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INTRODUCTION

The purpose of this paper is to show that existing data on the sizes of
free-ranging troops of nonhuman primates are orderly in a way not previ-
ously recognized, and that stochastic models of theoretical populations
can account for much of the order.

Stochastic models can describe the fluctuations in size of theoretical
populations whose individuals are born, immigrate, and die or emigrate.
As such models have been developed, primarily during the last thirty
years, field biologists have been independently studying the behavior, com-
position, and size of natural primate troops.

This paper will summarize the assumptions and predictions of the
simplest birth-immigration-death-emigration (BIDE) model and compare
them with available information on free-ranging apes (gibbons, Hylobates),
Old World monkeys (black and white colobus, Colobus guereza; hanuman
langurs, Presbytis entellus; and baboons, Papio), and New World monkeys
(howlers, Alouatta palliata).

The suceess of the equilibrium state of the BIDE model in describing the
distribution of size of troops of these species will suggest that the model is
one approximation to the natural dynamics of primate troops. The only
available data on the actual gains and losses of individuals in one particular
baboon troop will suggest that further theoretical development is needed to
describe in detail the dynamics of troop size or that more data are needed,
or both.

The statistical tool used to assess the variability of the few available
vital statistics on baboons is the ‘‘jackknife,”’ a technique of enormous
versatility and power which seems to be new to biology. An appendix to
this paper describes the technique (though not its rationale) and its applica-
tion.

THE STOCHASTIC MODEL

The following review of the assumptions of the BIDE model and its pre-
dictions uses the notation of Bailey (1964, pp. 91-101), who proves the
assertions made. Several other expositions are available (Kendall 1949;
Bartlett 1955, 1960 ; Parzen 1962).

455



456 THE AMERICAN NATURALIST

Suppose a theoretical population contains X (¢) individuals at time ¢ = 0,
where X (f) is some nonnegative integer and ¢ is continuous. Suppose that
the chance of any individual in the population giving birth to a single
other individual in time A# is AAf and that all births are mutually inde-
pendent. Then the probability of a single birth from any of the X (?) indi-
viduals in the population is AX (¢)A¢. Suppose in addition that there is a
random stream of immigrants at a mean rate v which is independent of the
current size of the population. Thus the chance that the population size
increases by one in the interval At is the sum of the chances of increase due
to birth and immigration, namely, AX (¢)A¢ - vAt 4 o(At). Here o(.) is
any function such that o(At)/(At) approaches zero as At approaches zero;
0(.) may represent a different function each time it appears.

In addition, suppose that the chance for any individual of dying in the
interval A¢ is wAf, and that any individual’s chance of emigrating from
the population in A¢ is peAf. Then, again under the assumption of mutual
independence, the probability that the population will decrease by one in
time A¢ is proportional to the total size of the population X (¢). If the death
and emigration rates are combined into a single loss rate w =uy -+ M, the
chance of one loss due to death or emigration in A¢ is pX (¢)At -+ o (A?).
From the assumption that the chance of more than one birth, immigration,
or death or emigration in a short time interval At is o(At?), it follows that
the chance of no change in the population size in Af is equal to 1 — (A 4
w) X () At — vAt + o (At).

‘We suppose that a theoretical population is initially of size zero and is
started off by an immigrant. It may be shown that the average or expected
population size will grow infinitely in time unless the birth rate A is less
than the loss rate pu (Bailey 1964, p. 99). Since the collections of primate
troops I will review have presumably existed for a long time, yet are
assumed to have a distribution which is stable in time (barring catastrophic
influences) or which is approaching stability, we make the assumption that
A<

Then if birth, death or emigration, and immigration are all proceeding at
strictly positive rates, it may be shown that the probability pyz(%k) that
the theoretical population contains exactly % individuals after a long time ¢
is independent of time and the initial population size and is given by the
negative binomial distribution :

pNB(k):(r"*"l;;_'l)pqu:k:o:l;z;"'; (1)

where the parameters r, p, and ¢ =1 — p are related to the parameters of
the BIDE model by
r=v/hg=1—p=»Apn (2)

If the birth rate A is reduced to zero, so that the population is maintained
by a balance of immigration and death or emigration, then it may be shown
that the probability pp (k) that the population contains exactly % individuals
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after a long time ¢ is again independent of time and is given by the Poisson
distribution :

pp (k) =e—"m¥/k!, £=0,1,2,..., (3)
where the parameter m is related to the parameters of the BIDE model by
m=v/\. (4)

Another interpretation of this situation, where A =0, is that birth is
oceurring at a rate which is independent of the total size of the population
(aside from whatever immigration may or may not be occurring). Thus if
there were a fixed number of mothers in a theoretical population, regardless
of the number of males or children, then one would require A =0 and v
positive.

APPLYING THE MODEL

In the following applications, the theoretical population of the BIDE
model will be identified with a troop of primates. Two terminological
snares should be avoided.

First, the theoretical population in the BIDE model is called a ‘‘popula-
tion’’ because of the traditional statistical terminology for such models.
I am not identifying this theoretical population with what an ecologist
or population geneticist would call a (genetic or local) population, namely
‘‘the community of potentially interbreeding individuals at a given locality’’
(Mayr 1963, p. 136). The genetic population of howler monkeys on Barro
Colorado Island, for example, is a collection of troops, each of which will
be viewed as an independent replicate of a single theoretical population
described by the BIDE model. Under this interpretation, ‘‘immigration’’
in the BIDE model means only that an animal entered a troop. The entrant
may have shifted from another troop in the same genetic population, in
which case no immigration in the genetic sense has occurred, or may have
entered the troop and the genetic population from outside—immigration
in both senses. The distribution of sizes of troops, not of genetic popula-
tions, will be compared with the predicted distributions of the BIDE model.

Second, some authors call troops ‘‘social groups.”’ But these are differ-
ent from the social (sub)groups, sleeping (sub)groups, or coalitions within
a troop described by Struhsaker (1967), among others. Just as troops make
up a genetic population, social (sub)groups make up a troop, and individuals
make up a social (sub)group. Alleged troops such as those of colobus and
gibbon may have smaller average size than, say, vervet sleeping (sub)-
groups; but stochastic models for the size of social (sub)groups (Cohen
1969) should not be confused with models for troop size.

The BIDE model assumes that the rates A, u, and v are constant in time.
This assumption may be acceptable when size distributions are available at
only one time (as is the case for the gibbons, colobus, langurs, and baboons).
‘When observations repeated over a long period of time are available (as
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for the howlers), identifiable external influences (such as an epidemie)
will make it necessary to abandon the assumption.

This simple model also assumes that all of the parameters apply equally
and independently to all of the individuals in the theoretical population.
In a real troop not all individuals are equally likely to give birth or die, to
immigrate or emigrate; the rates of these processes are age- and sex-
dependent. However, if, for example, half of the individuals in the troop
have a true rate M’ = 2\ of giving birth to another individual, while the
remaining half of the population has a zero birth rate, then the birth rate
of the whole troop may be taken as the average (2A 4 0)/2 = A. This aver-
aging is permissible as long as the birth process does not interact with the
other death and migration processes, that is, as long as, for example,
neonates die and migrate at the same average rate as individuals of any
age. The simplifying assumption that on the average the constant param-
eters apply equally and independently to all individuals of the troops will
suffice until the data do not confirm the consequences of this assumption.

ESTIMATION AND GOODNESS OF FIT

In order to compare observed distributions of troop sizes with those
predicted by the BIDE model, it is necessary to estimate the parameters
of the theoretical distributions.

For the Poisson distribution, m was set equal to the observed mean x;
this is the ordinary maximum-likelihood estimate of m (‘‘ordinary’’ in the
sense of Kendall and Stuart 1961, chap. 30). For the Poisson distribution
in which the zero value was unobservable (called the O-truncated Poisson),
the ordinary maximum-likelihood estimate 7, of m was obtained from the
observed mean X by using the tables of Cohen (1960). For the Poisson
distribution in which both X (#) = 0 and X (f) = 1 were unobservable (the
0,1-truncated Poisson), the estimator my of m devised by Subrahmaniam
(1965) was used:

mi =% — 2f(2)/N, (5)

where f(%k) is the observed frequency of % counts (here f[0] = f[1] =0)
and N is the total number of observations. Subrahmaniam showed equation
(5) to be asymptotically nearly completely efficient for a wide range of
values of m. This unbiased estimator resulted in better fits to the data than
did the estimator proposed by Rider (1953), which I also tried.

For the negative binomial distribution in which zero values were un-
observable (referred to here as the truncated negative binomial distribu-
tion), the parameters were estimated by the method of Brass (1958):

p=x(1—f@1)/N)/s?, r= (px—f(1)/N)/(1—p), (6)

where s? is the sample variance.



