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Past studies of caste systems in the social insects have focused on the ob-
vious genetic and physiological problems of the mechanisms that control
caste determination in the individual insect. Several independent experi-
mental investigations have now provided a body of definitive information
on the subject. In the great majority of bees, and in most—and perhaps all
—ants, wasps, and termites, caste is apparently environmentally deter-
mined. The environmental controls are diverse in nature and differ from
group to group. They include the biasing influences of yolk nutrients, of
various quantitative and qualitative factors in larval feeding, of ternpera-
ture changes, and of the caste-specific pheromones (see reviews by Brian,
1965; Liischer, 1961; Weaver, 1966). ‘

There is a second major problem connected with caste which is evolu-
tionary in nature and can be phrased as follows: Why do the ratios of the
castes (in a whole colony population) vary among species of social insects?
This question is much less obvious than the physiological one and can be
considered only in the context of the ecology of the individual species. A
large amount of empirical information on ratios exists but only a small
amount of theory. Only recently have students of social insects begun to
handle the subject in a systematic fashion, as, for example, in the work of
Richards and Richards (1951), Lindauer (1961), Hamilton (1964), Brian
(1966), and Wilson (1966). Still, very little theory on the subjeet has been
formulated.

This matter of the presence or absence of a given caste, together with
its relative abundance when present, should be susceptible to some form of
optimization theory, provided we are able to assume selection at the colony
level. In fact, colony selection in the advanced social insects does appear to
be the one example of group selection that can be accepted unequivocally. It
therefore seems a sound procedure to accept colony selection as a mecha-
nism and to press on in search of an optimization theory based on the axiom
that the mechanism operates generally. For if selection is mostly at the
colony level, workers can be altruistic with respect to the remainder of the
colony; and their numbers and behavior can be regulated to achieve maxi-
mum colony fitness. What has been lacking so far is an entree to the theory
of group behavior, a way of abstracting our empirical knowledge of caste
and colony ergonomics! into a form that can be used to analyze optimiza-

1Yn an earlier article (Wilson, 1963) I suggested the term “ergonomics,” borrowed

from human sociology, to identify the quantitative study of the distribution of work,
performance, and efficiency in insect societies.
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tion. The purpose of this article is to show the feasibility of a first formula-
tion by means of the techniques of linear programming and to report on
some interesting but still imperfect and mostly theoretical results that have
been obtained.

A LINEAR PROGRAMMING MODEL

The Concept of Cost

As colonies grow, their caste ratios change. Very young colonies founded
by single queens typically consist solely of the queens and minor workers.
As they approach maturity, these same colonies may add medias and major
workers (also known as soldiers). Finally, they produce males and new,
virgin queens. Here we will consider the ergonomics of the mature colony
alone, A mature colony is defined as a colony large enough to produce new,
virgin queens. Also, for convenience, we will include under the term “caste”
both physical castes, such as minor workers and soldiers, and temporal
“castes.” The latter are classes of individuals in those periods of labor
specialization which most individual social inseets pass through in the
course of their lives. What determines the efficiency of the mature colony is
the number of workers in each temporal caste at any given moment. This
conception is spelled out in the examples given in Figure 1.

Consider the mature colony. Depending on the species, the adult force
may contain anywhere from a few tens of workers to several millions. The
number is a species characteristic. It has been evolved as an adaptation to
ultimate limiting factors in the environment. An ultimate limit may be im-
posed by a peculiar nest site to which the species is adapted, or a restricted
productivity of some prey species on which the species specializes, or con-
versely, a prey species or competitor so physically formidable as to require
a large worker force as a minimum for survival. These and other ultimate,
limiting factors have already been documented and discussed in the litera-
ture (Brian, 1966). The mature colony, on reaching its predetermined size,
can be expected to contain caste ratios which approximate the optimal miz.
This is simply the ratio of castes which can produce the maximum rate of
production of virgin queens and males while the colony is at or near its
maximum size,

It is helpful to think of a colony of social insects as operating somewhat
like a factory inside a fortress. Entrenched in the nest site, harrassed by
enemies and uncertain changes in the physical environment, the colony must
send foragers out to gather food while converting the secured food inside
the nest into virgin queens and males as rapidly and as efficiently as possi-
ble. The rate of production of the sexual forms is an important component,
of colony fitness. Suppose we are comparing two genotypes belonging to the
same species. If we could but measure survival rates of queens and males
belonging to the two genotypes from the moment they leave the nests on
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Fi1c. 1—This diagram visualizes the principal work periods traversed in the
life spans of three worker subcastes of a generalized polymorphic ant species.
The work periods are those periods in which the indicated task is the most fre-
quent one performed; other tasks may be performed at lesser frequencies. The
form of the castes and the sequences of work periods within each caste are
based on real species, but the precise durations of the periods are imaginary.
In this case each of the eight periods, the (arbitrary) total encountered in the
three castes, is treated as a separate “caste.” The optimal mix can be evolved
both by varying the relative numbers in each subcaste and the relative time
spent in each work period. (The ants represented in this and subsequent figures
belong to the myrmicine genus Pheidole and are shown here as an intuitive aid
for the reader not very familiar with social insects.)

their nuptial flights, then record their mating success and the survival rate
of the fecundated queens thereafter, together with the growth rates of the
colonies the survivors produce, then we could calculate the relative fitness of
the two genotypes. However, in order to develop an ergonomic theory in a
stepwise fashion, we need now to restrict our comparison to the mature
colonies. In order to do this and retain precision, we would have to do the
following: take the difference in survivorship between the two genotypes
outside the period of colony maturity and reduce it to a single weighting
factor. But we can sacrifice precision without losing the potential for gen-
eral qualitative results by taking the difference as zero. Now we are con-
cerned only with the mature colony, and the production of sexual forms is
(keeping in mind the artificiality of our convention) the exact measure of
colony fitness. If colonies belonging to one genotype contain on the average
1,000 sterile workers and produce 10 new, virgin queens in their mature life
span, and colonies belonging to the second genotype contain on the average
only 100 workers but produce 20 new, virgin queens in their mature life
span, the second genotype has twice the fitness of the first, despite its
smaller colony size. As a result, selection would eliminate larger colony size.
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The lower fitness of the first could be due to lower survival rate of mature
colonies, or to a smaller average production of sexual forms per surviving
mature colony, or to both. The important point is that the rate of produe-
tion of sexual forms is the measure of fitness, and evolution can be expected
to shape mature colony size and organization to maximize this rate.

The production of sexual forms is determined by the number of mistakes
made by the mature colony as a whole in the course of its fortress-and-
factory operations. A mistake is made when some potentially harmful
contingency is not met—a predator successfully invades the nest interior, a
breach in the nest wall is tolerated long enough to dessicate a brood cham-
ber, a hungry larva is left unattended, and so forth. The cost of the mistakes
for a given category of contingencies is the product of the number of times &
mistake was made times the reduction in queen production per mistake.
The total cost of all mistakes in a given period of time is visualized as the
principal component in the reduction of colony fitness. In symbols,

ANy = f(W — W) — LFs, and

F; = kiz;, where
ANy is the number of queens produced in a unit of time, ray in one full year;
W is the weight of workers present during the rearing of the brood;
W is the minimum weight of workers required to rear virgin queens;
F; is the cost (in number of virgin queens not produced) due to all errors in the ¢th error
category;
z; is the cost (in number of virgin queens) per error in the sth error category;
ks is the frequency of errors in the ¢th error category.

The Lowest Tolerable Cost as a Uniform Value

At this early point, an interesting deduction can already be made con-
cerning the behavioral responses of colonies to contingencies and the cost
level tolerated by the colony. In brief, it can be argued that there is some
threshold cost F at or above which the species evolves a behavioral response
to hold the average cost (per colony per unit time) to F. Also, in cases
where behavioral responses have been evolved, the cost tolerated per error
category by the colony is in each case the same, namely, F. In other words,
F=F; =F,=...etseq. for each error category to which a discrete behav-
ioral response has been evolved. This convergence effect is inferred as fol-
lows. If Fy > F; for any two error categories ¢ and j, the colony is more
likely to increase fitness with the same amount of behavioral evolution by
decreasing F; than by decreasing F; As F; is decreased, F; will decrease
more slowly; or, more likely, it will remain about the same or increase,
providing the alteration of behavior to respond to contingency ¢ adversely
affected its ability to respond to j. As a result, F; and F; will tend to con-
verge.

Not all contingencies will be frequent enough, or costly enough, to prompt
the evolution of a specific behavioral response; in other words, their total
cost will not exceed F. For example, it is natural to expect alarm communi-
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cation and attack behavior specifically adapted to arthropodan intruders,
but no particular behavioral adaptation to avoid having meteorites fall on
the nest,

Suppose a new contingency a arose through a change in the environment,
and F, > F. The behavior of the colony would tend to evolve to bring F,
equal with the other F;(==F). This is not to say that F is an absolute thresh-
old. The adjustment to a or any increase in the cost of another category
(F;) due to a change in the environment would cause readjustment in Fy

values generally and a new convergence to some value F. But the new F
might be different from the old.

The Two-Contingency Case

The average output of queens is viewed as the difference between the ideal
number made possible by the productivity of the foraging area of the
colony and the number lost by failure to meet some of the contingencies.
The evolutionary problem that we are postulating to have been faced by
social insects can be solved as follows: the colony produces the mixture of
castes which maximizes this output. In order to describe the solution by
means of a simple linear programming model, it is necessary to restate the
solution in terms of the dual of the first statement: the colony evolves the
mixture of castes that allows it to produce a given number of queens with a
minimum of workers. The objective, as I have formulated it here, is to
minimize the energy cost.

The main purpose of the section to follow is to show that under a wide
variety of conceivable conditions the proportions of castes can be related to
minimum energy cost in a linear form.

Let us start with the case of two contingencies whose costs would exceed
the threshold value if left unattended, together with two castes whose effi-
ciencies at dealing with the two contingencies differ. The inferences to be
made from this simplest situation ean then be extended to any number of
contingencies and castes.

The most important step is to relate the total weights, W; and W, of two
castes at a given instant to the frequency and importance of two contin-
gencies and the relative efficiencies of the castes at performing the necessary
tasks. By stating the problem as the minimization of energy cost, the rela-
tion can be given in linear form as follows:

_ %2 In (1 — le) .

W, = const (1) anIn (= g) W, ¢ >0 (1a)
_ ey In (1 — ¢55) .

Wl = const (2) - Wz: Qa1 > 07 (lb)

o In (1 ~ ¢a1)

where const (1), const (2), and the coefficients of W, are constants deter-
mined by the frequency of occurrence and the importance of the con-
tingencies, and by the relative efficiencies of the castes at meeting the con-
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tingencies. These two expressions give the relative numbers of caste 1 and
caste 2 needed to hold costs (due to the two contingencies, respectively) to
the tolerable level. It will now be shown how they are derived and why it is
reasonable to employ linear relationships in the exploratory phase of ergo-
nomic theory. The following conventions will be used:

W is the weight of all members in an average colony belonging to caste 1;
W, is the weight of all members in an average colony belonging to caste 2; :
F, and F, are the higheat tolerable costs due to contingencies 1 and 2 (and by an earlier

argument, Fy = F,);
ay i8 & constant such that a;; W gives the average number of individual contacts with a
contingency of type 1 by members of caste 1 during the existence of the contingency;
as2 i8 & constant such that «;,Ws gives the average number of individual contacts with a
contingency of type 1 by members of caste 2 during the existence of the contingency;
an and ax are constants similar to the above two but with reference to contingencies of
type 2;
gu is the probability that, on encountering contingency 1, a worker of caste 1 responds

suceessfully;
g1z is the probability that, on encountering contingency 1, a worker of caste 2 responds

successfully;

ga1 and iqy, are the probabilities similar to the above two but with reference to con-
tingency 2;

z; and z, are the average costs (in nonproduction of virgin queens) per failure to meet
contingencies 1 and 2, respectively; :

k1 and k, are the frequencies of contingencies 1 and 2, respectively, for a given period
of time.

When a worker of, say, caste 1 encounters a contingency of type 1, the
probability that it will respond incorrectly is 1—gy,. This value can be put
to use only if we know the number of encounters per caste. Now if we label

"as pio the probability that no worker of caste 1 encounters a given con-
tingency of type 1, pi1 as the probability that exactly one worker encoun-
ters it, p;2 as the probability that exactly two workers encounter it, and so
forth, then the probability that no correct response will be made to a glven
contingency of type 1 is

Pl — {Iu)o + pn(l - 911) + Pl — 911)2 + -

and the cost in a given interval of time is this sum, multiplied by the fre-
quency the contingency occurs, multiplied in turn by the cost of each con-
tingency that is not successfully met: :

kv, Z}’hi(l A Qu)"-

The distribution of py should be obtainable by empirical measurements;
and very likely it can then be approximated by some general form, such as
the Poisson. For our purposes, we can approximate the expression

an(l -~ )’

by a single number, which in turn is a function of W, the weight of caste 1
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in the colony. In the simplest case, the single most appropriate number is
the mean value of ¢, that is, the mean number of contacts per contingency,
which value can be labeled 7. Keeping in mind that 7 is only an approxima-
tion of

_Zpu(l - Q11)‘y

we next recognize that it must be a function of the number of workers of
caste 1 present, or, translated into terms of the present model, of the total
weight (W,) of workers of caste 1. If the nest volume were kept constant
and W, increased, the number of contacts per contingency by members of
caste 1 should increase linearly; in other words, 7 should be approximated by
anW,, where «,, is a constant. In this case, the probability that caste 1, in
the absence of caste 2, would not solve the contingency is about (1 — g;,)***"*;
and the probability that caste 2, in the absence of caste 1, would not solve
the contingency is about (1 — ¢i:)***"*. Let us now assume that the castes
operate independently of each other in meeting contingencies. That is, the
presence of caste 2 does not enhance or diminish the capacity of a given worker
belonging to caste 1 to deal with a single given contingency of type 1. This
is probably not always the case, but on the basis of my own subjective im-~
pressions I believe it is close enough to the truth in most behavioral inter-
actions to be accepted as an approximation. Where it applies, the cost due
to contingency 1 in a given period of time is given as follows:

F, = klilil(l _ qll)allwi(l _ Q12)a"W’ qu > 0, (23[).
Q12 > 0.
And, symmetrically,
Fy = k(1 — Q21)a"W'(1 - Q22)a“W. ¢n >0, (2by
Q22 > 0.
By rearrangement of the two formulas, contingency curves are obtained:
Contingency Curve 1
—Ink -
W, = In 7, In k,z, oyp In (1 12) W,. (3a)

e In (1 — qy) B e In (1 — ¢y)

Contingency Curve 2

~InF,—Inkx, oanln(l— g .

Wy = ag In (1 — ¢2) as In (1 — gg) s (8b)

Equations (3a) and (3b), already presented in abbreviated form as

equations (1a) and (1b), provide the postulated linear relationships be-

tween W, and W, required to keep error in contingencies 1 and 2 down to a

tolerable level. Equation (3a) gives the relationship for contingency 1,
and (3b) for contingency 2.
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These equations are based on one set of simple, explicit conditions. The
object in deriving them, however, iz not to make a guess about the precise
relationships but, rather, to illustrate the general form they are expected
to take. The only crucial result for the deductions to be made in Figures
2-7 is that the relationships can be put in a linear form. Equations (3a)
and (3b) are of course in linear form, but they were derived from a par-
ticular hypothesis. It is easy, on the other hand, to show that the conditions
can be greatly relaxed, or the graphical coordinates transformed, to provide
a linear graphical representation of the kind to be used in Figures 2-7.
For instance, suppose the number of contacts per caste per contingency
were not linearly related to the weight W of the caste, that is, the number
could not be expressed as «;;W;, but was related in some other way, for
example, as some logarithmic function of W,. As long as the function is
the same for the two castes, the contingency curves would still be linear.
Next, even if the contingency curves are not linear algebraically, they can
in a great many cases be made linear by transformations of the W; and
W, axes. Finally, if the curves still cannot be made linear by any transfor-
mation, it should still be possible to conduct analyses on segments of the
curves that are approximately linear,

In conclusion, we do not yet know the shape of real contingency curves,
and to attempt a guess at their precise form would be inappropriate,
except for illustrative purposes as undertaken here. On the other hand, it
is a much more reasonable proposition that contingency curves can be
presented as straight lines in a generalized graphical form, with or without
transformation of the axes. When this is done, new insight can be gained
into the possibilities of social organization in insects. But before the next
step is taken, a brief discussion of certain special biclogical qualities of
insect societies igs needed.

Special Qualities of Insect Societies Put into the Model

The procedure of making the behavioral responses probabilistic may
seem strange at first, but it has a sound biological rationale. To make this
point clear, we might ask why the model was not constructed in a more
straightforward manner by having members of different castes laboring at
their assigned tasks through the day and night, producing to the utmost
of their hexapodan capacities. Then the more conventional procedures of
linear programming would have heen easy to apply. But social insects
simply do not behave that way. Contrary to folklore, most of the members
of an insect colony are idle at any given moment, and the greater part of
the life of each individual is spent in relative quietude. The members of
colonies respond to contingencies, which can be identified as discrete, albeit
very numerous, events, much as visualized in this model. Abundant docu-
mentation for the point is provided by studies cited in the recent reviews of
Lindauer (1961) and Wilson (1966).

A second special feature that needs comment is the way cost is assessed.
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In the model the colony is given a certain period of time to accomplish
the task presented by the contingency; if it fails, it takes the penalty in
reduced queen production. This would be the case for such contingencies
as intrusion by a predator, which could result in the loss of one or more
colony members, or self-fouling by a larva, which could result in the death
of the larva. It is also easy to accomodate more complex, and perhaps more
general, cost functions without seriously affecting the qualitative conclusions
about to be made. For example, suppose the task remains undone until
a member of the correct caste comes upon the contingency, that is, a con-
tingency of type 1 requires an encounter by a member of caste 1. Then on
the average the [(a11 W1 + a12W2) /a3 W;]th worker encountering the con-
tingency belongs to the correct caste (caste 1); and, where ¢ is the average
interval between encounters by workers of all castes, the mean time elapsing
before the task is done is £[ (a1 W1 + a12Ws) /a1 W1]. The cost would then
be some function of this mean elapsed time. Actually, a reasonable estimate
of cost as a function of caste ratios can only be accomplished empirically. It
will be a necessary prelude to making this or any other programming model
predictive for specific cases. ‘

RESULTS

The optimal mix of castes is the one which gives the minimum summed
welghts of the different castes while keeping the combined cost of the
contingencies at the maximum tolerable level. The manner in which the
optimal mix is approached in evolution is envisaged as follows. Any new
genotype that produces a mix falling closer to the optimum is also one that
can increase its average net output of queens and males. In terms of
energetics, the average number of queens and males produced per unit of
energy expended by the colony is increased. Even though colonies bearing
the new genotype will contain about the same adult biomass as other
colonies, their average net output will be greater. Consequently, the new
genotype will be favored in colony-level selection, and the species as a
whole will evolve closer to the optimal mix.
~ The general form of the solution of the optimal mix problem for the case
of two contingencies and two castes is given in Figure 2. It has been
postulated that behavior can be classified into sets of responses in a one-to-
one correspondence to a set of kinds of contingencies. Even if this con-
ception only roughly fits the truth, it can be used to develop a theory of
“ergonomics, Not all kinds of contingencies occur frequently enough, or are
important enough when they occur, to evoke the evolution of a distinct
response. Those that do, I have suggested here, are handled by the colony
in such a way that in the end they decrease fitness only by a certain thresh-
old amount, with the same amount being permitted to each kind of con-
tingency separately. From suitable modifications of the graphical model
of Figure 2, a series of theorems can be drawn:

1. By inspection of Figures 3 and 4, it can be seen that, as long as the
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Totaf Weight of Caste { (W,)

Tota) Weight of Caste 2 (W,)

F1c. 2—~The case of two contingencies dealt with by two castes. The optimal
mix for the colony, measured in terms of the respective fotal weights of all the
individuals in each caste, is given by the intersection of the two curves (from
equations 33 and 3b). Contingency curve 1, labeled “task 1,” gives the combina-
tion of weights (W1 and W.) of the two castes required to hold losses in queen’
production to the threshold level due to contingencies of type 1; and contin-
gency curve 2, labeled “task 2,” gives the combination with reference to con-
tingencies of type 2. The intersection of the two contingency curves determines
the minimum value of W1 4+ W2 that can hold the losses due to both kinds of
contingencies to the threshold level.

contingencies oceur with relatively constant frequencies, it is of advantage
for the species to evolve so that in each mature colony there is one caste
specialized to respond to each kind of contingency. In other words, one caste
should come into being which perfects the appropriate response, even at
the expense of losing proficiency in its response to other kinds of con-
tingenecies.

2. Figure 5 demonstrates that if one caste increases in efficiency in the
course of evolution, and the others do not, the proportionate total weight
of the improving caste will decrease. In other words, the expected result of
group selection is precisely the opposite of that of individual selection, which
would be an increase in the more efficient form. The decrease in weight is
proportional to the increase in specialization and (inversely) to the slope
of the opposite contingency curve. More precisely, as seen in Figure 5, the
increase in specialization of caste 1 with reference to task 1 is measured by
the ratio of intersects a/a’, while the decrease in weight is measured by
b/b’. Then, by similar triangles, a/o = b(o — 8) and a’/o = b’ (v — b’),
and from these relations

a (=80,
a’ w—~-p b
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F1a. 3—Left: When there are more castes than tasks, the number of castes
will be reduced in evolution to equal the number of tasks. The surplus castes
removed will be the least efficient ones (in this case, caste 1). Right: If there
are more tasks than castes, the optimal mix of castes will be determined entirely
by those tasks, equal or less in number to the number of castes, which deal with
the contingencies of greatest importance to the colony in terms of average pro-
ductivity of virgin queens and males (in this case, tasks 4 and 5).

[ CASTE
2 TASKS
Wi

W, required for W), required for
task 2 task |

J

o4
[ 5] EN——

W, W,

Fic. 4—1t is always to the advantage of the species to evolve new castes until
there are as many castes as contingencies and each caste is specialized uniquely
on & single contingency. This theorem can be substantiated readily from a com-
parison of the two graphs in this figure. With the addition of caste 1, the total
weight of workers is changed from a to b - ¢. Since caste 1 specializes on task
1, 6 is acute, thereforea — b > canda > b 4 c forall a, b, and c.
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Fia, 5—If one caste increases in efficiency, and the others do not, the propor-
tionate total weight of the improving caste will decrease. Compare with Fig. 2.

F10. 6—An increase in specialization of a given caste will result, under most
conceivable circumstances, in increased efficiency and colony fitness. As special-
ization occurs through evolution, in this imaginary example in caste 1, the slope
of the contingency 1 curve decreases, while the slope of the contingency 2 curve
may or may not increase (but it does not decrease). (Further explanation in
the text.)
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The graphical presentation of Figure 6 demonstrates that there are
conditions under which any increase in specialization, involving even a total
loss of capacity in every other contingency, will increase colony fitness.
Under certain other conditions, on the other hand, an increase in specializa-
tion at the favored task will, if accompanied by loss of capacity in other
tasks beyond a certain degree, result in loss in colony fitness. But any
increase in specialization not accompanied by a loss of capacity in other
tasks will result in increased colony fitness. To be more specific, a change in
specialization of a caste involves a shift in one or (more likely) both
contingency curves. As shown in Figure 6, the intersection of the curves
move to some point in the “sweep-out” triangle. A move into the stippled
part of the triangle results in less total weight for both castes combined
and hence greater ergonomic efficiency. A move into the blackened part of
the triangle results in equal or greater total weight for both castes combined
and equal or less ergonomic efficiency. Under certain conditions, explained
in Appendix I, the evolving species loses colony efficiency if, while improving
8 caste at one tagk, it permits the caste to reduce ability at performing
other tasks. But interestingly there are other conditions under which any
specialization increases efficiency ; that is, the black triangle does not exist.

The inferences from the models of Figures 5 and 6 can be summarized
in the following simplified way: In a constant environment, caste deter-
mination should evolve so that each caste becomes increasingly specialized
to its single assigned task.

3. If proliferation and divergence of castes are the expected consequences
of selection at the colony level, why have they not reached greater heights
throughout the social insects? In fact, these qualities vary greatly from
group to group and even from species to species within the same taxonomic
group. The only answer consistent with the theory is that, as in most
evolving systems, the various levels reached by individual species are
compromises between opposing selection pressures. The obvious pressure
that must oppose proliferation and divergence is fluctuation of the environ-
ment. From Figure 7 we can see that a long-term change can eliminate a
caste if the caste that supersedes it (by taking over its task through
superior numbers) is not very specialized. In this example, contingency 2
has been increased in frequency (or importance), shifting the contingency
curve to the right of the contingency 1 curve intercept of the W, axis.
Consequently, the number of caste 2 workers required to take care of
contingency 2 is also more than enough to take care of contingency 1. The
presence of caste 1 now reduces colony fitness, and if the environmental
change is of long duration, caste 1 will tend to be eliminated by colony-
level selection. In this case the species tracks the environment to acquire
a new optimal mix that just happens to eliminate the superseded caste.
Thus if the critical features of the environment are changing at a rate
slow enough to be tracked by the species but too fast to permit much
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Fic. 7—A long-term change in the environment can cause the evolutionary

loss of a caste, even when the task to which the caste is specialized remains as
common and important as ever.

specialization of individual castes, both the number and the degree of
specialization of castes will be kept low.

At another level, the critical features of the environment may be chang-
ing too fast to be tracked genetically, yet too slow to provide each colony
with a consistent average for the duration of its maturity. In this case,
a mix of specialized castes would be inferior to a few generalized forms able
to adapt to new circumstances.

In Figures 8 and 9 a relation is shown to exist between the degree of
caste specialization and the magnitude of change in the optimal mix which
is invoked by a given change in the environment. The castes represented
in Figure 8 are relatively unspecialized. Task 2 is shown to become some-
what less common (or less important), resulting in a shift of the contingency
curve toward the origin without a change in slope. As a consequence, the
optimal mix changes from one comprised predominantly of caste 2 to one
comprised predominantly of caste 1. In contrast, the castes represented
in Figure 9 are highly specialized; and a shift in the contingency curve
results in little change in caste ratios.

From the models presented in Figures 7-9, we can draw the conclusion
that species with unspecialized castes will have on the average fewer castes
and more variable caste ratios, and this effect will be enhanced in fluctuating
environments. The more specialized the castes become, the more entrenched
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they become, in the sense that they are more likely to be represented in the
optimal mix regardless of long-term fluctuations in the environment. Here
we have another, peculiar theoretical result of group selection; for, in

F1a. 8—If the castes are relatively unspecialized, small changes in the en-
vironment will result‘ in large changes in the optimal caste ratios.

Fia. 9—The more specialized the castes are in aggregate, the less change there
is in the optimal mix.
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classical population genetic theory, which entails individual selection, it is
the generalized genotypes and species and not the specialized ones that are
the more likely to survive in the face of long-term fluctuation in the environ-
ment.

EMPIRICAL EVIDENCE

No contingency curves of actual species have yet been drawn. At the
moment, the required steps of defining contingencies and measuring their
effects in natural populations seem technically formidable. Yet I can see no
way of probing very deeply into the evolution of castes except by this
means, or at least by comparable studies guided by an ergonomic theory
equivalent to the one offered here.

Turning to empirical information already available, we find that temporal
division of labor in insect societies has not been studied enough to permit
a comparison of “castes,” as broadly defined, among species and thus to
identify evolutionary trends of relevance to the theory. In order to test
the predictions of the ergonomic models in any manner, it is necessary for
the moment to fall back on available data concerning the purely physical
castes. Even this kind of evidence has an important limitation. Worker sub-
castes are known only from ants and termites. They are usually, although
not always, produced by a partition of the workers into a soldier subcaste
concerned primarily with defense and a minor worker (or pseudergate,
etc.) subcaste devoted to the remaining functions. These special conditions
make generalizations from physical castes to temporal castes an uncertain
step.

Nevertheless, the evidence from the physical castes does seem compatible
with the theory. We can recognize at least four phenomena that are better
explained by the present formulation than by any other, earlier explanations.

First, it turns out that the soldier caste has been lost secondarily in
some polymorphic ant lines, even where the defensive function surely still
exists (see Wilson, 1953). The possibility of just such an occasional para-
doxical development is predicted in Figure 7.

Second, physical castes are more frequent in tropical ant faunas than in
temperate ant faunas. This correlation, which I do not believe has been
investigated by previous authors, is documented in Appendix II. It is
consistent with the notion that castes always tend to proliferate in evolution
but are simultaneously being reduced in response to fluctuations in the
environment, the degree of response being proportionate to the degree of
fluctuation.

Third, the most specialized castes are found primarily in tropical genera
and species. The bizarre soldiers of ant genera such as Paracryptocerus,
Pheidole (Elasmopheidole), Acanthomyrmez, Zatapinoma, Camponotus
(Colobopsis), and of termite genera such as Nasutitermes, Mirotermes,
and Capritermes are all but limited to the tropics and subtropics. Poly-
morphism in temperate ant species, representing the less extreme members
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of Pheidole, Solenopsis, Monomorium, Myrmecocystus, and Camponotus,
is predominantly of the simpler form produced by elementary allometry.
This climatic correlation is consistent with the prediction from ergonomic
theory that specialization in castes already in existence should increase
indefinitely until countered by opposite selection pressures imposed by
fluctuations in the environment.

Finally, it is my subjective impression—but principally from field obser-
vations and so far unsupported by quantitative data—that, among ant
species, the more anatomically specialized the caste, the scarcer it is. If
proven true, this relation would be consistent with the result given in Figure
5 and in fact would be difficult to explain by any other hypothesis.

SUMMARY

The analysis of caste ratios and their effect on colony efficiency can be
approached by linear programming models. In the formulation offered here,
account has been taken of certain general features of organization and
behavior peculiar to insect societies; selection was assumed to be at the
colony level; and the optimization goal was given as the maximum produc-
tion of new queens and males by a mature colony whose size has an upper
limit characteristic of the species. Even in their elementary form, the
linear models here produced some interesting new conclusions, among which
are the following:

1. Different kinds of contingencies, for which distinet behavioral re-
sponses are evolved (e.g., invasion by enemies, larval hunger, nest fouling),
will be met by the colony as a whole in such a way that each kind of
contingency causes about the same amount of reduction in average queen
production.

2. Castes, including both physical variants and temporal behavioral
stages, will tend to be proliferated in evolution until there is one and only
one distinct caste specialized to meet each contingency.

3. The weight of workers belonging to a given caste at a given moment
will increase in evolution according to the frequency and importance of the
contingency to which it is specialized.

4. Under most, but not all, circumstances, it is of advantage to the colony
progressively to increase the degree of specialization of each caste.

5. The more specialized the caste becomes, and in general the more
efficient it becomes, the less will be its representation in the colony. This
inverse relation between ability and numbers, which is a consequence of
selection at the colony level, is the direct opposite of what would be pre-
dicted from selection at the level of the individual organism.

6. Proliferation of castes should be countered by those contingencies
whose changes in frequency through time are poorly autocorrelated and
paced so as to be difficult to track genetically. Certain changes in the
environment can result in a caste being dropped, a result that at first seems
paradoxical. This is due to the fact that, even though the caste is still the
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best one to handle a contingency that continues to be important, its pre-
sence nonetheless results in lowered efficiency of the colony as a whole.

7. The more specialized a caste has become, the less likely it is to be
dropped from the optimal mix due to fluctuation in the environment. This,
too, is the opposite of what would be expected if selection were operating at
the level of the organism rather than at the colony level.

8. Certain empirically determined qualities of physical castes in ants and
termites are consistent with the result of this ergonomic theory and, for
‘the moment at least, seem best explained by it.
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APPENDIX I

A Furier AccouNT oF THE CONSEQUENCES OF CASTE SPECIALIZATION

Following is a fuller explanation of the principles expressed under Figure 6.

Let p, be the slope of the contingency 1 curve before evolution and g, the slope
afterward; and p, the slope of the contingency curve 2 before evelution and ps after-
ward. Specialization on the part of caste 1 means that it becomes more efficient at
task 1, so that p, —> p,” must involve a decrease. On the other hand, the specializa-
tion to task 1 may or may not result in caste 1 becoming less efficient at task 2; if
there is any change at all, p, — p,’ therefore involves an increase.

A mandatory decrease in p, and an optional increase in p, results in the intersee-
tion of contingency curves 1 and 2 moving down and to the right. A new value is
reached which is one of a large convex set of values bounded by the triangle whose
coordinates are (ay, @), [—b/ps, @ — (bpi/p:)], and some values near but not equal
to [—(b/py), 0]. The second and third apexes are set by the 2’ curve being rotated
until it becomes parallel with the W, axis. This is what wounld happen in the extreme
case of caste 1 losing all ability to perform function 2,

Now let us define the stippled part of the sweep-out triangle, Before evolution, the
combined weight of the castes is @z 4 a, the sum of the coordinates of the upper
left apex of the triangle. This apex is simply the intersection of the original contin-
gency curves, 80 that &y and «; are related as follows:

ay = a4+ pa,,
ay = b - Paa.
Solving for ¢, and «, and then adding them,

a — pb
al=P2 [2)
P2 — M
a—b
@y = "7,
P2 ™ p
a—b a — pb
al+a‘2-= +P2 pl.

P2 T P1
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If &y + e is greater than the sum of the coordinates of the point within the sweep-
out triangle reached by increased specialization, the colony has reduced the com-
bined weight of caste 1 and 2 and thus increased efficiency. The coordinates and
sum of coordinates in the triangle are given by

W, =a + piW,,
W1 = b + P;W'h

a — b + o'a’ — olb’
7 7 *
Pz — M

W, + W,
And it follows that, when

a—-b+p2a~p,b>a'—-b'-l—p;a’-—p{b’
Pz — p1 Pz — p1

1

the increase in specialization results in inereased ergonomic efficiency, while the re-
verse relation results in decreased efficiency. If a caste increases its capacity to per-
form one task without losing ability to perform the other task, there will always be
an increase in ergonomic efficiency. This is intuitively apparent, and it can be con-
firmed by noting that under the given condition b = b” and p. = p,’; and since by
definition ¢ > o and

a— b4 p.a — pb a’ — b sa’ — plib]
o1 > o, P2 pib :i- pa0 = piby
Pz — P P2 — P1

always.
Finally, when

a,——b+p,b——p2a>a—-bp;+b
p— po P2 ’

any increase in ability at task 1 increases ergonomie efficiency regardless of the loss
of ability at task 2. This result is obtained as follows. The maximum sum of coordi-
nates that can be obtained in any sweep-out triangle is at the outer apex of that
particular triangle formed when the evolving ecaste loses all ability to perform the
function to which it is not specialized. This extreme situation is illustrated in Figure
6. The value b’, defined as the weight of caste 1 required to perform task 2 if left
by itself, approaches infinity. The coordinates of the outer apex of the sweep-out
triangle become

(b 2)

P2
and their sum is

a — bps -+ b.
P2

If the sum of the coordinates of the original intersection of contingency curves is
greater than this sum, then it is greater than the sum of coordinates of any other
point in the triangle. :

To summarize the conclusions of this argument, we can define widely ranging con-
ditions under which an increase in caste specialization in an unchanging environment
results in greater ergonomic efficiency, and much more limited conditions under
which it does not. If we could measure the contingeney curves in experiments, and
they should prove linear, we could then predict the permissible evolutionary path-
ways in caste evolution.
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APPENDIX II

VARIATION IN FREQUENCY OF SPECIES WITH PHYSICAL WORKER SUBCASTES
(“PovymorpHIC SPECIES”) IN DIFFERENT ANT FAUNAS AROUND THE WORLD

The data in Table 1 were compiled from taxonomic studies published by various
authors in the past 60 years. While the completeness of the collections on which the
studies were based varied greatly, there is no reason to doubt that each represents
a random sample of species as far as polymorphism is concerned.

An examination of these data reveals several trends, and lack of trends, of interest.
In the New World, the frequency of polymorphic species drops off in both the north
and south temperate zones. This is noteworthy because the genera and species are
mostly different at the two ends. There is a sharp decline also in going from North
Africa to the limits of the ant fauna in northern Europe. A slight decline is apparent
in temperate South Africa. Also, a slight decline is seen from the southern to the
northern Palaearctic region and from Australia to New Zealand. However, the re-
mainder of the Indo-Australian area does not display the same climatic trend. Trop-
ical Asia and Melanesia have a relatively low frequency of polymorphic species,
although not so low as most of the marginal cold temperate regions around the world.
There is a local increase going north into the Himalayas. There is no apparent trend
either way across Australia.

In general, then, there is a decline in polymorphism with increasing coldness of
climate everywhere in the world except in the Indo-Australian region. In the Hima-
layan region the reverse effect is seen.

Perhaps we should expect environments to be more fluctuating on islands and in
deserts, and polymorphism to decline accordingly. However, the data show this not
to be the case. The frequency of polymorphism on islands is consistent with that on
the nearest continent at the same latitude. The faunas of deserts may even increase
in polymorphism somewhat. But it appears that the overriding determinant on a
global scale is latitude.

In conclusion, the latitude effect is probably clear enough to be regarded as con-
sistent with the prediction from ergonomic theory. On the other hand, the lack of
an island or desert effect is not consistent with it—yet does not oppose it.
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