the ¢’s are negative, we can not determine directly
which of the species will disappear. The indirect way to
deal with the problem is to eliminate one of the species
with negative ¢ and consider the stability of the
remaining system anew. The species whose elimination
will lead to the stable system will be the one which
will disappear. Since, in general, E is nonzero, one of
the ¢’s, say ¢i, will be zero, provided the Pfaffian in

. (3.33) is zero. In this case one has to examine the

higher order terms and then determine whether ¢; is
positive or negative. The chances are that the ith
species will survive because the Pfaffian in (3.33) equal
to zero implies that the system without ¢th species
forms an unstable system.

For an even number of species when det a;;=0, one
can proceed basically in the same fashion as for the
odd number of species. However, to obtain g¢;’s, one
must have two species with nonvanishing Verhulst
terms. This can be seen by an equation similar to
(3.29) for an even number of species. If only one
diagonal term is nonzero, det (a;;) is still zero because
the coefficient of the diagonal term in the expansion
of the determinant is an antisymmetric determinant of
odd order. We may add that we were unable to get an
expression as simple as (3.33) for a general system of
2n species with an arbitrary number of species having
nonzero Verhulst terms.

4. TIME DEPENDENT FLUCTUATIONS
IN POPULATIONS

It was mentioned in the previous section that
systems composed of an odd number of species either
reach an equilibrium set of populations or decay into
systems containing an even number of species. There-
fore, if one wishes to discuss fluctuations, it is sufficient
to investigate the general set of Volterra equations for
an even number of species. We shall consider the time
dependence of the population of various species when
the deviation from equilibrium populations is small.
This case is discussed for two reasons:

(i) Since, experimentally, it is difficult to measure
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k; and a;;, the next best thing one might attempt is to
see how much qualitative information can be derived
about an ecological situation in terms of statistical
properties of the a;’s and k,’s. Kerner (1957, 1959)
has done some elegant work in this direction by applying
the techniques of statistical mechanics to the Volterra
model of competing species. His ideas have been
extended by Goodwin (1963) to a system of interacting
biochemical oscillators and of simultaneously growing
cells (Goodwin, 1970) and by Cowan (1968) to
the nervous system. A gap in these investigations is the
justification of the application of the techniques of
statistical mechanics to the respective biological
situations. For example, Kerner (1957) (see Sec. 1)
recognized that Volterra’s system of differential
equations admits a Liouville theorem (when log {V,}
are used as variables) and that there is a constant of
motion. Hence he can define a microcanonical ensemble
such that the time averages over a single system can
be equated to the phase averages over the micro-
canonical ensemble. This last equality (an ergodic
theorem) has been shown to be true only for the
averages of N, Its general validity, for arbitrary
functions of one or more /V,, is not established. Kerner
then proceeds to define a canonical ensemble by intro-
ducing a quantity © analogous to the temperature of a
physical system and assumes that microcanonical
ensemble averages are the same as the canonical
ensemble averages. The only justification for the
introduction of the canonical ensemble is that it works
in physics and, therefore, with luck, it should work
here also. We know that its justification in physics is
very tricky and that it is true only if certain conditions
are satisfied by the system (Khinchin, 1959). The
study of the time-dependent fluctuations in populations
lets us find conditions, if any, under which certain
techniques of statistical mechanics can be applied to
the system of interacting species, i.e., conditions under
which Kerner’s treatment is valid. We will find these
conditions, if any, in this section. A similar analysis
can be made for the system of interacting biochemical
oscillators, the nervous system or growing cells.

(i1)) If one is concerned with the stability of an
ecology under various disturbances, this small deviation
regime is sufficient to tell whether a specified perturba-
tion leads to an instability even though the under-
standing of the full development of the instability
follows only by application of the complete nonlinear
equations. This small deviation regime also allows a
comparison of the stability of two systems in the sense
of rarity of explosions and vanishing of species.

We will emphasize only the first reason in detail in
this section and postpone the question of stability to
the next section.

Let us write

Ni(t) =q:[1+06:(2) ]. (4.1)

Then, if each §; is small, (1.2) becomes

Bidi= 21 @iiq;0;. (4.2)
=
If we let
x:=0;(q:B:) %, (4.3)
Cij= (qs/Bi)a:;(qi/Bi) *=—Cjs, (4.4)
then (4.2) becomes
T;= Z Cijxj (453)
7
or
Z(t) =Cx(t), (4.5b)

where z(f) is a column vector with components x;(f)
and C is an #X#n antisymmetric matrix with C;; as
elements.

It is well known that the characteristic values of an
antisymmetric matrix such as C are purely imaginary
and that they occur in pairs so that, if one is 7wy,
another is —iw;. Let A;; be the 7th element of the Ith
characteristic vector (corresponding to the char-
acteristic value \;) of C, i.e.,

2 Cadu=Ndaq. (4.6)
k

Let A be the matrix whose elements are 4;; and A
one whose elements are A;*. If we normalize the
characteristic vectors properly, we can choose

ATA =I, i.e., Z Alz*A lj=5ij; (473.)
l

where A is the Hermitian conjugate of 4, and I is the
identity matrix. Taking the complex conjugate of (4.6)
and using the identity \;*=—\;, we get

Z Cichkl*= _>\1A ,’1*. (47b)
k
Thus A4;;* is the kth element of the characteristic

vector which corresponds to the characteristic value
—\.. Further, using the identity C;;=—Cj;, we get

> (AN uCri=Ni(AY) 4.

k

(4.8)

Therefore (A"); is the ith element of the Ith char-
acteristic row vector corresponding to the characteristic
value A;.

The solution of (4.5) can now be written as

x@(t) = Z OélAil €Xp (D\l),

l

(4.9)

where «; are constants to be determined from the
application of the orthogonality relationship (4.7)
to x;(0), i.e.,

> 2:(0) Aim™=atm.

7

(4.10)
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Substituting (4.10) into (4.9), we get

.’L‘i(t) = Z A”A]l*x,(O) €eXp (t)\l) . (411)
1j

This equation thus gives the time evolution of the
population near equilibrium. Since ¢;’s are functions
of k; and ay;, from (4.4) the C;;’s are functions of k;,
Bi, and @;;, the parameters describing the growth and
interaction of the various species. Thus, in principle,
A and A\, and from (4.11) for the given initial values
of N;, z;(f) too can be expressed in terms of &, 8;, and
a;;. If the population is far away from the equilibrium,
we have to use a perturbation theory. Such a per-
turbation theory is due to Kryloff and Bogoliuboff
(1947). Its application to two-species cases is described
in Bak (1963) and, for a system of anharmonic oscil-
lators, in Ford (1961) and Ford and Waters (1963).
In this perturbation theory, the expansion parameter
is proportional to x;(0). Thus any statement about
average of any function of V;’s should be true for all the
terms in the perturbation theory involving different
powers of x;(0). In particular, it should be true if we
calculate NV, using only first order terms, i.e., (4.11).
From (4.11), since A\;’s are imaginary, we have

[x:(HN=0=[y:(H)]

which is what we should expect since [[V;]|=¢.. Also,
E{N;} and (N,) both are equal to ¢;. Therefore, the
ergodic theorem is true for V;. However, from (1.31b),
E{zx;} and {(wir;) (1) are both zero. If the ergodic
theorem is true in general, [Jx.;x;]] should also be zero.
But, from (4.11), since x; is real, we have

[z =[]
= Z Az-zAkl*Ajm*Aqm[[exp {()\l+)\m*)t}]]xk(0)xq(0) .

maqkl
Since \;’s are imaginary, we find

[zxill= 3= Audi*A*Aqxi(0)xe(0)

klq

=2 Aadi* | 30 Awzn(0) 2
l k

#0.

Thus the ergodic theorem for arbitrary function of z;’s
for an arbitrary system of interacting species is not
valid. We will now find the conditions under which not
only [[z;z;]]=0, but time averages of all other functions
of z’s are equal to ensemble averages.

Let us first find the probability distribution of x;(¢),
for a fixed 7, as a function of time when (a) it is known
at time /=0 that z; has the value 2;(0), and (b) equal
probability is given to every initial distribution of
other z;’s which are consistent with

Go= 22 B;LNV;(0) —¢;1/2;=% 3 22(0) = const.

(4.12)
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This is of course the small deviation from the equilib-
rium version of (1.9b) when ¢=0. We define R? by

13 22(0) =1R2 (4.13)

J#i

The problem posed above is that of finding the
statistics of

V(1) =zi(t) —Mu(H)2:(0) = 35 M;(H)z;(0), (4.14)
i
where M ;; is defined by
I&(t) = Z M”(t)x,(O), (4153,)
ie.
M) =3 Audi* exp (1), (4.15b)

when at =0, all sets of {#;(0)} (with j#¢) which are
consistent with

R= 3 x(0)=

J#

2 x2(0)—z2(0)  (4.16)

are given equal weight. This problem has been solved

by Mazur and Montroll (1960) in the context of vibra-

tions of crystal lattices. When # is large, the probability

distribution of Y (f) is Gaussian (for all #>1, see

Montroll (1961)):

JIY () 1=glw:(®) | 2:(0) 1= {[n/ (2m) 7 ]?/aR}
X exp { —n[@:(¢) — M (1) %:(0) J}/2R%?},

where

(4.17a)

o= 3 M2(t) = 2 M*(1) —M:2(1).

J#i J
We notice from (4.15b) that
2ME) =2 Audi* Amd im* exp [N+ ) £].
) I,m

(4.17b)

(4.18)

Since the summation over m extends over all char-
acteristic values {\,}, we see that from (4.7) we can
replace A\ by —\n if, at the same time, we replace A
by Am* and A4;»* by Ajm. Hence, in view of (4.7),
we have

L Mpt)= 2 Aadi*Amdm* exp [H(N—2n) ]
J

ilm
=2 Aada*=1 (4.19)
7
and, therefore, from (4.17b),
o?=1—M2(1). (4.20)

It remains to consider M;;(¢). Since the characteristic
values A= 1w, and —iw, both appear, one can write

N
M,‘i(t) =2 E AiaA-ga* Cos tw,,, N=%n

a=1

(4.21)

If all the w, are distinct, M;;(¢) is almost periodic so
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that, if it achieves any value once, it will achieve it an
infinite number of times.

In view of the normalization of the A4, (4 7a), each

Aiqis O(N712) so that | e [2P=0(N-"). Since M ;;(0)=
1, 62(0) =0. Now let us write (4.21) as

M{i(t) = (Z/ZV) Z f AiaNU? |2 COos twa. (422)
If at a given time the various cosines are completely
out of phase so that there are roughly as many positive
as negative ones, one might consider the sum to be that
of N random independent variables, each O(1). Then
by the central limit theorem for the sum of random
independent variables the expected value of the sum
would be O(N'Y?) so that M ,({)=O(N-'2), and,
as the number of interacting species becomes large,
M ;;:(t) would become small so that the term M ;;(¢)x:(0)
could be neglected in (4.17a). In that case, Y (¢)
would have a Gaussian distribution which is inde-
pendent of x;(0). This is in accordance with Kerner’s
distribution (1957) for an ecology which suffers
only small displacements from equilibrium.:

The above heuristic remarks can be put on a more
rigorous basis by phrasing the discussion of M;(¢) in a
somewhat different manner. Since M;;(¢) is an almost
periodic function, we know from the work of Wintner
(1933) that we can rigorously find the fraction of time
spent by M () within a given interval ¢ and &+d¢.
Since the qualitative behavior of M,;(#) is the same as
that of its average over i, we will, for mathematical
convenience, deal with this average

pn (£) =n" Zn: M (1)

=1

N

=N"13" cos wd,

a=1
N=n/2, (4.23)

where the last step follows from (4.21). It is known
that if we assume w, to be linearly independent, it is
possible to define a distribution function ¥ (&) for on (1)
defined by the following equation:

Y(£)dé= lim meas {¢§<on(f) <t+dE; T}/T, (4.24)
T—>o0

where {£<pn(f) <t+dg; T} denotes the set of all those
points ¢ for which both the inequalities £ < pn (¢) <£-+dE,
t< T are satisfied, and meas {£<pn(¢) <&+dE; T} is the
Lebesgue measure of this set. In more physical terms
¥(£) measures the probability density of finding p with

the value £ It is shown in Wintner (1933) that for
px(t) as given above, the function ¢(£) is given by

(&) = (2r)— f " exp (—#S)[Jo(S) TV dS.  (4.25)

—0

We will evaluate this quantity when £<bN'2, where
b is some preassigned number O(1) and show that

sufficient information can be extracted from this
region for our purpose.
We know we can write Jo(.S) as

Jo(8) ={1—5(S/2)*4+0(S5% } exp (—S5%/4).
Hence, on making this expansion, we can write
f— ® e SZ
4= [ e (—ies) e - ()]

X {1—1N (3S)*+ higher order terms} d.S.
We write ‘5='bN”2

(4.25")

(4.25')

n=£S=SbN'2,
With this substitution we have
¥(&) = (2m) " (N~ [ exp (—in) exp (—n*/4b?)
X{1—=iN (n/dNY2)44-+ -} dn
Hence for large NV, b finite, we get

#(®) = @)t [ exp (—in- fi,) dn

—00

= (xN)=V2 exp (—£/N). (4.26)

We next try to find the probability that | oy (¢) | has a
value greater than 6V'2, This is given by

Prob {| px () | >0NY2}

le/Z

2
=1—(wNV)712 /_wllzexp <— %) 3

b
=1—1r—1/2f exp (—n2) dn=1—Fy(8), (4.27)
—b

where E;(b) is the standard error integral. For small
values of &, this expression approaches zero. For
example, for b= 2, the above probability is 0.005. Since
the region in which the integration is carried out is
confined within the region =4bN'% our asymptotic
probability density function is accurate, and without
investigating regions of the order of IV, we can say that
pn(?) 1is almost always confined to the region 4=b6N'2
b any preassigned small number. Hence py(£) is almost
always confined to the noise region and in the limit
n—o, pny(£)—0. In the limit #— o the distribution
function of the 7th species about its equilibrium value
g; is then [see (4.17a), (4.13), (4.3), and (4.1)]

p(N:) = (2wB:/Iq:) "1 exp [—B:(N:—q:)%/21q;] (4.28)

since the noise band becomes vanishingly small. The
parameter I = R?/x has the value given in (4.13). When
written in terms of populations, it has the form

I=n3] 2;%(0)
=13 (B:i/q:)[V:(0) —q: J=2Go/n,

where (Go/n) is our constant of motion per species

(4.29)
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[see Eq. (4.12)] in the small vibration regime. This is
just the canonical distribution conjectured by Kerner
(1957) for this regime.

These results can be generalized to a selected set of
m out of n species where m<<n. The joint distribution
function of m species is to be found from the joint dis-
tribution of Y1(¢), Ys(¢), < -+, Yu(t), where

Yi(t) =21(t) — Mu(f)2:(0) —Mu(t)xz(())

— e e =M1 (D) 2 (0) = y 22 M ;()z;(0),

Vo (t) =2(t) — M () 21(0) — Mo (1) 22(0)
2. My(1)x;(0), etc.

FHEL2,e e m

e —Mzm(l)xm(o) =

(4.30)

The joint characteristic function of ¥1(¢), Yy(f), ---,
Vo.(1) is

(exp [ i w7, ()7

= (exp {1 '#12;- Lo 1;(8) 4+ + - +amMm;i(£) J2;(0) }),
(4.31)

where all sets of 2;(0) which lie on the NV — dimensional
hypersphere

DY

J#1,2,00 0 m

22(0) =1Re, (4.32)

If m is fixed and N is very large, our required char-
acteristic function is known to be Gaussian, i.e.,

exp (—30%R%/n), (4.33a)
where
R= 3 220, (4.33b)
71,2, m
o= 3 [eaMy(t)+aeMyi(t) 4+« - - onMmi(t) T
J#1,2,- 0 m

= E [alMij(t)‘l‘ i '+amMmj(t) :]2

—LaaM 1 (8) + oMoy (£) + - + + +mM o (2) P
—[onM 1o (t) +aeMoa(£) + - + + M pa (1) P

—[LosM s (8) +0oMom(£) +  + - + @M (2) 2.

(4.33¢)
Since

Z MM y;= 6., (4.34)
J
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we see that
a?=al+a - - o
—[aaMu(t)+ -+ Mo (£)
_[alMlm(t) + A +amMmm(t) ]2. (435)

The joint distribution function of ¥y, Vs, +--, V,, is
obtained by taking the Fourier transform of the
characteristic function

IV, Vo, oo, Vi l= zﬁ)—m_/;: fexp (—ia-Y)

X exp (—30°R?*/n)doy- « - dovy,,  (4.36)

where
aV=aVi+ - +anln, (4.37)
’=a'-4-q, (4.38)

A being the matrix of the coefficients of oo of (4.35).
For example, when m=2, we have

0’2= 0112( 1 —M112—M122) _— 2a1a2M21M11
=20 M oMo+’ (1— Mo — My?).  (4.39)

The well-known formula for the Fourier integral
of a Gaussian is

1 [ -
—/5/ ces / d™a exp (ia+y) exp (—a'Be)
T —0 —o0

=(det A)exp [—(22/2)], (4.40a)
where, if B! is the inverse of the matrix B,
2?=%(V'-B1.Y). (4.40b)
Hence (4.36) becomes
f(Vy, Vo, oo+, V)
= exp {—1(Y'B7Y)}/2ma™2(det B)'2. (4.41)
Now let
B=%(AR*n) and B'=2uA"'/R:, (4.42a)
det B=(R%/2n)™ det A. (4.42b)
Hence we find
—1 /' A—1 2
f(Vyee V) = Zizgz /;)’fi éeﬂﬁg L (443)
In the special casé, m=2, we have
an=1—Mu>— M2, @p=2MuMuy, (4.442)
an=—2M1 Moy, @p=1—My?—Mx?, (4.44b)
Q2 —ay2
471= < )/ (@ua22—a12an1). (4.45)
—a an

The theorem which was discussed in connection with
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Eq. (4.21) implies that, as n—o, the terms M;;(f) =
O(n~12)—0 so that the matrices 4 and A~! become
identity matrices. In this limit, f(¥3, -+, ¥,,) factors
into a product of m one-species distribution functions
of the form (4.28) when transformed back to population
variables.

Thus if

Mij(t)—>0 as {—x,

(4.46)

the distribution function of one or more species about
their equilibrium value is a Gaussian distribution, the
same as the canonical distribution (1.34) for small
deviation from the equilibrium value.

To prove that the canonical average of a function of
Nys is equal to the time average, i.e., to prove the
ergodic theorem, we first show that the canonical
average is equal to the microcanonical average and
that the latter average is equal to the time average.
To show the equality of the first two averages, we note
(a) that a canonical average of any function of y; can
be written in terms of (y,?) (see Sec. 1) and (b) that if
(1.32) is satisfied, then the relation between E{y.?}
and E{y;?} is the same as that between (y;,”) and
(y:*) [see (1.33) and (1.39)7]. Therefore, if we can
show that

(y*)=E{y?} or

and that (1.32) is true, then the equality of the first
two averages is proved. But, from (4.28), we have

(x2)=E{x?} (4.47)

(@2)=I=2Gy/n (4.48)
and from (1.31¢) and (4.3) we have
E{x*} =0= const. (4.49)
Therefore, from (4.29), we find
E{z2) =2Go/n (4.50)

which proves (4.47) and, hence, if we also show that
(1.32) is satisfied, then the equality of canonical and
microcanonical averages is proved. To prove this
equality with the time averages and (1.32), we first
discuss the physical significance of the quantity M;(¢)
which has been central to so much of our discussion.
The physical significance is clear if we consider the
correlation function

Pn(i: k; ¢ T)
=E{z;(t+7)m*(0) }/[E{z2(0) } E{z2(0)} ]2, (4.51)

where the averaging is to be done over the initial
conditions

E{z;(0)x:(0) } =08:8. (4.52)

Equation (4.52) follows from (4.49) and the assump-
tion that the populations of different species are initially

uncorrelated. From (4.11), (4.7a), and (4.52), we have
Elzi(t4r)m*(0)} =E{ 22 Aad;i*z;(0)

Lims

X exp [(t47)NJArn*Asmzs(0) exp (%)}
= Z AilAjl*AsmAlcm*

Ljms
X exp [{(NA-An*) +7NJE{2;(0)2:(0) }
=0, Z AilAjl*Akm*Ajm

lim
X exp [EO+HNn¥) +70]
:02 Z AﬂAkl* CXP (T)\z)
l

since \*=—N\;.
dependently of ¢

From (4.51), this implies that in-

M (1) =p.(%, k; 7), (4.53a)

where M ;(7) is the correlation function defined above.
M ;; is thus a normalized autocorrelation function, i.e.,

Mii(7) =pn (i, 7) = E{z:(t47)z:(2) } / E{2(0) }.
(4.53b)
To prove the ergodic theorem for a microcanonical
ensemble, we make use of a theorem on ergodic func-

tions (Khinchin, 1959; Mazur and Montroll, 1960)
according to which, if

p(7) =E{ fi(t+7)f*(t) } >0 (4.53c)

then the function f;(f) of the variable z;(¢) is ergodic.
If (4.46) is satisfied, then from (4.53c) z; is ergodic.
We had already shown this rigorously in Sec. 1. To
show the ergodicity of a general function, we consider
the following two normalized autocorrelation functions:

P,(i, 1) = E{[x*(t) —0:][x:*(0) — 6,1} /E{[2:*(0) —6, %}

as 7w,

(4.542)
Qnu(4,5, 1)
=E{z:()x;(t)x:(0)2;(0) } /E{x2(0) } E{z;2(0) },
i%j,  (4.54b)

Substituting for x;(¢) from (4.11), and using (4.7a)
and (4.52), one can easily show that for large #,

P,(1,8) =[pa(2, t) P=M;2(t) (4.55a)
and
Qu(2,7, 1) =pu(1, ) pu( 4, 1)
=M M jj, 17, (4.55b)

Thus if (4.46) is satisfied, both P, and Q,—0 as {—w,
and from the theorem mentioned above, z;2(f) and
z;(t)x;(t), 1547, are both ergodic. Further Q,—0 implies
E{xxx;} =0=E{x;,} E{x;}. By considering function
On(i,7, ky «++, 1), defined similarly to (4.54b), one
can show that Q,—0, which implies Ef{zx;:-}=
E{x;} E{z;}-+-. Generalizing the argument further will



imply (1.32), thus proving the ergodic theorem for
both microcanonical and canonical averages. Thus, if
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We now define the function ¢;(¢) by
Yi(§)de= lim meas {§<a;({) <¢+d&; TY/T, (4.62)

the number of species is large, the ergodic theorem is
true, at least in the linear approximation. This condition
is met in our ecological system because the number of
species is perhaps several million or more. Hence we
may apply statistical mechanics with some confidence.
It should be noted that the above-mentioned conditions
are only necessary conditions for the nonlinear case and
need not be sufficient. To determine whether they are
or are not we must investigate the ergodic theorem for
each term in the perturbation theory of the type
mentioned earlier in the section. This is beyond the
scope of this paper.

It is interesting to find the manner in which x;2(¢)
achieves its equipartition value 2Gy/#. Since we have

@ (1) )= ([w:(t) —2:(0) pu (3, ) ).
+22:(0) pu (4, 1) {[we(£) —2:(0) pu (4, 1) I
+22(0)pa*(4, 1), (4.56)

where ( ); denotes the average over the distribution
(4.17a), from (4.17a) we have

@) )e=2n""Gol 1= pu (3, ) P+22(0) pa2(4, 1) (4.57)

This follows from the fact that the first average on the
right of (4.56) is just the dispersion of the distribution
function (4.17a) and the second one vanishes. As
t—, (x2(1) )—2Go/n, while as (—0, (@:2(¢) )—z.2(0)
since p, (7, {)—0 as — o and p, (2, {)—1 as t—0.
Further, from (4.48), if two systems of populations
with #; and #, species and with their values 6, and 6,
are connected to each other (through some prey-
predator interaction), then the value of the combined
system is
0= (91ﬂ1+ 62%2)/(nl—|—n2) . (458)

In the end we would like to point out that the
statistical method of Wintner (1933) used in evaluating
the properties of px () could be used directly to evaluate
the distribution for x;(¢{) which themselves are almost
periodic functions of time. From (4.15a) and (4.15b)
we have

xi(8) = 2 Aadi* exp (\it)x;(0). (4.59)
¥
Coupling terms of A; of the form +iw;, we get

N
X:(t)= 2 [paexp (lwt) +pi* exp (—iwit) ]
=1

N N
=2 Z l P” I COoS (wzt+5l) = Z 7;1 COS (wlt+5l)
=1 =1

(4.60)
with p;= | pa | exp (46;), where

ra=2 i P I =2 I Z_: A“Ajz*.’,l}j(()) I (461)

T—>o0

where {§<x;(f) <t+dg; T} denotes the set of all those
points ¢ for which both the inequalities £ <z, (t) <&+ d¢,
t<T are satisfied, and meas {¢<z;(f) <&+d¢; T} is the
Lebesgue measure of this set. It is shown in Wintner
(1933) that y;(#) is given by

© N

0(©)=2m) [ exp (=itS) X Jo(raS) dS. (469)

By an analysis similar to that used for the derivation
of pw(#), it can be shown that to a first approximation
it is valid to replace Jo(r:1S) by exp (—L1r25?).
Hence we have

0 N
Wi(E) = (2m) f exp (—itS) exp (—1S* " i) dS.
—c0 =1
(4.64)
Now we define
N
74;2: N1 Z 1’,’[2. (465)
=1

Hence we have

Gi(E) = (2m)1 / : exp (—itS) rexp Ii—Nrﬁ (%2)] ds.

(4.66)
We put £S=7 to get

Yi(§) = (2m)~

X {S‘l /;: exp (—in) exp [—Nrﬁ (4%;)] dn} .

Putting £=bN"? we get

)= 210) [ exp (=in) exp| = (5) ¢

= (1/7'%) (b/7:£) exp (—28/nr?)

=[1/(2m)%0;] exp (—£/202) (4.67)
with
o= (nr/4). (4.68)
Obviously we have
n/2
al=inr=%3 r?
=1
n/2 n
=23 papa*= 2 papu* (4.69)
=1 =1

if we now extend back the sum over all #. Thus we get

E AqA il*Ajl*A klx,-(O) .'BK(O) = [[11312]]

7=1 k=1

M=
M=

o=

]
L

[

(4.70)
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We see that each x;(¢) is distributed in a Gaussian
manner with its own ¢;. In a given physical situation,
the initial conditions are totally unknown and it is
appropriate to use an average value o in place of oy,
the average being taken over all the species. If we do
this, we obtain

i 2G,
o=n"1 Z 0'1':1'171 Z xkz(O) = =
n

=1

(4.71)

agreeing with expression (4.68). We thus get back the
distribution which we derived on a more physical basis.

5. DIVERSITY AND STABILITY IN
ECOLOGICAL SYSTEMS

We now shall use the results of the previous section
to study diversity and stability of species in an ecological
system. Diversity and stability are much talked about,
but poorly defined, concepts in ecology. Recently a
whole symposium at Brookhaven National Laboratory
was planned by the organizers ‘“to examine the meaning
of these two terms as used by students of natural
systems- ««”’ (Woodwell and Smith, 1969). By glancing
through the papers published in the report of the
symposium, one can see that the definitions are quite
subjective.

In a rough sense, diversity is the number of species
per unit area. The diversity is known to have changed
during the evolution of our present ecological system.
Based on geological and fossil records, it is believed
that there were times when the diversity was “richer”
than the present one and there were times when it was
“poorer.” The basic questions are: what determines
the diversity and can we account for the present
diversity?

Stability can be put into three categories (Preston,
1969): (a) physiographic stability—the stability of a
particular geographic region; (b) local and global
stability (constancy) of the number of species, and,
(c) stability of the number of individuals of a particular
species in the sense of rarity of the crashes or explosions.
Perhaps the answer to the question about diversity
posed in the preceding paragraph is that the diversity
at any time is that for which the stability of all the
three types is maximum. The present section is devoted
to the investigation of the relation between diversity
and stability.

For simplicity, we limit ourselves to the stability as
defined above in the third category. The problem then
is to investigate the type of species which will form a
stable population. Given an ensemble of M species, a
species ¢ being characterized by the parameters a;;
(with j ranging through all species which are connected
to ) and k;, one can choose a variety of subsets of %
species out of the M and compare the stability of an
ecology of one of the subsets with that of another.
Perhaps nature even works this way. After many
thousands of years of evolution, one would expect to

find in isolated regions an ecology that is more stable
than others which might have developed. In comparing
the stability of various possible ecologies, one might
compare those which had certain similar macroscopic
properties which depend on the equilibrium populations.
Two such macroscopic properties which appear fre-
quently in the literature are the biomass and produc-
tivity which at equilibrium are defined by

B= 3 qif: (5.1)
and

P=32]ai| qq;. (5.2)

The biomass has an obvious meaning, while the
productivity is the rate of flow of mass between species
at equilibrium.

One way to investigate the stability of a number of
species is through the autocorrelation function p, (4, ¢)
[Eq. (4.53b)] of the population of various species. In
a completely stable assembly in which each species
approaches an equilibrium population independent of
the initial distribution, the autocorrelation function
would vanish after a long time. In our model, each
population varies around its equilibrium population
with an average amplitude that depends on the total
number of species. One measure of the stability of an
ecology would be the frequency with which the nor-
malized autocorrelation function would pass some
preassigned level of deviation from its equilibrium
value, zero. Fluctuations of animal populations as a
measure of community stability were suggested by
McArthur (1955).

Since the level of stability of the ecology should not
depend on any one species, we will choose as our
measure of stability the frequency with which the
average autocorrelation function

on(£) = z ou(iy 1) (5.3)

crosses a preassigned level. Those ecologies for which
this frequency is very high will be considered to be less
stable than those for which it is low.

From (5.3), (4.52b), (4.21), and (4.7a), we have

N
on () =N"13" cos wal.

a=1

(5.4)

Let us define L(%) to be the mean frequency (averaged
over a very long time) with which px(#) achieves the
value #. As shown in Sec. 4, py(f) is confined mostly
to the noise range. We will be primarily interested in
values of % in this region, i.e., #=cN~2 where c=0(1)
and is independent of V. As shown by Kac (1943; see
also Montroll, 1961) we have

L(cN7Y2) = (wp/7) exp (—c¥/2). (5.5)
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The frequency wo is defined by

N
wt=N"13" ol

a=1

(5.6)
Equation (5.5) is valid when

N
lim N2 Y wat=0.

n->0

(5.7)
a=1
On the other hand, from (4.27), the mean frequency of

the achievement of a value a (with « close to 1) by
pn (1) is (Slater, 1939)

L(a) = (wo/27%2) { (1—a) /we}2@=D_ (5.8)

For large IV this frequency is negligible. An important
interpretation of this result is that, on the average, one
has to wait a time which increases exponentially with
the number of species » for an undisturbed ecology to
suffer wild fluctuations outside of the noise range. This
tells us that the more species one has, the more stable
the ecology in that each species will tend to have very
small fluctuations about its equilibrium population.

Most of the time p, (?) is restricted to a range 4=c/N—/2
where ¢c>0(1). For a given NV and ¢, the stability will
be great when L(¢N'V?) is small, i.e., when wp is small,
since the sum of the square of the eigenvalues of a
matrix is the trace of the square of the matrix. We see
from (4.4) and (4.5) that

w=n"" 3 ai°q:q;(B:B85) . (5.9a)

27

A measure of stability would then be the magnitude of
we?. This gives a basis for the comparison of several
ecological situations. That which yields the smallest
value of wp has the most stable population. It should be
noted that our analysis depended on the conditions
(5.7). This condition is satisfied if every species inter-
acts with only a limited number of other species.

The rate constants {a;} in Eq. (59a) and the
equilibrium population {¢;} are not independent
parameters, but are related by (1.6). Hence, if one
wishes to find the most stable ecology when some
macroscopic constraints are applied, say,

Fo({as}) =pa, (5.9b)

the uo’s being constant, then (5.9a) is to be minimized
under these constraints using Lagrange multipliers.
Let us suppose that in some sense the present dis-
tribution of species populations in isolated regions
developed because they represent the most stable
population relative to some restrictions of the form
(5.9b). As far as we can see, there is no @ priori way of
choosing these constraints. On this basis, the only
course available to us is to make some guesses of restric-
tions and deduce the conditions on the a;s which
would lead to the greatest stability. We will consider
several hypotheses here and deduce their consequences

a:l’ 2’ lI.’s’

to indicate how one might proceed. The number of

possibilities is large; we examine a few examples.
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One of the simplest hypotheses is to assume (a) that
the set of equilibrium populations is known (we know
the present situation) and that the a;’s can have any
real value (still with e¢;;=—a;;); (b) the network of
interaction, the “food web” is fixed; (c) the produc-
tivity (5.2) is fixed; (d) for simplicity we choose
B1=Pe="++-, B,=1. In view of (1.6), once the ¢;’s and
a;’s are chosen, the rate constants ki, ks, - - -, k, become
fixed. Since the &’s do not appear explicitly in (5.9) nor
in the expression for the productivity, we need not
consider them unless we wish to find their explicit
values after the a;’s are chosen to minimize w¢?. Once
the ¢;’s.are given, the biomass (5.1) is determined.

To achieve the minimization, we use the standard
method of Lagrange undetermined multipliers, i.e., we
minimize the expression

Ri= 3 | ai; ’ig;i—N(3 X | aii | gigi—P)  (5.10)
,]

with respect to | a;; |, keeping ¢’s constant. Since ¢’s are
kept constant and a;;’s are varied, from (1.6), k; is not
fixed. In other words, we are assuming that the growth
rate of the species will change (presumably through the
change in the environment) such that (1.6) is always
satisfied. Thus ;s obtained by minimizing R; will
correspond to the conditions that productivity and g;
are fixed, but that the growth rates are changing. R;
is minimum for | a;; | given by

OR1/9 | aij| =0=21ai; | gigi—Ngigs,  ai=0 (5.11)
or
laii| =)/2. (5.12)
Substituting in (5.2), we get
(5.13)

4P=N\2" qiq;=\B’,
0

where the prime over the summation indicates that the
sum is to be taken over those ¢ and j for which a;;50.
From (5.12) and (5.13),

f a;j I :2P/B’ (514)

Therefore, the food web structure of maximum stability
is that for which all the nonvanishing | @;; | are equal.
If we make an additional assumption of g¢,~B/n,
then, from (5.13),

B'=(B/n?) Z €, (5.15)

where e;(<<n) denotes the number of species with which
the species ¢ interacts. If e denotes the average e;, i.e.,
e=n1> ¢, (5.16)

then from (5.14), (5.15), and (5.16), the maximum
stability occurs for

| ai; | =(2P/B%) (n/e). (5.17)
Substituting for | a;; | into (5.9), we get
w@= 4P/ Be. (5.18)
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Thus the stability is positively correlated to the biomass
and the average number of food links per species and
negatively correlated to the productivity.

Before we study the stability under other fixed
macroscopic conditions, we will briefly review the work
of Leigh (1965, 1969), who employs a definition of
stability similar to ours. He takes the stability of
species ¢ to be inversely proportional to the frequency
with which log V;/g;=v; crosses the line v;=d, d being a
constant. Within the linear approximation, this fre-
quency can be expressed as a certain time integral.
Since Leigh was unable to evaluate this time integral
exactly, he replaced it by an integral over phase space
of the variable 91+ * +,. On evaluating the phase integral
approximately, the frequency of v; crossing the line
v;=d is

wi=mHY a:%qiq;} % exp (—¢qid?/20). (5.19)
7

Leigh then postulated that for maximum stability of
the community, the average of this frequency, i.e.,

w=n"1) w;,
7,7

should be minimum, subject to the condition that P is
constant. It turned out that he could not minimize
under these conditions, so he restricted himself to
the case of ¢; fixed, i.e., biomass fixed. Even with these
simplifications, the minimization could still not be
performed and he hoped that the minimization of

J= 2 aif’quq;
2,7

under the assumption of fixed productivity would
attain the same end. The minimization is the same as
that required for our analysis. However, in our defini-
tion of stability, J appears in a natural form rather
than due to an approximation as in Leigh’s definition.
On minimization he gets the result that the stability
is maximum for

l a;j | =2P/B2, (520)
rather than | a;; | given by (5.14) or (5.17). In other
words, the food web structure of maximum stability is
that in which every species feeds on all other species
that do not feed on it. Substituting (5.20) into (5.19)
and making the assumption that g;,~B/#, w; becomes

w;=(2/m) (P/B)n? exp (—q:d?/20). (5.21)

all 4, 7,

Thus the stability is positively correlated to the number
of species rather than to the average number of food
links per species, as implied by (5.18). It should be
noted that Leigh’s result of all the @;;’s nonvanishing
and equal in magnitude is inconsistent with our
formalism because then (5.7) is not satisfied and
L(CN™'2) is no longer given by (5.5).

We now minimize J by keeping some other
combination of macroscopic parameters (other than P

and B) fixed. We will show that if we do so, all the
nonvanishing | a;;| need not be equal. Suppose we
keep both the biomass and the environment, i.e., all
ki’s fixed. The proper quantity which has to be mini-
mized is

Ro= 2. a;qigi+N(B— X ¢:)
2,7
(= X ki—4 2 aigips), (5.22)
2,7
where N and 4u;’s are the undetermined multipliers.

Differentiating (5.22) with respect to @;; and ¢; and
equating the differentials equal to zero, we have

ai;={(pi/q:) — (wi/q;)},  ifa;;#£0, (5.23a)
S aug ot Qus/e)I=N,  (5.23D)

where the 7 over the summation sign in (5.23b) denotes
the sum over those j’s for which a;;70. Substituting
(5.23a) into (5.23b), and (5.23a) into (1.6), we get

é{(‘ﬁ—(’g}gﬁx, =1, ey m, (5.240)

- e
2. ¢i=B. (5.24¢)

Equations (5.24a) and (5.24b) can, in principle, be
solved for the 2#+1 variables A, u;’s, and ¢;’s which,
when substituted into (5.23a) will give a;’s for maxi-
mum stability. In general, clearly these a;’s are not
equal and it is not possible to write a compact expres-
sion. The form will depend upon which of the a;;’s and
how many of them are zero. It should be noted that the
form (5.23a) for a;; implies that there will be one species
which always feeds on others and is never eaten by
any one of them and, also, a species which is always
eaten by others and never eats any one of them. These
two species “are characterized, respectively, by the
highest and lowest values of u;/¢;. If only the environ-
ment is fixed, then the corresponding results are ob-
tained by putting A=0 in (5.22), (5.23b), and (5.24a),
and eliminating (5.24c). We leave as an exercise for
the reader the discussion of stability when P, B, and
ks are all fixed.

o, (5.24b)

6. VOLTERRA EQUATIONS WITH RANDOM
RATE CONSTANTS

All of our previous calculations have been made on
the basis of constant “rate constants.” One might
expect the “rate constants” to be affected by changes
in temperature, humidity, age distribution of various
species, time of year, and other ecological factors. On
this basis we assume that the a;;’s are random variables.
Then the N;’s are characterized by a probability dis-
tribution. We will derive a master equation for this
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distribution and show that, at equilibrium under certain
conditions, this distribution has the Poisson form con-
jectured by Kerner (1957).

We start with Eq. (1.2):

dlog N; b
B: g =kt 2 ayN;
dt =1

(6.1)

and now consider the @;; to be random variables with
mean values @;;, We define a set of mean equilibrium
populations {Q;} by

kiBi+ él a:;Q;=0. (6.2)
We also define
Vi=log (N;/Q;) or N;=Q;exp (V;). (6.3)
Then one finds from (6.1), (6.2), and (6.3) that
BidV:/dt= ZJ: Oilaijexp (Vi—ay)],  (6.4)

BidV/dt= 3 Q;a:[—1+ exp (V;)]
+ 2 Qmijexp (Vy), (6.32)

where 7;; is the variation of a;; from its mean value a;;,
aii(8) = ai+ni(t), (6.5b)
and

Mi;)=0 and 7= —nj (6.5¢)
In a small time Af the variation in V; is, to within
terms O([AL]?),

AVi=8:7A0 2 Q;a:[—1+ exp (V)]

t4AL
+8:7 2 Qilexp (V)] /; ni;(t) dhy

so that, if we average only the a,;, we find

(AVi)=B:"At 3 Qidi[— 14 exp (V)] (6.6)

The average is calculated subject to the hypothesis
that V; is known to have the value V;(¢) at time ¢.
The fact that V; depends on a;; is irrelevant since we
are only concerned with its average variation when
V() is specified. In averaging over a;; exp (V;) in the
time interval Af the dependence on the variation of
exp (V;) is O(A?) compared with exp (V). Hence
exp (V;) is essentially constant during the averaging
period.
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We also see that
AV AV = (A)2 Y 0,010
gl

XE=1+ exp (V) IL—14 exp (V1) 8787
+B8:78 ALY Q[ — 14 exp (V)]

A
X El: QiLexp (Vl)]/: mi(te) dby

+B8:787AL X Q[ — 1+ exp (V1) ]
!

tHAL
X T oL (V)] [ msth) d
4818t Zl: QiQvexp (V+V))

At AL
X/ / nii(t) e () dty dts.  (6.7)
¢ t

If one averages over the ensemble from which the
a;; are generated, then, in view of (6.5c), the middle
two terms in (6.7) vanish and

(AV:AVi)= (A2 3 QiQuiidr

X[—14 exp (V) J[—1+ exp (V) 818!
+B:7187 2 QiQuexp (Vi+V)
7

At pt+AL
X/;+ /t-+ (i () e (82) Ydh dby.  (6.8)

The behavior of the second term in (6.8) depends on
the character of the time correlations of variations of
a;; and ay, ie., n;; and . The remarks made above
concerning the irrelevance of the dependence of the
V(t) on a;; have been employed again in the derivation
of (6.8).

We now derive a Fokker—Planck type of equation
for P(V 4|V, t), the probability that in time ¢—t,
V varies from V° to V. The general form of the Fokker—
Planck equation is

OP/dt=— 3 (8/0V:) {PA:(V)}

+3 X (8/aV.0V,) (PB(V)}, (6.9)

where
At->0
B;;(V) = lim (AV,AV;)/At. (6.10b)
At>0

The appropriate averages are (6.6) and (6.8). A:(V)
has been obtained explicitly and B;; depends on the
correlation functions appearing in (6.8).

One would expect the various rate constants to be
independent of each other so that the time variation of
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their deviations from the mean would be uncorrelated.
If the variation in rate constants is generated by a
stationary random process, then correlations should
depend only on | #4—f; | and we can write

(i () mij(82) ) = (8310k;—40k) Far (| hi—ta |)
with

(6.11a)

Fiy() =Fu(t). (6.11b)

The XKronecker deltas ensure that the correlation
vanishes unless (4, k)=(l,7) or (7,1) (since ny=
—n;1). In the classical theory of Brownian motion,
one sets

Fu(t) =6ad(1). (6.12)

This corresponds to the physical situation that is
encountered when a large molecule or colloidal particle
suffers many collisions with small molecules such that
no correlations exist between individual collision with
small molecules. An alternative form for Fy(f) would
be one in which the driving force of the fluctuation
persists for a while so that F;(f) would change more
slowly with time. That is, whatever causes the changes
in dietary habits of species has a relaxation time which
might persist over, say, 3+ to 5% of the lifetime of a
member of a species.

We treat the latter case first for it is the one which
leads to the Kerner distribution. Consider the double
integral in (6.8):

AL t+At
/ / (i (t) e (82) YAty dly
t t

t+AtL At
= (8:70k1— 0;10%7) / / Fi(ti—1s) dty diy
¢ ¢

+At t—to—At
= (0401~ 8:10k;) [ dh/ Fuy(r) dr
t

t—tg
At
N(&jﬁu*éﬂakj) At/ Fik(t'—h) dtz
t

~ (6ij5kl— 5{151\7‘) (At) 2F¢k (0)
as At—0. Hence, if F;;(¢) is not a delta function, but is

more spread out, we have

(AVAV)=0((A0)?) (6.13)

and

Bij(V)—0 as A—O0.

On this basis, the second derivative terms in the
Fokker—Planck equation (6.9) vanish, and when (6.6)
is introduced, (6.9) becomes

oP/dt= 2. (9/9V:) {PQ;au[— 14 exp (V) 1B
= 22 4;Qi8'[— 1+ exp (V;) J(9P/3V5). (6.14)

Now let us seek the equilibrium distribution function,

2(V), by setting 0P/3t=0. Then (V) must satisfy
ik

A solution p(V) which has a product form can be
found. Let

p(V)=1Lp(Vi). (6.16)

Then we find

ap(V)/aV,=p(V)d log ps(V,)/dV: (6.17)

so that
p(V) Zk B,[Hldika["‘ 1+ cxXp ( V/,)](l lOg P@(Vz) /dV1=0
(6.18)

In view of the antisymmetry ol the d;, we see that
if we set

(where I is a constant yel to be determined), then
(6.18) is satisfied.
The factor p;(V;) is found by integrating (6.19)

2i(Vi) =coexp {QBLVi— exp (Vi) I/},

where ¢; is an integration constant such that p;(V,) is
normalized. If we return to our basic variable N; and
choose ¢; so that p;(N,;) is normalized according to

(6.20a)

/w pi(N:) dV; =1, (6.20b)
0

substitution of (6.20a) and the employment of (6.3)
yield

pi(Vi) =ds exp {QiB:L1+Vi— exp (V) J/1}

with

(6.21a)

di = fw exp {QiB:[1+V.— exp (V) J/I} AN,
0

=Qq(eI/QiB:) ¥ (B:Qi/ 1),

T'(x) being the classical gamma function. In terms of NV,
the distribution p (V) has the Poisson form

(6.21b)

N A\QiBi/ I ay — BN
@) exp (=BN/D) oo

pilNe) = < I Q.T(B:Q/1)

The significance of the parameter I is obtained by
calculating the mean value of the constant of the
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motion Gy [see Eq. (1.9b) ]:
Go=— (X BiQ[1+V;— exp (V}) Dav

== 2a()

© A — Vj
% f exp <O‘JBJ[1+ Vi . exp ( )]
0

) dN;

=— > dlog
i

{ /: exp <Qj6j(1+vj; exp (w)]) de} / e

=— ¥ d(log d;) /dI . (6.23)
Then, from (6.21b), we have
s N I F(Qjﬁj/f)}
o= T 0 g (55 )+ 108 | - (029

When z is large, the Stirling approximation for I'(z)
yields

dlog T'(z)/dx= log x— (1/2x) — (1/12a2) - - -.
If only the first two terms are retained in the expansion

of the derivative of the gamma function in (6.24), the
expression for G is

Go~ 2031 (6.25)
J
so that, as long as Q,3;/1 is large,
I~2G/n. - (6.26)

In the regime of small deviations from equilibrium
[see (1.9b) ], we have

2Go/n=mt 3 vfBigi~nt 3 (Ni—g;)*Bi/q; (6.27)

which is essentially the mean square dispersion from
equilibrium population.
The condition Q.8;/I large is equivalent to

n! i { (V;—Q,)%8;/B:0:Q;} small,

J=1

(6.28)

ie., the mean relative deviation from equilibrium
population is small compared with the equilibrium
population.

Now consider the case which is analogous to classical
Brownian motion in that we set

(i (t) mea(B) Y = (8adji—8:107%) 0326 (h— 1) .~ (6.29)
Then we have
AL pidAL
/ / (n:5 () ma(t2) Ydty dty
t ¢
t+At t+At
= (6ik6jl“5ilajk) 0’1’]2 / diy / 5(l1—f2) dty
¢ t
= Ataij2(6,~k6,-l—~6,~16,-k) . (630)

Hence, from (6.8), as Ai—0, we find

(A1) AV AV ) =887 — QuQioa?
X exp (VitVi)+oa 2 Qi exp (2V;) i}

7

=—B Bk QxQsoi? exp (Vi+ Vi)
= B X O exp (2V))oif
J#L

The Fokker-Planck equation for the probability
distribution P follows from (6.9), (6.6), and (6.31).
We have (prime implies that terms with i=j are to
be omitted)
oP/ot=— 3 (39/dVi) { PB:Qsai[— 1+ exp (V) ]}

ij

if ik
ifi=k.

(6.31a)
(6.31b)

' &*[exp (2V;) P]
+3 jz_; Bi'Qf0is 7

32 BiB87QiQi0:2(8%/aV .0V ;) { P exp (Vi4V;) }.

i
(6.32)
A product form for the stationary solution of this
equation can be sought by setting dP/di=0 and
postulating that P(Vy, -+, V..) =11p;(V;) =]1p;. One
finds that
av;

0=2' {Bi_ledij[l‘— exp (V;)]

s
avz2
+3B8:7870iQj0 i (pipi)
dLp; exp (V,-)]] [d[m exp (V;) ]]}
X [ v, v, . (6.33)

If the population NV; is to have the Poisson distribution
(6.22), then V; has the distribution whose derivative
is given by (6.19):

d log p;/dV;=Q;8;[1— exp (V;) Je,

where « is a constant. If this is substituted into (6.33),
the first term vanishes. However, the remaining
combination does not, even if ¢;;2 has a product form,
say o;?= (const)/Q:Q;. Hence the equilibrium dis-
tribution function does not have a product form.

In conclusion, if the “rate constants” are considered
to be random wvariables, the stationary population
distribution is Poisson if the variation in the “rate
constants” is not too rapid. If the variation has an
autocorrelation function of a delta function form as
postulated in the classical theory of Brownian motion,
then the equilibrium distribution is not Poisson.

7. POPULATION GROWTH AS BIRTH
AND DEATH PROCESSES

+38:7Q%0.7 exp (2V;) pi

In this section we will briefly discuss another
stochastic model for the population growth of inter-
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acting and competing species. In this model, which
originally is due to Chiang (1954), the number of
individuals of the various species are taken to be random
variables and a differential equation for the probability
distribution of these variables having certain values is
derived in terms of probabilities of birth and death of
the individuals. The probability distribution can then
be used to calculate the average population.

Let us consider a two-species (S1 and .Sy) system and
let X(¢) and Y ({) be the random variables which
denote the population sizes of the two species. Let
P(z,v;t), ,y=0, 1, +++ be the joint probability dis-
tribution function for X (#) being @ and Y (¢) being y.
The events which can cause a change in the population
sizes of the two species and, hence, in P(z, y;t), are
as follows:

(a) Birth of one individual of species S; during the
time -interval (¢, {+A¢f). Let the probability of this
event be p,Al-+0(A?).

(b) Death of one individual of species Sy during the
time interval (¢, {4 Atf). Let the probability of this
event be ¢,At4O0(A?).

(c) and (d) Events corresponding to (a) and (b)
but for the species S;. Let the corresponding proba-
bilities be p,Al+0(Al) and ¢,At4+O(A?), respectively.
The p’s and ¢’s depend on the interaction between the
species.

Let us also assume that the probability of a change of
absolute value greater than one in the number of
individuals of Sy and S, in the interval (¢, {4+Af) is
O(A?). It is now easy to see that P(z, y;¢) satisfies the
differential equation

aP(x, y; 1) /di= = (patqetpy+q,) P(2, y; 1)
FpoaP(x—1, y; 1) +Pya(z, y—1; 1)
FgeriP (241, y; ) +gpaP (2, y+1; ).

Since negative population is unphysical, we have

P(z,y;1)=0 (7.2)

The solution of (7.1) depends on the type of interaction.
Let us consider the case of prey—predator interaction:
Let S; be the prey and S; be the predator. In analogy
with the deterministic case, we make the following
assumptions for the coefficients p and ¢ of (7.1):

(7.1)

x<0 or y<0 or =z y<0

Pe=o0ul, gz=M2y,

py=)\2:cy, Gy =an)y. (73)

Substituting (7.3) into (7.1), we obtain a differential
equation which can, in principle, be solved. The
standard method for solving (7.3) is to introduce a
generating function defined by

Gls,50) = 3 3 swnP(z, 9; 1).

z=0 y=0

(7.4)

Multiplying (7.1) by s*%2¥ and summing over x and 7y,

we get the differential equation satisfied by G(s, z, 1),
Le.,

9G/dt=a1s(s—1) (3G/ds) —a(z—1) (8G/92)
+Dez(1—5) +Nisz(z—1) J(8°G/2ds).  (71.5)

P is the coefficient of s%2¥ in the expansion of G. Without
solving (7.5) for G, some insight into the model can be
gained by studying the equations for the moments of
@ and y. Let E(z) and E(y) denote the expectation
value of « and vy, i.e.,

8

E(@)= 32 aP(z, y;1), (7.6a)
E(y)= 5 X 9P, 3;0; (7.6b)
from (7.1) and (7.3)
dE(z) /di=aE(x) —ME(2y), (7.7a)
dE(y) /dt=—aE(y) +NE(zy). (7.70)

These equations are to be compared with the deter-
ministic equations (1.1). E(z) and E(y) are the
analogs of V; and ;. Owing to the fact that one species
feeds on the other, the population sizes of S; and S,
are mutually dependent. Hence

E(zy) = E(x)E(y).

Therefore, this stochastic model is different from the
deterministic one.

There are several ways in which this process can be
discussed systematically. One is to solve Eq. (7.5) and
then calculate the various expectation values E(z),
E(y), E(xy), etc. Another is to construct a hierarchy of
equations for expectation values of z, y, xy, a?, 4?2, 23,
etc. Equations (7.7) are the first in such a hierarchy.
A first approximation to the solution would be found
by making the independence approximation E(zy)=
E(x)E(y), which would yield the Volterra equations.
A second approximation might correspond to writing

E(zy) = E(x) E(y)+[E(zy) — E(2) E(y) ]

and treating the term in the bracket as a random
driving force. Higher approximations would involve
truncation of the hierarchy at a higher level.

Lefever, Nicolis, and Prigogine (1967) (see, also,
Nicolis, 1970) have been conducting a systematic
investigation of processes of this form.

8. TIME LAGS IN POPULATION

In the preceding sections we have been assuming that
the members of the population can react instantaneously
to any change in the environment and that the prey—
predator interactions instantaneously affect the popula-
tion of both the prey and the predator. Further, we
have been assuming that all the members of the species
survive to the same age, and the egg is instantaneously
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converted into an adult. In other words, we assume that
all the members of a species have the same age. In this
section we will make some remarks about the population
when these assumptions are relaxed.

We shall first consider the single-species case. One
model which partly takes into account the effect of
age distribution is governed by the equation

AN (1) Jdt=k[1— (1/6) N (t—r) IN (8), (8.1)

In this model it is assumed that the birth rate coefficient
is diminished by a quantity proportional to the popula-
tion of the preceding generation, = being the generation
time (the time required in going from an egg stage to
the adult stage). Equation (8.1), which is an ordinary
difference-differential equation, has been investigated
by several investigators (Cunningham, 1955; Wright,
1955; Kakutani and Markus, 1958; Jones, 1961). In
particular, they studied the stability of the solution for
various values of 7 and other parameters. In other
words, for what range of values of the parameter, does
N(t) oscillate, asymptotically approach zero, or
asymptotically go to infinity? We will give only some
of the results without derivation.
Let us rewrite (8.1) as

7>0.

dz(8)/dt=[a—z(t—1) Jz(2), (8.2)
where
2(t) = (k/0) TN (tr), (8.3a)
a=kr. (8.3b)
The steady state solution of Eq. (8.2) is
z(t) =a. (8.4)

Let ¢(#), 0<¢<1, be a continuous real-valued function
representing the initial condition [2(¢) =¢(f), 0<t<1].
In addition to proving theorems about the existence and
uniqueness of the solution, Kakutani and Markus
(1958) prove the following theorem:

(1) The intersections of the solution curve z=z(¢)
with the line z=a are discrete on 0<¢< o if there are
a finite number of zeros of ¢ () —a on 0<¢<1.

The following theorems are true only for >0,
¢(1)>0:

(2) 0<m<z(t) <M< o, 1<t< o, where

M = max {max z(¢), ae®},

1<t<8
m= min {min z(¢), ae* M}, (8.5)
1<t<3
(3) Either z(t) is asymptotic to z=ag, i.e.,
lim z(¢) =a, lim 2’(¢) =0 (8.6)

t—>c0 t>c0

or z(f) oscillates about z=a. For sufficiently large ¢,
each zero of z(¢) —a is simple and there is exactly one
zero of 2'(f) between consecutive zeros of z(¢) —a.

(4) Tora<1,if 2(¢) —a oscillates with discrete zeros,
then the oscillations are damped and lim,., 2(¢) = a.
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(3) For a>1/e, no solution z(¢) is asymptotic to
z=a (except z({) =a).

(6) From Theorems (4) and (5), therefore, if
1/e<a<1, then every solution is a damped solution
tending to the limit value of a.

(7) For a<1/e, let the interval between the zeros of
z(t)—a be at least one for large ¢. Then the solution
z(t) is asymptotic to z=a.

There are other theorems for <0 and ¢(1) <0, but
they are more of mathematical interest than of practical
usefulness. An additional theorem was given by Jones
(1961). According to this theorem, for all a> 1, there
exist nonconstant periodic solutions. Jones (1961) also
computes numerically the periodic forms. Dunkel
(1968) generalizes (8.1) to the equation

N = [k+ / W (—a) )ds(a)]N(t). (8.7)

This equation represents the population growth . for
which % is the constant birth rate, s(a) is the fraction
of N surviving to age @, T is the maximum life span,
and 7 is the time it takes for an increase in population
to increase the death rate, and ¥ measures how much
an increase in N increases the death rate. Let the

equation
Y(N)=k/s(7) (8.8)

have a unique and positive solution N*. Then Dunkel
(1968) shows that for (8.7), the following are true:

(1) All solutions are uniformly bounded and
0< N (t) < max {N(0); N*e*T}. (8.9)

(2) If kr>1 and ¢(V*) =alN*, « a constant, then,
if Y (V) <alV, no nontrivial solution is forever increasing
and, if Y(V)>alN, no nontrivial solution is forever
decreasing.

(3) As a corollary of (2), if ¢(N)<EN(NZN*),
and ¢(N)>kN(N>N*), then all solutions oscillate.

(4) Let Y (N*)=aN*. If (N)>EN(NN*),
Y(N)<EN(N>N%*), and kT<1, then we have

N()—»N* as (—w.

(8.10)

(5) For 7>0, k sufficiently large, and if ¢(N)<
EN(NSN*), ¢(N)>kN(N>N*), then there exists
a periodic solution.

Levin (1965, 1969) further generalizes (8.7) by
taking % to be time dependent and finds the conditions
under which the solution is oscillatory, asymptotically
stable, etc.

Since the study of the stability of the nonlinear
equation is rather involved and difficult, it is desirable
to know whether any conclusions can be made about
the solutions of the nonlinear equations by studying
their linearized forms.

As an example, let us consider (8.2). Substituting
z=a+u into (8.2) and keeping only linear terms, we
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find
du/dt=—au(i—1). (8.11a)
Making the substitution
u=AeM (8.12)
into (8.11a), we have
Aer+a=0. (8.13)

The roots of this equation were derived by Wright
(1959; see also Appendix D). One finds that

Re (M) <0 if 0<e<m/2. (8.14)

Therefore, we have N (£)—0 as t—o provided (8.14)
is satisfied, which, as mentioned earlier in the section,
is also true for the nonlinear case. In fact, there exists
such a theorem (Bellman and Cooke, 1963; see also
Pinney, 1958, and Halanay, 1966) which is applicable
for small perturbations from the steady state values for
the population (all time derivatives=0). According to
this theorem (Theorem 11.2, Bellman and Cooke, 1963),
any solutions of

aoldu(t) /At ]+ b (¢) +byuu(t—7)
=/Tu(®), u(t—7) ],

with initial condition
u(t) =g(1),
with g and f having the properties,

t>7, (8.15)

0<i<,

max | g(?) |

<t
sufficiently small and f(#%,v) a continuous function of
u and v in a neighborhood of origin | % | 4+ | v | <¢ and

[flu,0) |/([u |+ [2]) =0,

lim
Jul+1v]-0
can be continued over the interval 0</< « and each
such solution satisfies
lim | #(¢) | —0

t—>o0

provided every continuous solution of the linear equation

(lo[d%(l)/dl]—i‘bou(t) +blu(t—7') =0

goes to zero as [—o.

Inother words, if all the solutions of linear equation—0
as t—w, Le., Re (\) <0 (X being any of the roots of
the characteristic equation) for all \, then all the
solutions of nonlinear equations will have the same
asymptotic behavior. This theorem can be extended to
set of equations in many variables.

We may further ask the question whether any
conclusions can be made about the solution of the
linear or nonlinear equation by making Taylor’s
expansion in 7 and keeping terms up to a certain order
in 7. This procedure in effect enables one to approximate
an infinite order differential equation by one of finite

(8.16)

order. This procedure is an invalid one and the results
obtained may give wrong conclusions about the exact
linear or nonlinear equation. As an example of a linear
equation, let us consider

dw/dt=—au(t—7) (8.11b)

and find for small 7, for which values of @, N (£)—0 as
t—o . Expanding the right-hand side of (8.11b) in a
Taylor’s series and keeping terms linear in 7, we get

AN /dt+[a/(1—ar) ]N =0. (8.17)

Therefore, we have N (£)—0 as t— if and only if,

a(l—ar)™'<0, le., O0<a<l/7, (8.18)
a condition which differs from the exact condition
0<a<w/2r. (8.19)

This latter condition is obtained by the method similar
to that used for obtaining the condition (8.14).

As an example of nonlinear equation, let us consider
(8.1). Expand N ({—7) in powers of 7 keeping terms
only up to @*N/d#. This procedure has been followed
by Cunningham (1954). He studied the resulting
equation and found that the sustained oscillations
occurred when k7>1.0, which is different from the
exact result k7>m/2 obtained by Jones (1961) and,
also, by Cunningham (1954) by numerical solution
of (8.1).

A more dramatic example is the prey-predator
population model with time lag studied by Wangersky
and Cunningham (1957). In the model they use, the
population is governed by the equations

AN/ dt=PN1 () [6—N1(£) 1/0-+auN1(H) No(f), (8.20a)
sz/dt=k2N2(t)+021[V1(I—T>1/Vz(t—7'), (820b)

i.e., the change in the number of predators (N.) de-
pends on the number of preys (N;) and predators
present at some previous time. In (8.20a) and (8.20b),
we have k>0, £2<0, ¢12<0, @9;>0. On linearizing the
equations around the equilibrium point, we find

Q= —ky/as, ="Fi[1—gi07" Jax, (8.21)
i.e., substituting
Ni(t) =qit+y(2), ~ Nao() =qaty:() (8.22)

into (8.20a) and (8.20b), retaining only linear terms,
and eliminating y,, we obtain

'+ (A+C)y (p) — Ay (p) +ACy1(p)

+4(B=C)n(p—1)=0, (8.23)

where
P:t/Ty yIIEdyl/dP, (8243')
A=—ksr>0, (8.24b)
B= *(112Q3T> 0, (824C)
C=B/(z—1),2=0/q. (8.24d)
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Substituting
y(p) =e (8.25)
into (8.23), we have
N4 (A+C)N+ACT—AN+A(B—-C)=0. (8.26)

To determine the roots of this equation it is convenient
to make the substitution

N =\—(B—C). (8.27)

Equation (8.26) then becomes
N[N+ (A4-2B—C)N+B(A+B—C) ]—A4e°~B\ =0.
(8.28)

The roots of this equation have been investigated in
the literature (Bellman and Cooke, 1963). According
to Theorem 13.10 of Bellman and Cooke (1963), all
the roots of (8.28) will have real part less than O if
and only if,

1—A4e8(4+2B—C) cosa,>0  (8.29)

provided
A+42B—C>0, (8.30)
A+B—-C>0, (8.31)

and a5 (k>0) is the sole root of the equation
tan a=[B(A4+B—C)—d*]/(A4+2B—C)a (8.32)

which lies on the interval (kr—w/2, kr+m/2), and w
is the even % for which a;. lies closest to { B(A+B—C) }1/2,

If | —A4e8/(A+2B—-C) | <1, (8.29) is always
true and this implies Re \’<0. From (8.30), (8.31),
and (8.27), we see that

ReA<O0 (8.33)
if
B<C<A+B (8.34a)
and
AeB/(A+2B—C) <. (8.34b)

Substituting the upper limit of C from (8.34a) into
(8.34b), we have

Aet < B. (8.34¢)

Thus, if (8.34a) and (8.34c) are satisfied, the population
will be asymptotically stable (even for the nonlinear
case, according to the theorem stated earlier in the
section).

Let us now compare the above results with the
corresponding results obtained by Wangersky and
Cunningham (1957) by expanding (8.23) in a Taylor
series and retaining terms up to second derivatives of
1. The equation thus obtained is

[14+444(B-C)/20n"

+[C—4(B—C)Jy1+A4By:=0. (8.35)

Substituting

yi= exp [(a+iB)p], (8.36)
we find that

L1 am-0-c

21444 (4/2) (B—C)
and 82> 0 if >z, where
—A+[A (1+4)%(44/B+44%/ B+ 4% ]2

(44/B+44%/ B+ A?) :

(8.37)

Z.=1+

(8.38)

From (8.36), we have y1(£)—0 as —o if a<0, ie.,
from (8.36), if

[4/(144)]B<C<2(14+1/4)+B.  (8.39)

The lower limit obtained without expanding into a
Taylor series [Eq. (8.34a)] is higher than the lower
limit obtained by using the Taylor’s expansion [Eq.
(8.39)]. However, if A and B are large enough and
still (8.34c) is satisfied, then the upper end of the region
of asymptotic stability as given by (8.34a) could be
significantly larger than that given by (8.39).

We now make a few remarks about the population of
several interacting species which grows according to
conditions some time earlier. Let the dynamics of the
population be described by the equations

AN./dt="k:N (1) (1/8:) Z aiNi()N;(t—7). (8.40)

We first show that G, as defined by (1.9a), is not a
constant of this system. From (8.40) we have

Bibi(f) = 2 aigilexp [v;(¢—7)]—1}, vi=In (Ni/qu),
(8.41)

where ¢; is the steady state value of N, Therefore,
we find

dG/di= (d/dt) Z BigiLexp (v:) —v;]

= 2 aigig;texp [v;(t—7) J—1} {exp [v:(£) ]—1}520
(8.42)

which proves the assertion that G is not a constant of
motion. We have been unable® to find any other con-
stant of motion for the system described by (8.40). In
the absence of a constant of motion, the applicability
of methods of statistical mechanics is questionable.
We will now show that in the limit of small deviations
from the stationary values of the populations of
various systems, JV; increases exponentially, independ-

3 However, Dr. P. Nowasad has pointed out that if det a;;=0
and Zia;jc;=0, Z:kiB:c;=0, then from (1.2), II;N: is a constant
of motion even with the time lag. These two conditions involving
¢; are the necessary conditions for the existence of ¢.’s.
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ent of the magnitude of 7. In this limit, (8.40) becomes

#:(1) = 2 Cyai(t—7), (8.43)
i
where C;; is defined by (4.4). Let
xl(t) =Ai6)‘t (844)

be the solution of (8.43). Substituting (8.44) into
(8.43), we find

> CijAj=\eM"A.. (8.45)
Comparing this equation with (4.6) we have
NeM = iw, (8.46)

where iw 1s the eigenvalue of the matrix C. As shown in
the Appendix D, for any value of 7, however small, the
real parts of all the roots of the above equation are not
negative and, therefore, x; does not go to the limit 0 as
t— . Therefore, from the theorem mentioned earlier
in the section, there are no values of = for which N,—0
as I—o . We cannot say on the basis of analysis of the
linear equations whether N; will oscillate or — o as
t—o,

Let us now investigate the effects of the Verhulst
terms and determine whether the solution is asymptoti-
cally stable and, if so, for what values of the parameters.
The dynamics of the population is assumed to be

described by

l\"vi=[ki+ Z d‘;jA’vj(t—T) ]Z\Tl(t), d“<0 (847)
i
Substituting
Ni=q+yi,
where ¢; are the equilibrium values, and linearizing the
equation, we find

(8.48)

(1) = 2 Ciyxi(t—7), (8.49)
i
where C;; is given by (4.4) and ‘
Cii=a:iq:=—PB;, B:>0. (8.50)
Let
xy=A M (8.51)

be the solution of (8.49). Substituting (8.51) into
(8.49), we have

> Cidi=A;(NeM+8:). (8.52)
The characteristic equation is
det [(Ae*+8;)6,;—Ci;]=0. (8.53)
This algebraic equation can be written as
II (\é*+,) =0, (8.54)

where —v1, —vs, *++, —v, are the roots of the algebraic
Eq. (8.53). Therefore, the sufficient condition for
Ni—q; as t— [see Appendix D] is

T/2— |60, | <po, forallm, wv,=p,exp (i,). (8.55)

This follows from an extension of the theorem given
earlier (Bellman and Cooke, 1963) for many-variable
systems.

We conclude this section by mentioning another
model for single-species growth which is slightly
different than the one studied by Kakutani and Marcus
(1958) which has been numerically investigated (Smith,
1969). In this model the population is governed by

AN (8) /dt=k[1— 6N (1—7) IN (t—1) —E'N (2).

In other words, though it is assumed that the growth in
population is proportional to the preceding generation,
the death rate at any instant is proportional to the
instantaneous value of the population.

9. GENERALIZATION OF THE
VOLTERRA EQUATIONS

We had noted in the Introduction that Volterra’s
model for the population of interacting species does not
include some features about the population. Among
these features, we have already pointed out population-
dependent rate constants (Verhulst term), members of
the population of a particular species having different
ages, time lags in the reaction of the members of the
population to any change in the environment, and
interaction with members of the population of other
species. We have also briefly investigated the change in
the behavior of the population when these effects are
included. We will now briefly mention some of the work
done in recent years in an attempt to generalize and to
modify the Volterra equations. These generalizations
serve at least two purposes. First they throw some
light on the behavior of the population if the model is
changed, and, second, the generalized equations may be
more realistic in describing the behavior of other
systems of interacting species.

The generalized equations have been studied, both
analytically and numerically.

Gause and Witt (1935) studied analytically Volterra’s
equation with Verhulst terms for a two-species system
and showed that the theory of growth of mixed popula-
tions of two species is directly connected with the
problem of natural selection. They also showed that,
under the action of a temperature (or any other)
gradient, mixed populations separate into a number of
distinct types. Further discussion of these same equa-
tions can be found in the books by Kostitzin (1939)
and Slobodkin (1961). Hutchinson (1947) also studied
the Volterra’s equation with Verhulst term, except that
the prey—predator interaction term is taken to be
ternary instead of binary, ie., the prey—predator
system is modeled by the equations

dNy/dt= N1 (ky— N1—miNs?),
d]VQ/dl = 0(2]\72 (k2 —_ ]\72 and WL2A712) .
(1955)

(9.1a)
(9.1b)

Cunningham generalized the equations
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studied by Hutchinson (1947) to
dN+/dt=ouN1[ky— N1—F1(N,) ], (9.2a)
(lzv2/dt=OC2ATQEk2—N2—F2(N1)]. (92b)

However, he did not find a general condition for the
existence of periodic solutions. Some solutions were
also found using an analog computer. Utz and Waltman
(1963) found the sufficient conditions for the existence
of periodic solutions for the equations studied by
Cunningham. In addition, they also studied the
equations

dNy/dt=NFy(N,),
AN,/ dt=NyFy(Ny)

(9.3a)
(9.3b)

and found the sufficient conditions for the existence of
periodic solutions, but these conditions do not describe
a prey—predator situation. Equations (9.3a) and
(9.3b) also occur in the theory of war (Richardson,
1960). Waltman (1964) generalized these equations
further to :

(ZN,—/dlzNiK.;(Nl, ZVQ) 5 1= 1, 2, (94)
and found conditions for the periodic solutions using a
certain bifurcation theorem. Rescigno and Richardson
(1967) further studied Waltmann’s equation (9.4) for
various functions K,’s. Later on, the study was
generalized to the three-species case (Rescigno, 1968).
In addition to analytical work, some numerical work
has been done on the two-and-three-species system.
Garfinkel (1962) considers the system of two and three
species, grass (prey) and rabbits (predator), and grass,
rabbits, and foxes (predator for rabbits), and does
numerical computations for various values of the
efficiencies with which the predators attack their
appropriate preys. This work and some aspects of the
method are reviewed in Garfinkel (1965). The studies
were extended (Garfinkel, 1967a) to eight ecological
systems, consisting of up to 10 species, belonging to the
trophic levels of plant, herbivore, carnivore, and
supercarnivore. It was shown that the Verhulst terms
tend to stabilize the system, but the extent depends on
the trophic levels of the species for which the Verhulst
term is nonzero; the lower the trophic level, the more
the stabilization. Five of these eight ecosystems were
studied further (Garfinkel, 1967b) to determine the
effect of imposing strict territorial limits. It was shown
that setting a territorial limit on the population of a
species stabilizes the system, the stability being maxi-
mum for the herbivorous species. It may be noted that
the growth rate of the population of a species in which
the Verhulst term is introduced decreases continuously
as its population increases, while, in the present case of
territorial limits, population increases equally easily
until it is sufficient to occupy the last vacant territory,
but not at all thereafter. Pennycuick et al. (1968)
describe a computer program which simulates the
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growth of a population of two species divided into age
groups and which allows fecundity and survival density
dependence. King and Paulik (1967) describe a com-
puter program for single-species growth which is very
flexible in the sense of incorporating the fine features
of the growing population. ’

To assist in determining the accuracy of Volterra’s
model for the two-species system, Bellman ef al. (1966)
gave a method (based on the technique of quasi-
linearization) of computing the six parameters N;(0),
N2(0), ky, ke, @12, and as of the Volterra model for a
given set of values of Nyi(¢), Na(¢) at a set of time
intervals.

A large number of models for oscillating chemical
reactions have been studied on an analog computer by
Higgins (1967). These models, which are similar to the
Lotka model for autocatalytic reactions, can easily be
adapted to the study of population of interacting
biological species.

The work on the generalization of the many-species
Volterra’s model is not as extensive as that for the few
species, in particular, two-and-three-species system.
Analytical study of any generalized model is difficult
and the numerical study is expensive. The only study
which has been made is the statistical mechanical
study of those equations which are equivalent to the
Volterra’s equation. One set of such equations is

AU /dt= (mik:) Us— (mia;;) U Hmitt
+(mi/Bi) 22 a;UUM™ - (9.5)
J

which can be transformed into the Volterra’s equations
with Verhulst terms by making the transformation

U;=N;™,

Equation (9.5) can represent the population of inter-

acting biological species with a population-dependent

growth rate constant and prey-predator interactions

different from the one we studied in this paper.
Another set of equations is

le/dT= (k,—*—B@_IE ale])AC(l—Nl), /L=1, 2, vy,
=1

(9.6)
or

dlog Ni(1=Ny)7/dT=ki+B 2 aylNy (9.7)

These equations admit ]
G= ; Billn [14gs exp (Vi) 1=q:Vi};  Vi= log Ni/gs,
(9.8)

as the constant of motion and can be studied using
statistical mechanical methods described earlier in this
paper. Equations (9.6) were derived by Cowan (1968)
to represent the change in the nervous activity in the
central nervous system arising from the interactions
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F16. 9. Biochemical metabolic oscillator.

within and between assemblies of nervous nets. # is the
number of neurons and N, is a dynamic variable
measuring the sensitivity of the 7th neuron in a net. It
measures the fraction of time in a long-time interval
during which the neuron is not refractory, i.e., the
fraction of time in which it can be fired. 7" is a dimen-
sionless variable and is in seconds 77!, where 7 is the
mean intercellular transmittal time for neural activity
from a certain point of one cell (say the end where the
impulse enters) to the same point of the neighboring
cells, the mean being taken over all the neighboring
cells. &; 1s a “growth coefficient” and is a function of the
various electrical parameters of the neural membrane,
as is B;. In general, k; may also depend on stimuli. The
nature of the coupling coefficients a;; depends on
whether the synapse between <th and jth cells is
excitatory or inhibitory. Cowan performs the statistical
mechanical analysis similar to the one described in this
paper and cites experimental data to support the model
for the nervous system. In obtaining (9.6), Cowan
makes several assumptions and among them is the
one involving going from finite difference to differential
equations. A critical analysis of various dynamical
theories of nervous systems is under preparation and
will be communicated in the future.

Another system which has been subjected to the
same statistical mechanical analysis is a system of
interacting biochemical metabolic oscillators ( Goodwin,
1963). The oscillator is schematically shown in Fig. 9.
L; represents the genetic locus (on the DNA molecule)
which synthesizes mRNA in quantities represented by
the variable X,. R is the cellular structure (a ribosome)
where the information carried by mRNA is used in the
synthesis of a particular species of protein in quantities
denoted by the variable V. C is a cellular locus where
the protein influences (e.g., by enzyme action) the
generation of the metabolic species in quantity M.
If M, exceeds some preassigned value, the excess
interacts with the genetic locus and represses the
activity of L;, i.e., synthesis of mRNA. By making
several assumptions, the control equations for protein
synthesis are simplified to

a¥;/dt=a; X ;—8;, (9.9b)

where a;, b;, A;, ki, a;, and B; are constants. These

equations admit a constant of motion
(9.10)

and, therefore, a plot of X, vs ¥; is a closed curve and
both X;(#) and Y;(¢) are periodic. Various oscillators
can be coupled through feedback of the metabolite of
an oscillator to not only its own genetic locus, but also
to the genetic loci of several other oscillators. It may
be pointed out that Eqs. (9.9) are obtained by making
several simplifying assumptions, some of which are
probably not quite justified. Goodwin (1963) carries
out in detail a statistical mechanical treatment of the
system in which each oscillator is coupled to two
“nearest neighbor” oscillators. The time lag in this
system corresponds to the time for the diffusion of a
metabolite from the location where it is made to the
genetic loci. This time is assumed to be zero in Good-
win’s analysis. Woolley and DeRocco (1970) have
generalized the statistical mechanical analysis of
systems of biochemical oscillators to arbitrary strong
coupling and for arbitrary parallel coupling of metabolic
pools and genetic loci.

Recently Woolley (1970) has used Goodwin’s model
for the bacterial growth cycle. It is very common in
bacterial growth that the generation time changes if the
environments (culturing medium) are changed appro-
priately, but the generation time changes to the original
value if the environments are changed back. Woolley
(1970) has given a set of five equations [two coupled
equations like Goodwin’s equation (1963) for the
biochemical oscillator which represent a highly pro-
tected circuit, two coupled equations which represent a
hemeostat which responds to the perturbation, and an
equation which couples the two systems—the highly
protected system and the control system ], without any
biochemical justification of the equations for the control
system. He shows that the system of equations can
describe the growth of a single bacterial cell.

Goodwin (1970) has studied the case of many cells
simultaneously growing and applied the statistical
mechanical techniques described earlier in this paper to
an ensemble of oscillators, each oscillator controlling
the growth of one cell.

Lastly, we mention a model of an optical maser
(Lamb, 1964) in which the intensities of various modes
satisfy the Volterra’s equation with the Verhulst term,
with the exception that the interaction matrix a;; is
symmetric.* In deriving the equations, Lamb considers
a high-Q multimode cavity in which there is a given
classical electromagnetic field which acts on a collection
of two-level atoms described by the laws of quantum
mechanics. The macroscopic electric polarization
produced by the electromagnetic field is taken to be the

4 We are thankful to Dr. H. M. Nussenzveig for bringing to
our attention this theory of optical masers.
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source for the electromagnetic field in accordance with
Maxwell’s equations. The self-consistent calculations
then yield the amplitudes and frequencies of the
possible oscillations. For a two-mode maser, the
intensities I; and I, of the two modes satisfy the
equations

j1= 2]1(621—61[1—012[2) )
jQ= 2[2(0[2_52[2_02111) )

(9.11a)
(9.11b)

where oy, o, B, Bs, 12, and 0y are certain parameters in
the model. o is the net single-pass unsaturated gain and
is simply related to the negative absorption coefficient
of the medium at frequencies of mode 1. 8i/; is the
decrease in that net gain due to saturation (population
depletion) of the gain curve by mode 1, and 61215 is the
decrease in the gain due to saturation by mode 2. a,
Bs, and 671 have similar meanings. Some discussions of
the equations (9.11a) and (9.11b) is given in Lamb
(1964) and Fork and Pollack (1965).

For a laser with V modes above the threshold of
oscillation, the differential equations describing the
competition among the modes are of the form

N
%In=<an_l8nln)ln— Z omnImIn;

mz£n

1

where I, is a measure of the intensity of mode #, a, is
the over-all gain resulting from the balance of pumping
and losses, 3, is a saturation parameter representing the
decrease in gain due to the depletion of population
inversion, and 6.,=0,, is the interaction coefficient
between modes m and »n.

No statistical mechanical treatment of the several-
mode optical maser has been done. However, consider-
able attention has been given to the noise in masers
and lasers. The resulting Fokker—Planck equation has
been studied, both analytically and numerically. For
details of the equation and the solutions, we refer the
readers to two recent reviews (Louisell, 1969; Haken,
1970).

10. EXPERIMENTAL VERIFICATION OF
VOLTERRA’S MODEL

In this section we will describe some of the experi-
ments which throw light on the validity of Volterra’s
model. The relevant experiments fall into two categories.
In the first category, we have observations in a natural
ecological system which may provide some evidence for
the model. In the second category are the controlled
experiments which have been specifically designed to
test the model through its predictions. An excellent and
exhaustive review of the experiments and their connec-
tion with Volterra’s model is given by D’Ancona
(1954). We will give, in the following, only a sampling
of these experiments.

In the first category we have the classic investigations
by D’Ancona (1926) on the fish populations of the
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Upper Adriatic which inspired Volterra to his detailed
study. Among other things, what D’Ancona observed
was that there was an optimum in the intensity with
which fishing is exercised. When the intensity is
diminished below a certain limit, the more voracious
species are more numerous than others, and when this
optimum is exceeded, there is a reduction in numbers in
both groups of species. This is in accordance with
Volterra’s model, for, from (1.1), the steady state
population of two species in a prey—predator system is

q1=az/\s, G2=ou/\1.

Removing both species in quantities proportional to
their numbers is equivalent to increasing oy and
decreasing a1 and, therefore, ¢i; hence, the number
of individuals of the first species (prey) will increase
while those of the second (predator) will decrease.
However, if the intensity is large enough to make o
negative, then the number of individuals of both
species will decrease. (Volterra called the above con-
clusion the Law of the Disturbance of the Averages.)

Volterra’s theory for many species implies that if the
number of species is large, the fluctuations are not
periodic. The data collected 1924-1942 by Elton and
his collaborators at the Bureau of Animal Populations
in Oxford on the rodents and fur animals of the northern
regions of America (Elton, 1942) support this implica-
tion. Probably, physical environmental factors con-
tribute to some extent to these fluctuations, but it is
also obvious from these experiments that interactions
between various species contribute significantly to
these fluctuations.

A spectacular verification of the law of disturbance of
averages is provided in the field of insecticides. This is
quoted in MacArthur and Connell (1966). The cottony
cushion scale insect (Icerya purchasi) was accidentally
introduced from Australia in 1868 and threatened to
destroy the American citrus industry. To counteract
this, its natural Australian predator, a ladybird beetle,
Novius cardinalis, was introduced. This kept the scale
to a low level. When DDT was discovered to kill scale
insects, it was applied by the orchardists in the hope of
further reducing the scale insects. However, in agree-
ment with the above principle, the effect was an
increase of the scale insect itself.

In the second class, Gause (1934, 1935) was the
earliest worker to do extensive experiments on prey-—
predator systems in laboratories in order to test
Volterra’s model. He was particularly interested in the
maintenance of oscillatory systems and this he was
able to achieve on a number of occasions. In none of the
experiments quoted in his book (Gause, 1934) was this
possible without arranging for small daily additions at
a regular rate of one or the other of the species. This was
regarded by Gause as immigration. The apparent
contradiction with Volterra’s model is generally
explained by the fact that the number of animals
present was too small to avoid accidental extinction of
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one or another species. However, in the experiments
(Gause, 1935) on Paramecium bursaria feeding on
Saccharomyces pombe and P. awurelia on S. eviguus,
several complete cycles of oscillation were maintained
before extinction occurred. )

Next we mention the work done by L’Heritier and
Teissier (1935) on mixed cultures of the two species
Drosophila melanogaster and Drosophila funebris, which
have the same food requirement and obtain food from
the same sources. A stable equilibrium comes to be
formed between them which is independent of the
initial proportions of the individuals of each species in
the culture. There are fluctuations around the equilib-
rium level. This is in accordance with Volterra’s model
for two species which are competing for the same food
rather than having a prey—predator relation.

DeBach and Smith (1941) made cultures of the
common domestic fly and the species Mormoniella
vitripennis, which parasitizes the pupae of the fly under
controlled environments. They observed fluctuations
in the number of individuals of both species, proving
that the fluctuations were due to the prey—predator
interaction and not to fluctuations in the environment.

Utida (1957) and his collaborators have carried out
complex work on the host—parasite population of
Azuki bean weevil and its parasitic wasp. They have
shown that the interacting populations of host and
parasite exhibit cyclic fluctuations from generation to
generation, but that with advancing generations, the
intensity of fluctuation diminishes. This slow settling
down to equilibrium is just what we expect from
Volterra’s model when the Verhulst term is present.

We should make mention of the very good account
of the interplay of theory and experiment, as described
in Neyman, Park, and Scott (1956). There they discuss
the experiments of Park and his collaborators on the
flour beetle T7ibolium. The main result was that the
repetition of the experiment many times over long
periods showed that the outcome of a particular com-
petition situation, beginning with certain definite
proportion of the two species in a fixed amount of flour
medium, is not rigidly fixed but is subject to statistical
probability. These experiments point to the need of
introduction of stochastic processes in the theory.

Finally we turn to the analysis of data to verify the
statistical aspects of Volterra’s theory. Leigh (1969)
has made two such analyses. First he analyzed the data
of Huffaker (1957), who created a prey—predator
oscillation in the laboratory using a prey mite feeding
on oranges and another species of mite as its predator.
Using the random noise theory, Leigh calculated the
various coefficients in the equation through the use of
autocorrelation functions. Two points are of interest.
First, the Verhulst term is comparable to the inter-
action term. Second, he theoretically obtained a period
of 100 days, which compares not unfavorably with the
observed period of 70 days. He made a similar analysis

of the catches of Canadian lynx and its primary food,
the varying hare. He detected oscillation through the
use of autocorrelation function which changed sign with
time. Here also the Verhulst terms are comparable to
other terms which reflect crowding effect. However, his
theoretically computed period of 25 years is very far
from the observed period of 10 years. This leads him to
believe that the oscillation must have a different cause.

Kerner (1959) has made a statistical analysis of the
data on catches of fox by the Moravian missions in
Labrador from 1834 to 1925 as compiled by Elton
(1942) to check his hypothesis about the canonical
distribution. He computes the value of © from various
averages on the fox-catch data and finds a reasonably
uniform value, which is a test of the canonical hy-
pothesis. He then uses the data to calculate the fre-
quency of crossing of zero by the variable v= log N/q.
His theoretical results compare not unfavorably with
the experimental results. While this is hardly a justifica-
tion of the theory, it gives some idea of the validity of
statistical mechanics in Volterra’s system.
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APPENDIX A: TIME AVERAGES OF VARIOUS
FUNCTIONS OF N; AND N,

In this appendix we will first calculate the time
averages of various functions of N; and N, for a two-
species system directly by using the dynamical equations
(1.2). We will then use the same method for calculating
the time averages of some corresponding functions for a
many-species system and, also, for deriving the equa-
tions satisfied by the time averages of other functions.

Equations (1.2) for two-species system are

dNi/dt=k1N1+B1—ldlzN1N2, (Ala)
dZ\TQ/dt = k2N2+62—1021N1N2. (Alb)
Using (1.6), we can write these equations as
dvi/dt= (1/B1) arzyz, (A2a)
du/dt= (1/B:) @y, (A2b)
where
yi:]vi_qiy 7':11 2) (Asa)
;= In (N:/qs), i=1, 2. (A3b)
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We have already shown in Sec. 1 that
V=g

[y:Q=0. (Adb)

To calculate [[NViVs]], we take the time average of
(Ala) to obtain

(Ada)
ie.,

au[NiVo]|= — ksBi[[N1]]= — kifagn (AS)
which, when (1.6) is used
[ViV2]l=gage (A6)
or, from (A3) and (A4),
[y1y=]1=0. (A7)

To calculate [[NV.?]], we note that due to the anti-
symmetry of @i, from (Ala) and (Alb),

Bi1+Bat2 = kiBryi+kaBays.
Therefore, we have
d(31y1+»82y2) 2/”Zl: 2(»31}’1‘{“‘,32)’2) (k161y1+k2{32y2) .

Taking time average of both sides and using (A7),
we find

(A8)

kiBil[y T+ kaBal[y2*] = 0. (A9)
Since, from (1.6), we have
| Faagut-hsogp=0, (A10)
Eq. (A9) gives
Billyl/ g1=Belly2"T/ ge=0- (A11)
" (V=g +6(q:/B:),  i=1,2, (A12)

where 6, is a constant. We now calculate the time
averages of cubic functions of N/s. From (Ala) we
have

d(B:N12) /dt=2[ k11N 2+ a12 N3N . (A13)

Taking the time average of both sides and using
(1.6), we find

an([NV2N-]—[[N:lg.) =0,

ie.,
(NN =[NeTlg: or [y’y.]l=0.  (Al4)
In general, since
d(Bi[N:*T) /dt= p[kiBiN1P+aN.PN, ],  (A15)

taking the time average of this equation and using

(1.6), we get

[N?No]=[[N+*llg: or [[y1Py:]]=0, p integer.
(A16)

To calculate [NV, we follow the procedure used for
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the calculation of [N*] to get
FiBP[V E]+ kaBo*[No*] = 0
which, together with (A10), gives
B[yl q1=B2[y:"1l/ =65,
[NVT =V Tlgr+26:(g%/B1) +85(g1/B1) -

To calculate [[N2NV,%], we take the time average of
the identity

d(N2N,) /dt=2N1NoN1+N,N 2
= (2/€1+ k2) 17\712A72+ ((121/62) N13N2
+(2/B1) aeN2No2.

If we use (A16) and (1.6), the resulting equation
simplifies to

NN = [[N7Tlg*+ (81/282) g2 ([N — @ul[NV2])) .
(A19)

By using (A12) and (A18), we further simplify the
above equation to

a constant (A17)
or

(A18)

1Y 2N = IIN12]]922+ (92{[2/ B2) [912+ (6/26,) (Ql/ B1) :I
(A20a)
which can be written as

[y = (63/2) (q1g2/BiB2) - (A20b)

To calculate [[V,*]] we use the same method as used for
calculating [[V?]] and [[V+*]. On doing so we find

Bl —3 (q:%/B:®) 051/ q1=B[[[3=*]— 5 (¢2*/B8:*) 651/ g

=0, a constant (A21)

which can be used to calculate [N+4].

From the above discussion it is clear that if we know
[[V7]], we can calculate [[Vo?]] and [[N1?N21]).

Let us now calculate the time averages involving
71, s, and their time derivatives. Since, from (AZ2a),
we have

d(v1?) /di=2v1a19y2/ 1,

when we take the time average, we get
[vry2]]=0.
However, since from (A2) we have
(d/dt) (viv2) = (@12/B1) vaya— (@12/B2) vy,

Billvys]] = Bel[z2y:]l = 2,

(A22)

(A23)

a constant.
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Also, from Eq. (A2), we have

[e:]1=0, (A24a)

[inwe]l = (a1s/B0) [y202]] = 1o/ BrBs,  (A24D)
[owy:]l= (a12/B1) [y1y=] =0, (A24¢)
[yl = (ase/Br) 327 = a1beqe/BiBe,  (A24d)
[2x9:]l = (@12/B1) [[92y2]1 =0, (A24e)
[T = (a1e/B1) [or1y2]] = a120292/ 8182, (A241)
[@*/de]=0. (A24g)

Using (A1), (A2), (A23), and (A24), we can calculate
all the averages of polynomials involving #; and v, and
their time derivatives.

To calculate the time averages for a many-species
system, we follow the same procedure as for a two-
species system. Taking the time average of (1.2), we get

0=~k [N+ (1/8:) Z aii[[V:NV,]

which, using (1.18) and (1.6), becomes

2 ai([N:N;—gig;) =0 (A25a)
7
or
2 aiillyyill=0. (A25b)
J
Equation (A25b) is a set of # equations, one for each 1,
involving #? variables [[y;y;]] (i=1, <+, n;j=1, -+, n)
and thus represents an undetermined set. A solution
consistent with (A25b) is

[yl =0. (A26)
To calculate [[V;%]] we note that
d n n n
— (22 By)?=2(2 Biye) 2 Bl (A27)
dt = k=1 i=1

But from (1.2), due to the antisymmetry of a;;, we have

2 Bii= 2 kiBiy.. (A28)
P

=1

Substituting (A28) into (A27), and taking the time
average, we find

Zk kiﬁin[[yiyk]] =0 (A29)
or
2 kB ly A+ X kBBlly:yill=0. (A30)
7 i,k

ik
If we assume that (A26) is true, then this equation
becomes

> kB[ =0. (A31)

Since in this equation there are # variables, we

cannot solve for the variables [[y,*]. However, since
from (1.6)

> kiBigi=0, (A32)

we conclude that
5¢Hyi2ﬂ/9i= 02,

is a solution of (A31). If we extend the procedure to
calculate the time averages of high powers of N;, we
continue to find an underdetermined set of equations.
However, it can be easily seen that if

’INlmj\T?pz. . .an’n]]: [[N1pl]][IN2m]]' . .IIan)n]]
is assumed to be true, then

[y#1= (p—1) (6:/8:) (ly:> " T+gq:lly»21),

i:]-y 2,000y m,

a constant, (A33)

(A34)

is consistent with the equations for the time averages
of various functions of V,’s.

APPENDIX B: MICROCANONICAL AVERAGES OF
VARIOUS FUNCTIONS OF N;

In this appendix, we will calculate the microcanonical
averages of various functions of N; for a many-species
system. The basic formula which we use is given in
Sec. 1 [Eq. (1.29) ], i.e.,

El )= fam)ﬁk/l VG| I/G@ ds/| VG|, (B1)

where ds is an element of area on a surface of constant
G, the surface integral area over the surface G=G(0),
and

vG= 3 (9G/dv;:)i;, (B2)

7

where 9, is a unit vector in the v; direction. To calculate
E{ f}, we write f as a derivative of G and substitute in
(B1). Let us first calculate the microcanonical ensemble
averages of the following functions:

fi=yi= (Ni—gq:) =B:7(8G/dv:), (B3a)
fo=(N;—q:) In (V;/q;) =B ;(8G/dv;), (B3b)
Fs=yy;=(BiB;) 7' (3G/dv;) (0G/dv;). (B3c)
Since
C /16| —pni, (B4)
v,

where 7 is a unit vector normal to the surface G=
constant, we have

/fl% =6f1/ﬁ'5i d3=31'_1/V'73«; dr=0.
(B5a)

To obtain the last integral, we have used the Gauss
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divergence theorem. Thus we have

E{fi}=0, ie., Ef{y}=0. (B5b)
Similarly, we have
[ fods/| VG | =81 vihi-1; ds
=B V-v, dr=8;"f dr=70/8;, (B6)
where 7 is the volume enclosed by G(0), and
[ fads/| VG | = (8:8;) 71 (3G/du;) 7+ ds
= (B:8;) 7 (8/v:) (8G/dv;) dr
=0 if 155
(BT7a)
=(1/82) [(8°G/av?) dr  ifi=j].
(B7b)
Thus we find
E{y:y;} =0=E{xx;}, if 157, (B8a)

By extending the proof of (B8a), one can easily show
that '

E{xilxizo.-xjn}=0, if il;éi2¢"'¢in,
if 435219, « o« £ 1,
To calculate E[y,%], we note that from (1.9a)

8G/3v*=9°G;/dv*= (0G./dv;) +qiBi= (8G/dv;) +qiB:.

(B8b)

E{xilxizm' . .xinlﬂn} =0, (BSC)

(B9)
Therefore, from (B7b), we have
Jyids/| VG |=(q:/Bi) 1o+ (1/82) [ (9G/dv:) dr.  (B10)
But we also have
[(8G/dv;) dr= [V -Gb; dr= [Gh-D; ds
=G[n0;ds=G[V-0;ds=0. (B11)
Therefore, (B10) becomes
Jyids/| VG |=(g:/B:) o
=gi[yiIn (Ni/qi)ds/| VG|, (B12)

where 7o is the volume enclosed by the surface G=G(0).
Therefore, we have

Ely?}=qE{y;In (N:/q:)}. (B13)
Further, if we write
fas/| vG] ™ .
Efy} = (gi/B:)0s, (B13a)
Ely:In (Ni/q:)} =0,/8s, (B15b)

Eq. (B15a) for the microcanonical average is con-
sistent with (A31) for the time average.

To calculate the average of y#, we extend the proof
of (B7b) to get

/ .aﬁ_i/i@E)ﬂi
. [ vG|  B3) 9v:\ou; !

which, when (B9) is used, becomes

Jydds/| VG |
= (2/B)[[(8G/dv;)? dr+q:B:[ (0G/dv;) dr]
=(2/84) [ (3G/dvy)* dr. (B16)

To evaluate the integral on the right-hand side, we note
that

[(8G/8v:)* dr=[V-(3G/dv;)%;dr  j arbitrary, j#i,

= [(8G/3v:)%;(8G/dv;)ds/| VG|  (B17)
which can further be written as
[(8G/0v,)? dr= [fi-[v;(8G/dv;) (8G/dv;) Jp: ds
= [v;(8G/dv;) (8°G/0v:?) dr
=¢:8:v;(8G/dv;) dr. (B18)

Since j was arbitrary, the integral on the right-hand
side of j in the above equation should be independent
of j. Therefore, from (B16) and (B18), we have

Elyd} = (q:/B:3) s,

oG ds
0=21/ R // .
’ Yo VG|

Proceeding in a similar fashion, one can show that

(B19)
where

(B20)

E{y#} = (3¢:/B2)[0:/3+¢iB:60:/2]  (B21a)
or
3 4) _3(,2/R2
61 I:E(yz 2 (qz /Bl )63:] =04, (BZlb)
qi
where
G oG ds

04=3I/1)]’a—vj‘l)k5;);d7'//lvc[. (B22)

This procedure can be generalized to calculate the
average of V;». Let us now evaluate E{y;?y;?}. Using the
procedure followed for calculating E{y?}, and using
(B9), one can show that

Jyyids/| VG |
= (B8 7'L[ (8G/8v:)? dr+q.8: [ (0G/dv;)? dr].

Since the first integral vanishes, using (B18) and
(B20), one finds that the above equation becomes

Ely?y?t =3(q:/B8:)BiEy?)
=%(q:q,/BiB;) bs.

The above procedure can be generalized to calculate

(B23)
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{v:i?y;4}. It may be noted that if we know E{N;?} for
each p and 7, we can calculate E{N,PINyP2. . - N, 2n},

! E{y?y?} =E{y?} E{y?},
then from (B23) and (B15a), we have
0;=210:2.
In general, if we demand that
E{ytysree - y,vn} = E{y?} E{y,m} - - - E{y, P},

then all the #’s and, hence, all the microcanonical
averages, can be expressed in terms of 6,.

APPENDIX C: CANONICAL AVERAGES OF
VARIOUS FUNCTIONS OF N, v;, AND
THEIR TIME DERIVATIVES

In this appendix, we will derive the expressions for
the canonical averages of various functions of N;, v,
1.)1', dv12/d2t, etc.

The basic equation which we use is (1.35), i.e.,

(e 1D (=Gu/0) ir
h [ exp (=G,/6) dr ’
where (f) denotes the canonical average of a function
f. Since, from (1.9a),

yi=N;—q:=8:"1(3G/dv;),

(C1)

we have
i) =B:'[[ (8G/v:)
X exp (—G;/0) dv;/ [ exp (—G:/0) dv;]
=—(0/B:)[J(3/dv:)
X[exp (—Gi/6)]dvi/ [ exp (—G,/0) dv;]
=—(0/B:) [(exp {—Big
X[exp (v:) —v:]})—w®/[ exp (—Gi/O) dv;]
(y:)=0.
The average of y,;% is given by
)= (—06/BA)[[ (8G/dv:) (8/dv:)
X[exp (—Gi/0) Jdvi/ [ exp (—Gi/6) dv.].

Integrating the integral in the numerator by parts,
we get

(%)= (6/B2)[[(6°G/dv?)
X exp (—G;/0) dvy/ [ exp (—G;/0) dv.]
which, when (B9) is used, reduces to
W)= (8q:/B:)+(0/8:2) (9G/dv:) = O¢:/B:.  (C3)
Extending the above calculations for {y.,?), we get
i7)=(8/8:7) (p—1) [ (8G/dv,) 72(6°G /v )
X exp (—Gi/8)dv/ [ exp (—Gi/0) dv;]

or

(C2)

which, when (B9) is used, reduces to
)= (0/8:) (p— D[y )+q:(yir2)].  (C4)
Also, we have :
{yiln (NVi/q:) ) =B (v:(8G/v;) )
={—=0/B:[viexp (—=G;/6) ]~
+(6/8:) [ exp (—Gi/0) dv}/[ exp (—G;/0) dv;
=6/B:=(y*)/g:. (C3)
As pointed out in Sec. 1, because of the decomposibility
of G into its component, i.e., G=Y; G;,
rfa(ye) -« faya) )= (o) W Fa(32) )+ =+ (fa(3n) ).
(Co)

Equations (C2), (C3), (C4), and (C6) can be used to
calculate canonical average of any polynomial function
of V..

To calculate the averages of polynomials in v,
(Kerner, 1959), we note that from (C1) and (1.9a),

/w exp (\v;) exp {—z;[exp (v;) —v;]} dov;

(exp (\v;) )=
[ exp { —z[exp (v;) —v;]} do;

= ( / " it gy / / ¥ gt dt>
0 0

The averages of polynomials in v; can be calculated by
repeated differentiation of (C7) with respect to A and
then letting A—0. For example, we find

(v:)=(8/0N\) {exp (\v;) )=¢(z;)— Ina;, (C8)
@*)=¢"(x;)+[¢(z:) — Inz; P, etc,, (C9)

where ¢ is the digamma function and ¢’ is the trigamma
function. v

The averages of polynomials involving derivatives
can be calculated by using Eq. (1.8), i.e.,

Bivi= 2 aygilexp (v;) —1]

or

= 2 aiy;= 2 [ai;(1/8;) (0G/dv;) . (C10)

Taking canonical averages of both sides and using
(C2), we get
(0:)=0. (C11)

Further, since

Bi(dv?/dP) = 3 aijq; exp (v;) v;
J
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and since 9; is independent of v;, we find
(dv2/d)=0. (C12)

As pointed out by Kerner (1959), the averages of
quantity like v®; can be used to observe the micro-
scopic parameter a;;/83; of the Volterra’s equation. This
can be seen by multiplying (C10) by v and taking the
averages of both sides of the equation, i.e.,

Bilvi)= Z @i {(y;0)

=, (yrve) (C13)
which, when (C3) is used, becomes
(uids) = a0/ BB (C14)
When (C3) is used, this equation transforms to
@it/ Bi= D5vi)/ g (Yi*) (C15)

which is the required equation for calculating a./B:
by measuring NV, and Ny, as a function of time. Averages
of other functions of »; and its time derivatives can be
calculated by procedures similar to the one described
above.

APPENDIX D: ROOTS OF THE EQUATION
ze*+v=0, v COMPLEX

In this appendix, we will derive the condition for
which the real parts of all the roots of the above equa-
tion, i.e., of equation

ze*+pe? =0, v =pe®, p, O real, (D1)
are negative. If we make the substitution
E=2—10, (D2)
Eq. (D1) becomes
H (£) =tet+-ibef+p=0. (D3)

Since Re (z) = Re (£), the conditions for Re (z) or
Re (£) to be less than O are identical. To find these
conditions we use a theorem (13.7) from Bellman and
Cooke (1963). According to this theorem, let H(§) =
h(&, ef) be a polynomial with a principal term® and
H(iy) =F(y)+iG(y). If all the zeros of the function
H (&) lie to the left side of the imaginary axis, then the
zeros of the functions F(y) and G(y) are real, alter-
nating,® and

G'(y)F(y)—G(y)F'(y) >0

for each y. Moreover, in order that all the zeros of the
function lie to the left of the imaginary axis, it is

(D4)

® The term a;;x'y of the polynomial 2, .@mn.x™y", 1, n non-
negative, is called the principal term if for each a,.x™y* with
amn70, we have either 2>m, j>n or i=m, j>n, i>m, j=n.

¢ That is, between two roots of F(y) there is a root of G(v),
and vice versa.
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sufficient that one of the following conditions be
satisfied:

(a) All the zeros of F(y) and G(y) are real and
alternate, and inequality (D4) is satisfied for at least
one value of y.

(b) All the zeros of F(y) are real and, for eack zero
y=1%,, inequality (D4) is satisfied.

(c) Same as (b), except for G(y).

For the function H (¢) given by (D3), we have

F(y) =p— (y+0) siny, (DS5a)
G(y) = (y+0) cos y. (DSb)
The zeros of G(y) are
yo=—8, (D6a)
yo==x(n+3)w, n=0,1,---, (D6b)
and, for these roots,
G (y0) F (o) =p cos = Re (v), (D7a)
G (3) F () = (=1)"[(n+%) w=0]
XL(=D)"{(n+3)r£6}—p]. (D7b)

If Re (v) <0, condition (D4) is not satisfied, at least
for y=99=—0, and, therefore, the real parts of all the
roots of Eq. (D1) are not less than 0. For Re (y) >0,
—7/2<0<m/2, and (n+%)wr=+0>0. Therefore, from
Egs. (D7a) and (D7b) and (b) of the above theorem,
for Re (v) >0, we find real parts of all the roots of
(D1) <0 provided

IT6>p,
ie.,

=10 >p,  y=pe”. (D8)

For =0, Le., y=p, the above condition reduces to
37> p, which is equivalent to the condition (8.19).
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