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1. INTRODUCTION
1.1. Overview

The elucidation of the evolution of altruism has been described as ‘““the central
theoretical problem of sociobiology” (Wilson, 1975, p. 3). While altruistic
“socially valuable but individually disadvantageous” (Haldane, 1932), traits are
by definition necessary for the functioning of semisocial and eusocial insect
societies in which workers exhibit reduced fertility (E. O. Wilson, 1971, p. 4), the
significance of altruism to the evolution of social systems in general may be
questioned. Nevertheless, if one accepts Wilson’s (1975, p. 7) definition of a
soclety as a group of cooperating individuals of the same species, it is useful
to consider the general problem of the evolution of cooperation from the
perspective of the “worst” case, in which cooperative individuals incur a cost
in fitness in order to benefit other members of the group.

The purpose of this paper is to review the major hypotheses which have been
advanced for the evolution of altruism under kin selection and group selection,
and to attempt to relate the various verbal and mathematical arguments which
have been applied to the problem. The theoretical context will be a population
genetic one. In this view, the model of evolution is one of gene frequency change;
strategy arguments based outside of the dynamical theory of genotype frequency
change are not addressed. First, mathematical models of kin selection are sur-
veyed and the results compared to the qualitative predictions proposed by
Haldane (1955) and Hamilton (1964a,b). Second, various definitions of group
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selection are reviewed and a general definition in the context of frequency-
dependent fitness is introduced. Third, mathematical models of group selection
incorporating assortment of migrants into demes, genetic drift, and randomly
fluctuating environments are interpreted in terms of Wright's (1931-1970)
shifting balance theory of group selection.

1.2. Definitions of Altruism

We begin with an operational definition of altruism. From Haldane’s (1932)
description, the presence of an altruist increases the fitness of other individuals
and as a consequence the altruist suffers a decline in his own fitness. However,
because fitness is a statistical property of the genotype rather than of the
individual, such a definition is necessarily incomplete. As commonly described,
altruism involves a decrease in fecundity in terms of number of offspring
(Wynne-Edwards, 1962; West-Eberhard, 1975) or a decrease in the probability
of survival (Lewontin, 1965; Dawkins, 1976, p. 5). Other definitions refer to less
well-defined qualities, such as productivity (Lin and Michener, 1972; Hamilton,
1964a) and welfare (Wiens, 1966). In Eshel’s (1972) group selection model,
which involves extinction of demes and genetic drift among haploids within
demes, a genotype is said to be altruistic if (1) in expectation the frequency of the
genotype decreases within demes and (2) the probability of extinction of a given
deme is 2 monotone decreasing function of the frequency of the genotype. While
this definition is sufficient within the context of group selection acting through
local extinction, the identity of the group and group fitness in a wider sense which
encompasses kin selection is not discussed. Several authors have maintained that
““evolution of altruism” is a contradiction in terms since it implies ultimately
“selfish”’ promotion of the altruistic genotype by some means (Haldane, 1932,
p. 210; Trivers, 1971; Lin and Michener, 1972; West-Eberhard, 1975; Dawkins,
1976, p. 38). For the purposes of the following discussion, the following partial
definition of altruism will be adopted:

Altruism involves the sacrifice of fitness on the part of a set of
individuals (the altruists) in order to increase the fitness of another
set of individuals within the group.

Fitness is well defined for a set of individuals as the average number of offspring
surviving to reproduce per individual in that set. In general, a set consists of
certain individuals identified by their genotype or position in society and a
number of such sets comprise a group. A more precise definition of a set and a
group will be given later. Under this definition, parental care may be recognized
as an altruistic trait (see E. O. Wilson (1975, p. 117) for a different view). In this
case, parents of the altruistic genotype comprise one set and their offspring
comprise another set. These two sets form the family unit, or group. Altruistic
parents perform services for their offspring and consequently suffer a reduction
in the number of additional offspring they produce. Most theoretical treatments
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have restricted attention to services performed by sibs on behalf of other sibs.
By constructing a class of genotypic fitnesses which (1) depend on the frequency
of altruits and (2) are functions of the probability that a genotype has altruistic
relatives, a unified theory of kin selection is possible.

2. KiN SELECTION

2.1. Definitions

In population genetics the basic tools are the recursion relations which describe
the change in genotype frequencies over time. To construct these, the mating
system among and fitnesses of the genotypes need to be specified. The classical
theory uses viabilities which are fixed for each genotype and which are constant
over time. The models we deal with in this paper are not of this kind. The
fitnesses of the genotypes (and in some cases phenotypes) depend on the
frequencies of the various types of individuals in the population which change
over time. Kin selection is one such case whose postulates we now outline:

(1) There are two phenotypes in the population to be called altruistic
and selfish.

(2) A fixed degree of relationship is specified for individuals between
whom altruism is to occur.

(3) The fitness of a given genotype is increased if individuals of that
genotype are relatives (i.e., related in the specified way) of individuals with the
altruistic phenotype.

(4) The fitness of a given genotype is reduced if individuals bearing that
genotype are of the altruistic phenotype.

Generally the types of relationship considered in the literature are parent—
child and sib-sib. Both Haldane (1955) and Hamilton (1964a) discuss these two
situations but most subsequent studies concentrate on the latter. The key
qualitative idea expressed by the above authors is that for “altruism’ to evolve
the ratio of the gain in fitness to the recipient to the loss in fitness by the donor
should be determined by “the degree of relatedness” between the donor and
recipient. T'wo terms are in quotes here. “Altruism’ needs further gemetic
specification because it is defined only in terms of the phenotype. The theory
considers a single diallelic locus with alleles 4, and A4, , say. One of these, say 4, ,
is altruistic in the sense that the genotype 4,4, is always altruistic. However,
for complete specification the phenotype of 4,4, must be known also. If 4,4,
is altruistic and 4,4, not, then altruism is dominant. If 4,4, is not altruistic,
then altruism is recessive. In general, 4,4, is altruistic with probability #,
a parameter which in population genetics measures the degree of dominance;
0 << h < 1. Situations other than 2 = 0, A = 1 are said to be of intermediate
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dominance. From a'population genetic standpoint it is obvious that the evolu-
tionary dynamics of altruism will depend on the degree of dominance. '

The second term requiring further explanation is “‘the degree of relatedness.”
In population genetic theory, the basic one locus relationship concept is the
probability that the two allelomorphs carried by an individual, 7, at a single
locus are identical by descent, i.e., that they are copies of the same allele in some
ancestor. This probability is the coefficient of inbreeding of that individual and
is written f, . The coeflicient of kinship between two individuals I and J, Fy;,
is the probability that two allelomorphs sampled from the same locus, one from
each of I and J, are identical by descent. This is obviously the same as the
inbreeding coefficient of a progeny of these two individuals.

Originally (1964a, b) Hamilton suggested that the appropriate measure of
relatedness between the recipient [ and the donor I should be the coefficient
of relationship between 7 and J, introduced by Wright (1922) and defined as

2FIJ FIJ

AT GAF IR0 TR (1a)

Michod and Anderson (1979) note the difficulty inherent in the use of a sym-
metric measure of relationship, such as the correlation r,,. Indeed Hamilton
(1972) suggested that the regression coefficient of recipient | on donor I
rather than the correlation was a more desirable measure of relationship.

TABLE 1

Regression Coefficients of Recipient | on Donor I for Various Sib-to-Sib Situations

Diploid® Sex linked
— vf4 — v/4
Sib to sib by = 2204 %
X
(no sex difference) rq Y TP
. . (xy + pg) — (f2 + mo)/4 xy + pg — v/4
Sister to sister by = AL o T
xy + pg xy + pq
— v/4
Brother to brother Same M_Pv_/-
q
— v/4
Sister to brother Same pq__v_/_
bg + xy
— vf4
Brother to sister Same g’_pq_v/_

o In the sex-linked case p = 1 — g is the frequency of 4 in females and x = 1 — y
that in males. v is the frequency of Aa in females in the sex-linked case. f; and m; are
the female and male heterozygote frequencies in the diploid case. In the diploid sib-to-sib
case, p = X, ¢ = y.
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However, he expressed this regression coefficient b, in terms of inbreeding
coefhicients:

bu = 2Fl.l/(l +fl)- (lb)

This is difficult to apply in dynamic situations of changing genotype frequencies.
Table I records the regression coefficients for the various cases of sib-to-sib
relationship as functions of the genotype frequencies.

2.2. Hamilton’s Principle

According to the postulates above, altruism is a disadvantageous phenotype
to its carrier but is advantageous to that group of relatives who are the recipients,
Hamilton proposed that altruism would increase in a population (from an
initially rare state) if the ratio & of the gain in fitness to the recipients to the loss
in fitness incurred by the donors is greater than the inverse of the coefficient of
relationship between the participants defined in (1a);

k> 1fr @)

in view of the remarks at the end of Section 2.1. Now it is well known that the
coefficient of kinship among diploid sibs is 1/4. The principle would state that
the gain to loss ratio should be greater than 2. On the other hand Hamilton
pointed out that among full sisters under haplodiploid inheritance, 7 = 3/4 so
that, according to the principle, the gain to loss ratio under his principle need
only be greater than 4/3. This observation is now widely believed to explain the
evolution of eusociality among the haplodiploid Hymenoptera (see E. O. Wilson,
1971, p. 327). Although originally the difference between the figures 1/2 and 3/4
was used to contrast the prominence of sociality among Hymenoptera against
its paucity among diploid insects, in more recent times Hamilton’s principle
has been used as a universal explanation for the evolution of sociality.

Our intent is to set up formal population genetic models which portray the
evolutionary dynamics of single-gene locus causing altruistic behavior. We shall
exhibit two reasonable ways to do this and highlight the different evolutionary
consequences. We hasten to add that just as the students of population vari-
ability in classical empirical population genetics have found it difficult to
attribute adaptive significance to simple genes and to reconcile the theories
with data, it promises to be extremely difficult to demonstrate that single genes
or groups of genes are involved in social behavior and to reconcile descriptions
of sociality with simple models like those we are about to discuss.

2.3. Simple Kin Selection Models

Consider a single-gene locus with alleles 4, and 4, . The altruistic phenotype
is denoted by 4, while N will be used for the nonaltruistic or selfish phenotype.
If 4, is dominant, then A4 can be either 4,4, or 4,4, ; if 4, is recessive, then
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only the genotype 4,4, is altruistic. The fitnesses of the genotypes are con-
structed first for the cases of sib-to-sib altruism most commonly considered in the
“sociobiology’” literature, namely, diploid and haplodiploid species. Then we
show how the same structure can be used for parent-to-offspring altruism. In
general the fitness of the genotype 4,4, will consist of two parts (Cavalli-Sforza
and Feldman, 1978). The first is a gain due to this genotype receiving altruism
from other genotypes. This is written in terms of a “gain” constant 8 as

$u=1+p (B>0) €)

where f; is the probability that 4,4, has an altruistic relative of the degree under
discussion. The second contribution to the fitness is a loss incurred by altruistic
genotypes in the performance of altriusm. In general if 4,4, is considered to be
altruistic, then 4,4, might be considered to be altruistic with probability A.
Then if y is the loss in fitness to 4,4, due to its altruism, the corresponding
loss to A, A, will be hy. There are thus two parts to the fitness as shown in
Table II.

TABLE II

Fitness Components for Altruism

Fitness Due to Altruism Given Fitness Due to Altruism Received

A4y 1 —y 1 + Bfn
A4y Y — hy 1 + Bfis
A4, : 1 1+ Bfes

How these two components of fitness are put together has been a matter of
disagreement. Hamilton in his original 1964 paper regards the natural way to do
this as additive. That is, the total fitness of 4,4, should be the arithmetic mean
of 1 —yand 1 + Bfy,, that is, 1 — /2 + (B8/2) f;, - In fact he defines —y/2
as the effect of the “personal genotype” of 4,4, with (8/2) f;, as the total of
“effects due to neighbors which will depend on their genotypes.” It is clear that
this additive structure was the one Hamilton had in mind. Charnov (1977) has
also used the additive form in further explicating Hamilton’s results.

For those used to thinking of events happening discretely in time it may be
more natural to model fitnesses as products of the separate components. In this
framework, the fitness of 4,4, would be (1 — y)(1 -+ Bfy;) with corresponding
products for the other genotypes. The conclusions for evolution in the two cases
are almost always different. In view of the weight placed on the results from the
additive model it is important to investigate the differences between the two
models. But first we must outline the process of construction of f;; .
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2.4. Probabilities of Altruism

The simplest case is where all individuals are diploid. One uses the usual
mating table (Table III).

TABLE III
Diploid Mating Table

Mating Frequency Offspring Probabilities
A4, 4,4, 4.4,
A4, x 4,4, u? 1 0 0
A A, x A,A4, 2uv % 3 0
A A, x A,A, 2uw 0 1 0
4,4, x A, A, v? 1 3 1
A, A, X Ay A, 2vw 0 .’ %
A A, x A4, w? 0 0 1

Totals  p* = (u + v/2)>,  2pg = 2(u + v/2)(w + v/2), ¢ =(w+ v[2)*

Here the frequencies of 4,4, , 4,4, , and 4,4, in the parents are %, v, and w,
respectively, with # 4- v 4+ w = 1. Further we have written p = u - v/2 as the
gene frequency of 4; with ¢ = 1 — p. Now what is the probability that an
A,A, offspring has a sib that is 4,4, , for example? To compute this note
first that the total probability that an offspring is 4,4, is p* Now a chosen
individual has genotype 4,4, and comes from the mating 4,4, x 4,4, with
probability #2, and all its sibs are 4,4, . A chosen individual has genotype 4,4,
and comes from 4,4, X A,A, with probability uv and half its sibs are 4,4, .
A chosen individual has genotype 4,4, and comes from 4,4, x A4, with
probability ©%/4 and one quarter of its sibs are 4,4, . The total chance that a
chosen A,A4, has sibs that are 4,4, is therefore

¥ 4 w2 + 016 ww | R
w4+ uy -+ ¥4 (u2+_2_+—1—6_)/1)2' )

In the same way, we can compute the probability that 4,4; has a sib that is
A,A; and construct a matrix (Table IV) of relationship for sibs which we call
M., . This matrix should be read as follows: The first row lists the probabilities
that an 4,4, has a sib who is respectively 4,4, , 4,4, , A3A, . The matrix M,
is well known to population geneticists (see, e.g., Li (1956)) in the form where
u = p% v = 2pq, w = ¢* We shall see later why it is inappropriate to make this
substitution in the present case.
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TABLE IV
Diploid Sib-Sib Matrix: My,

Sib 1/Sib 2 A4, 4,4, AsA4;
4,4, (u + v/4)*/p? 2v(u + v/4)/(4%) ©2/(16%)
4,45 v(u + v/D)/(4pg) - [(v/4)? + (u + v/4)(w + v/4](pg) v(w + v/4)/(4pq)
A4y v*/(164%) 2v(w + v/4)/(4¢%) (w + v/4)/¢®

Now we are in a position to construct f;; , the probability that a sib of genotype
A;A; has altruism done to it. Suppose that the degree of dominance is . Then
A, A, is an altruist with probability k. Adding the entries in the first columns to
h times those in the second columns for each row we have

fu = [(2 + v/4) + 2ho(u + v/4)/4)/p%, (5a)
frz = [v(u + ©/4)/4 + h{(v]4)* + (u + v/4)(w + v/4)})/pg, (5b)
foo = [0%/16 + 2ho(w +- v/4)/4]/¢". (3¢)

The case in which males are haploid and females diploid has received most
attention, primarily because of the interest of many of the earlier workers in this
field in social hymenoptera. But any sex-linked genetic system must obey the
same transmission-genetic rules.

The probabilities of altruism in the sex-linked case can be computed similarly
to the entries in M,,, . However, in this case, we must use , v, w to denote the
frequencies of 4,4, , 4,4, , A,A, females while x and y are the frequencies of
A, and A, males with u +ov+w=1 p=u-+192 g=1—p, and
x + y = 1. The matrix analogous to M,,, expressing the probabilities that a
sister of each genotype, say, has sisters of genotypes A4,4,, A,4,, A,A, is
denoted My, and can be shown in Table V, where 2 = xg + yp. The female
genotypic fitnesses incorporating fy; , fi5 » f3» are then constructed as in (5).

Now return to Table IIT. This mating table can also be used to compute the
probabilities that an offspring of genotype A;4; is the recipient of altruism

TABLE V

Haplodiploid Sister-to-Sister Matrix: Myp

Sister 1/Sister 2 A4, A, A, A4,
A4, (u + v/Dp v/4p 0
A A, ox/4z [uy + wx + o(x + y)/4l/z vyldz

4,4, 0 v/4q (w + v/4)lq
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performed by parents. For example, the total fraction of 4,4, offspring is p%
Of these, all offspring from the mating 4,4, x A,A4, are A, A, and have parents
who are 4,4, . But only half of the offspring of 4,4, x 4,4, are 4,4, . For
these the probability that a parent is 4,4, (assuming both parents are chosen
equally likely) is 1/2, under the assumption that the potentially altruistic parent
is chosen at random or that only one sex, say the female parent, is capable of
altruism. The total chance that 4,4, is chosen and has 4,4, as its parent is
therefore (2% + uv/2)/p? = ufp. In this way a parent offspring matrix can be
calculated and f;; computed. The details are in Cavalli-Sforza and Feldman

(1978).
2.5. Additive and Multiplicative Models

In Section 2.3, we mentioned that there are two more or less direct ways to
construct the overall fitnesses, ¢,;, of the genotypes A4;4;. They are the
multiplicative and additive models.

(I) Multiplicative:

b1 o (1 —y)1 -+ Bfu), (62)
b1z o (1 — hy)(1 + Bfra)s (6b)
boz o (1 + Bfon)- (6¢)
(IT) Additive:
¢l —y+Bfu, (Ta)
$12 € 1 — hy + Bfy,, (7b)
boe 1+ Bfrs . (7c)

The unifying feature here is that from the mating tables, either in the diploid
or the haplodiploid case, all the sib—sib cases and parent-offspring cases can be
resolved in matrices like M,;, and My, . For sib-to-sib altruism, Hamilton’s
original treatment was additive. Charnov (1977) expanded the fitness construc-
tion but the model was still additive. Even earlier than any of these studies is the
work of Williams and Williams (1957) whose diploid sib-sib model was multi-
plicative. A multiplicative model has also recently been studied by Charlesworth
(1978). Certain of the cases studied by Levitt (1975) and Templeton (1979) may
also be placed in the framework (6).

In addition to these studies work on brood selection can also be viewed as
frequency-dependent Darwinian selection. Such models as those of Maynard
Smith (1965) for the evolution of alarm calls and Blick (1977) belong in this
category. Generally the parameters in such schemes are constructed to represent
the particular type of altruism being modelled rather than a general phenomenon
of altruism. This results in the use of a larger number of parameters with
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concomitant difficulty of interpretation. The resulting evolutionary models are
special cases of frequency-dependent selection such as have been studied by
Cockerham et al. (1972).

The dynamic system of genotype frequency change is completed by using
(6) or (7) as the fitness configuration in a usual one-locus two-allele situation.
Writing #', ¢’, &’ for the genotype frequencies in the next generation we have
in the multiplicative case (6)

$u' = p*(1 — y)(1 + Bfu), (8a)
$v' = 2pg(1 — hy)(1 + Bfra), (8b)
Jw' = ¢*(1 + Bfa)s (8¢)

where the normalizer ¢, which is the sum of the right-hand sides, assures that
the values of ', v', w’ remain as frequencies, i.e., ¥’ + v + @' = 1. In the
same way using the additive construction (7),

' = p[1 —y + pfuil, (%a)
‘57/ = 2pq[1 — hy + Bfia), (9b)
$w' = g1 + Bfa). (%)

Of course if the system is sex linked a full five-dimensional series of equations
is required analogous to (8) and (9).

The first observation from (8) and (9) is that, in general, gene frequency
recursions alone are insufficient to describe the evolution. That is, it is not
possible to write p’ = %’ 4 v’/2 only in terms of p. This has been done by all of
the above-mentioned authors, except Levitt (1975) in the hope that the use of
the Hardy-Weinberg frequencies u# = p2?, v = 2pg, w = ¢* will produce
evolutionary answers close to the correct ones. We shall see shortly what are the
limitations of this approach.

Two evolutionary questions are asked of systems (8) and (9). First, when are
the boundary equilibria (# =0, v =0, w =1)and (u =1, v =0, w = 0)
stable ? In the case of (0, 0, 1), its instability means that the altruistic phenotype
increases when rare. Stability of (1, 0, 0) entails the fixation of altruism if it is
sufficiently common. Hamilton’s (1964a) principle states that the stability
conditions at these boundaries should be determined by the relationship between
the ratio /B and the coefficient of relationship defined by Eq. (1). The second
question asked of (8) and (9) concerns the existence and stability of polymorphic
equilibria, i.e., those at which 4, and A, are both present in appreciable
frequencies.

When dominance is intermediate (& 5 0, 1), the first of these questions is
answered by conventional local linear analysis. For every degree of relationship
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between donor and recipient mentioned above we have in the multiplicative
case
(0,0, 1) is stable if y > 2F}(8* + 2Fh), (10a)

(1,0, 0) is stable if y < 2F/(8-* + 2Fh + 1). (10b)

For every degree of relationship, when A = 0, local linear analysis at (1, 0, 0)
presents no problem and (10b) is valid with A = 0. Similarly when & = 1,
(10a) gives the condition for stability of (0, 0, 1). But with & = 0, local linear
analysis at (0, 0, 1) fails because the leading eigenvalue is unity. Similarly with
k = 1, linear analysis near (1, 0, 0) produces an eigenvalue of unity. Analogous
difficulties with 2 = 0 and k2 = 1 were noted in the studies by Levitt (1975)
and Matessi and Jayakar (1976). Nevertheless a second-order analysis can be
made in all of the usually considered cases: parent-to-offspring, sib-to-sib
diploid, and sib-to-sib sex linked (equivalently, haplodiploid). The results for
the multiplicative case (8) are displayed in Table IV with (10a) and (10b)
included for comparison. This table presents the bounds for y, the fitness cost
of altruism as a function of B, the gain in fitness obtained by recipients, and the
coefficient of kinship. For each relationship the first row shows the bounds on y
below which altruism is protected from loss. If y is below the value in the
second row, then altruism fixes.

It is clear from Table VT that as F increases, the bounds on y/8 become less
stringent (for fixed B). It is also clear that the relationship between y/8 and 2F
in this multiplicative model is not as the same as that suggested by Hamilton.
It is true that as B — 0, the relationship between y/B8 and 2F approaches
Hamilton’s rule. For positive values of B8 Table VI rather than Hamilton’s rule
describes the stability conditions.

For the additive case, (9), the results are given in Table VII. The results here
are seen to fit closely into the framework originally conjectured by Hamilton.

From Tables VI and VII, it is clear that Hamilton’s principle is to be viewed
as relevant only in the additive case, although even in the additive case it only
addresses the question of initial increase of the altruistic allele. In the multipli-
cative case no simple rule relating /8 and F can be extracted. It might be noted
that most of the results of Tables II and III obtain, even if the gene frequencies
are used, rather than genotype frequencies, in transformations (8) and (9).
However, the properties of the equilibria other than the states of fixation are
correctly obtained only via the use of genotype frequencies.

It is commonly argued that the reason sociality is more common in haplo-
diploid rather than diploid insects is that the condition on y permitting initial
increase of altruism is weaker in the former than in the latter case. Note, however,
that the conditions for increase of parent-to-offspring altruism are about the
same as for diploid sib-sib altruism. Yet parent-to-offspring altruism is probably
the most ubiquitous form of social behavior known. This apparent paradox is
discussed at length by Dawkins (1976, pp. 101, 115).
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3. DEFINITIONS OF GROUP SELECTION

3.1. Extinction and Group Selection

Lewontin’s (1965) formulation of group selection arises as an extension of the
three Darwinian principles of natural selection at the level of individuals within
populations:

(1) Variation in phenotype exists.
(2) There is a correlation in phenotype between parent and offspring.
(3) Different phenotypes have different reproductive success.

Phenotypic variation among demes is the sine qua non of group selection just
as genetic variance is essential to genotypic selection. Lewontin pointed out that
continuity in phenotype of demes between generations follows from continuity
in phenotype between parent and offspring. In extending the third principle
to groups, Lewontin drew an analogy between death of individuals and
extinction of demes and concluded that group selection is necessarily weaker
than individual selection because the expected time to extinction of a population
is most often greater than the lifetime of an individual. The interpretation that
group selection necessarily involves extinction of demes and is therefore less
effective than individual selection is widespread (e.g., Williams, 1966; Wiens,
1966; Dobzhansky, 1970; E. O. Wilson, 1973, 1975). In fact, Maynard Smith
(1976) has suggested that group selection be restricted only to those processes
which require extinction or survival of partially reproductively isolated groups.
However, this insistence on extinction as the fate of less fit demes under group
selection is precisely the sort of reasoning which contributed to the genetic
load controversy (see Haldane, 1957; Crow, 1958; Kimura and Ohta, 1971,
Chap. 4; Lewontin, 1974, Chap. 5). While the relationship between individual
death and “genetic death” (Muller, 1950) caused by natural selection is clear for
the case of recessive lethals, the arguments of genetic load have been extended
to general forms of natural selection (Crow, 1958). Just as the description of
selection on the level of the individual should not be restricted to recessive
lethals, the description of group selection should not be restricted to extinction
of demes possessing lower group fitness. Group selection may be “soft” as well as
“hard” (Wallace, 1968). By group selection, we refer simply to the process by
which certain demes make a greater genetic contribution to the next generation
relative to other demes (see Mayr (1970, p. 115) for a different emphasis).
A clear, general formulation of group selection has been presented several times

by Wright (1931, 1932, 1935, 1948, 1955, 1964, 1965).

3.2. Wright's Theory of Group Selection

Evolution, Wright (1931, p. 142) argued, “is not merely change, it is a process
of cumulative change.” Wright (1931, 1935) therefore felt that Fisher’s Funda-
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mental Theorem of Natural Selection offers an incomplete description of
evolution because without a mechanism for the production and preservation
of additive genetic variance, the process quickly exhausts the available variability
and is ultimately limited by the rate of mutation. Evidently, Wright believed
that the genetic variability which is preserved by Mendelian segregation is
insufficient to resolve the classical Darwinian paradox (see Fisher, 1958,
Chaps. 1 and 2; Lewontin, 1974, Chap. 5) of whether progressive change can be
sustained in the face of rapid depletion of between-individual variation through
blending inheritance. Evolution proceeds most effectively under conditions
which allow the preservation of variation between groups within the population
or species in such a way that the species as a whole may explore the surrounding
adaptive topography and seek out higher adaptive peaks even though it may be
necessary to cross intervening valleys. Those conditions include the sub-
division of the population into a number of partially isolated groups or demes
in which directed processes such as natural selection are balanced by random
processes such as drift. Population subdivision promotes the exploratory process
necessary for non-self-terminating advance through three effects. First, the
subdivision forms the basis for differentiation between demes through random
forces. Second, partial isolation of the demes preserves the interdemic variation
created by random forces. Third, the exploration of the adaptive topography
allows the location by some demes of higher adaptive peaks and the transfor-
mation of the entire population through differential migration from those demes.
Group selection is mediated through differential growth or expansion rather
than survival or extinction of demes (e.g., Wright, 1931, p. 151; 1932, p. 363;
1935, p. 265; 1949, p. 382; 1955, p. 17; 1964, p. 204; 1965, p. 86).

Wright suggested several random processes besides genetic drift which may
provide the essential variation among demes without the requirement of small
group size. Gene frequencies among migrants entering a given deme may
fluctuate due to sampling error of migrants (Wright, 1948, 1955). This source
of variation has been exploited in the assortment models which are discussed in
Section 4. Random deviations from the expected selective equilibrium among
the demes caused by fluctuating selection coefficients can also give rise to
between-deme variation (Wright, 1931, 1935, 1956, 1965) and this process is
also examined in Section 4. In addition, random variation in mutation rate
(Wright, 1955), in the migration rate (Wright, 1948, 1955), or in gene frequency
among individuals migrating from a large source population to the demes
(Wright, 1948, 1955) may lead to differentiation among demes.

3.3. Frequency-Dependent Definitions of Group Selection, Kin Selection, and
Altruism
Brown (1966) and E. O. Wilson (1973, 1965, p. 107) recognized the family as

a special type of group and kin selection as a special type of group selection.
Nevertheless, they consider selection on families and selection on populations
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to be distinct processes which must be investigated by means of different
mathematical techniques and which lead to qualitatively different evolutionary
predictions. In contrast, Williams and Williams (1957), D. S. Wilson (1975,
1977), and Matessi and Jayakar (1976) suggest that the theoretical formulation
of kin selection in diploid organisms and the conclusions derived from it arise
naturally from the assortment models of group selection.

The following definitions are consistent with the notions of kin selection,
group selection, and altruism used in the mathematical models discussed in the
present paper: ‘

(1) A group is the smallest collection of individuals within a population
defined such that genotypic fitness calculated within each group is not a
(frequency-dependent) function of the composition of any other group.

(2) Selection in a population in which such a structure of internal groups
exists is called group selection. If every group consists solely of a single genotype,
then we say individual selection is operating. If every group consists of a family
unit, then we say that kin selection is operating.

(3) A genotype or allele is said to be altruistic if

(a) relative to members of the same group the fitness of the genotype
or allele is less than that of other genotypes or alleles, and

(b) relative to members of other groups the fitness of members of
each group is a monotone increasing function of the frequency
of the genotype or allele.

Parental care is recognized under the definitions above as altruistic béhavior.
The group consists of the parents together with their offspring because the fitness
of each genotype among the offspring depends on the genotype of the parents.
In terms of the models discussed in Sections 2.3-2.5, the fitness relative to the
family unit of a parent of genotype AA is (I — ) and the fitness of offspring
of any genotype in that family is given by Egs. (6) and (7) for the multiplicative
and additive models. Across families, the fitnesses of the various genotypes
increase with f;; , the probability that the parents are of genotype A4 or Aa.
The AA and Aa genotypes are therefore considered altruistic.

Under the second definition, group selection is recognized as a type of
frequency-dependent selection encompassing the continuum from individual
selection to demic selection. Hamilton (1971, 1975), West-Eberhard (1975),
and Maynard Smith (1976) have suggested that the evolution of altruism
between individuals more distantly related than two randomly chosen individuals
be excluded from discussions of kin selection. However, specification of a
particular degree of relatedness as the limit of kin selection seems arbitrary
within the continuum of group selection as defined above. The functional
similarity among individual selection, kin selection, and group selection is
illustrated by the various interpretations of Darwin’s (1859) discussion of the
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evolution of worker sterility in insects. Darwin proposed that the worker trait is
favored by natural selection because the reproductive individuals which receive
benefits from workers tend to produce sterile workers among their own offspring.
Darwin described the worker trait as “advantageous to the community”
(p- 238) and referred to natural selection “applied to the family” (p.237).
Darwin’s proposal has been regarded as group selectionist (Hamilton, 1972;
E. O. Wilson, 1973) as well as kin selectionist (Ghiselin, 1974, p. 218; Scudo and
Ghiselin, 1975). Further, the “selection of the fertile parents which produced
most neuters with the profitable modification” (p. 239) may be interpreted as
an example of individual fertility selection. Crozier and Consul (1976) have
applied standard two-sex fertility models to the problem. This disagreement
over terminology indicates that distinctions between individual selection, kin
selection, and group selection arguments at least in this case derive primarily
from differences in emphasis rather than from differences in fundamental
concepts.

4. SusDIVIDED PoPULATION MODELS

Wright (1931) suggested that the conditions most favorable to long-term
evolutionary advance include group selection within a population subdivided
into a number of demes (islands), each of which receives a fraction of its residents
from a common migrant pool. Recent theoretical group selection models have
incorporated the migration structure of both Wright’s island model, also known
as the Deakin model (Deakin, 1966) and the Levene model (Levene, 1953),
which involves uniform mixing among the demes each generation. Specifically,
let x, represent the gene frequency in the ith deme and let « represent the fraction
of the population which consists of migrants. Then after migration, the gene
frequency in the sth deme is given as follows:

x=(1—o)x}+ &%, i=123..,M, (11)

where x; is the frequency in the ith deme after migration, x} is the frequency
in the ith deme after selection but before migration, ¥* is the average frequency
among all demes after selection, and M is the total number of demes in the
population. Depending on the magnitude of «, the island model may be used to
represent the continuum of migration schemes from completely isolated
populations (a = 0) to the Levene model (x = 1). Reviews of the theoretical
issues addressed by subdivided population models are presented by Christiansen
and Feldman (1975) and by Karlin (1976).

The average frequency among demes ¥* may be computed according to two
prescriptions which have come to be known as hard selection and soft selection
(Christiansen, 1975). Wallace (1968) introduced the notion of hard selection
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to describe modes of selection for which “genetic death” (Muller, 1950) is
directly reflected in deaths of individuals, such that segregation, recombination,
or any other source of genetic load implies a decline in population size relative
to a reference population consisting exclusively of the “optimum” genotype.
Alternatively, if population density is regulated independently of selection at the
locus in question, then selection is said to be soft (Wallace, 1968). Christiansen
(1975) extended these concepts to selection in subdivided populations. Under
hard selection the representation relative to the population as a whole of a given
deme is proportional to the mean fitness of that deme, while under soft selection
the relative contribution of the deme remains constant. Group selection may be
regarded as a kind of hard selection in that the group fitness or relative contri-
bution to the common mating pool of a given deme is a function of the genetic
composition of the deme. In the theoretical models constructed thus far, the
group selection function which determines the group fitness of the demes is
monotone increasing in the frequency of the altruistic allele, i.e., demes
containing high frequencies of the altruistic allele make disproportionately large
contributions .to the mating pool. For the island model in (11), the average
frequency of the altruistic allele in the migrant pool is given by

ok 2 cs'g(xi.G) xzm
= 2 cg(®e6) (12)

where ¢, is the proportion of the population residing in deme ¢ (3 ¢; = 1),
g(x) is the group selection function, x; ¢ is the gene frequency in the ith deme
when group selection is applied, and x, ,, is the frequency in the 7/th deme
immediately before migration. The function g(x) may represent group selection
operating through random extinction of entire demes or through a continuous
form of graded contributions by the demes. For the case of extinction group
selection, g(x) may be regarded as a random variable which assumes the values 0
or 1 corresponding to extinction or survival, respectively, with probabilities
which depend upon the gene frequency in the deme. For graded group selection,
2(x) is a monotone increasing function of the frequency of the altruistic allele and
represents the expected relative contribution of a deme containing frequency »
of the altruistic allele. It would be of considerable interest to develop theory
parallel to the above without the restriction to a single dimension imposed by the
Levene—Deakin model.

5. MobpELs oF GROUP SELECTION

5.1. Assortment Models

Haldane (1932) considered the case of complete isolation among the demes.
The group fitness of the tribe (deme) is defined as the mean fitness. The

653 [17/3-10
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altruistic allele decreases in frequency within the deme but confers a group
advantage on members of the deme relative to numbers of other demes. In the
absence of a mechanism for the creation and maintenance of between-deme
variation in frequency of the altruist, the frequency of altruists steadily declines
in the population although the group advantage may lead to the temporary
increase of the number of altruists in the population as a whole if their initial
frequency is sufficiently high. Haldane discussed the effect of random splitting
of groups as a source of between-deme variation but considered the conditions
under which altruism may evolve improbable.

Maynard Smith (1964) further developed the assortment model, allowing a
restricted form of interdemic migration. At the beginning of each season, demes
are colonized by a single mating pair. A season is assumed to be sufficiently
long that all demes are homozygous for the altruistic allele a or the non-
altruistic allele 4. At the end of each season, demes fixed for the altruistic allele
contribute (1 + K) individuals to the migrant pool relative to demes fixed for
the non-altruistic allele. A proportion 7 of females of all genotypes mate
assortatively only with males of the same genotype and the remaining 1 —
mate at random within the migrant pool. The recursion covering a complete
cycle in this model is given by

Py = pr+ (1 — r)(p* + 2pqu), 03

_ P +K)
T 1+ PK

where P, is the frequency of aa individuals at the end of the season before group
selection, p is the frequency of aa in the migrant mating pool, ¢ = 1 — pis the
frequency of A4 individuals in the migrant mating pool, and, following Boorman
(1978), u is the proportion of colonies founded by 44 X aa matings which are
fixed for a at the end of the season. The function f(P,) = P, is monotone in P,
and it can be shown that the equilibrium state depends on the magnitude of u
relative to r and K as shown in Fig. 1.

A fixation Unstable
globally stable polymorphism A fixation globally stable

| ¢ | 1
| 1 I I

1—7r—K 1— 1+ K) 12 t
20— 7 21 + K)Y1 — 1)

FIGure 1
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. Boorman (1978) constructed a similar model without assortative mating in
which demes are either (1) descendants of demes which survived the previous
period or (2) newly colonized by a single mating pair. Newly colonized demes
established by 44 x AA, AA X aa, and aa X aa matings become extinct
with probabilities E, ; E,, and E,, respectively. The older demes assumed to
have reached fixation of one of the alleles become extinct with probability E,
irrespective of genetic composition, If E, > (E; 4 E;)/2 the equilibrium state
depends on the magnitude of  in a manner similar to the Maynard Smith model
in Fig. 1. If E, < (E, 4+ E;)/2,.then for u in an intermediate range, a stable
polymorphism exists.

Generalized assortment models in whlch migration of haploids occurs each
generation rather than only at the ends of seasons have recently been investigated
by Hamilton (1971, 1975), D. 8. Wilson (1975, 1977), Charnov and Krebs (1975),
Matessi and Jayakar (1976), Cohen:and Eshel (1976), and Eshel (1977). These
models are characterized by Levene migration which involves uniform mixing
among the demes each generation and assortment of migrants into the demes
according to a probability distribution. Hamilton (1971, 1975, see also 1964a,
p. 11) drew an analogy between positive assortment of haploid altruists into the
same deme and kin selection as the means of producing a positive genetic
correlation between the donor and recipient of altruism. The discusison
(Hamilton, 1971, pp. 88-91) was phrased in terms of Wright’s F-statistics for
correlations between and within groups and seemed to imply that altruism can
evolve under even random assortment of altruists. However, on the basis of
consideration of fitnesses which depend 'linearly on the frequency of altruists
in the deme, Hamilton (1975), concluded that altruism cannot evolve under
random assortment as modelled by binomial sampling of migrants. Although
this conjecture has been repeated by D. S. Wilson (1975, 1977), the result is not
robust for more general fitness functions (Matessi and Jayakar, 1976; Cohen and
Eshel, 1976). Altruism can in fact evolve under a completely random assortment
of migrants into demes. -

The most general model of assortment greup selection for haploids is given
by Cohen and Eshel (1976). The tacit assumptions inherent in the other formu-
lations cited will be' discussed from the perspective of the general casée. The
construction of the model is presented in terms of Cohen and Eshel’s termi-
nology. The altruist suffers a selective disadvantage within the demes, but the
group fitness of a given deme, represented by the mean fitness, is a monotone
increasing function of the frequency of altruists in that deme. Altruists in deme ¢
founded by m altruists and # nonaltruists have fitness Wy;(m, n) within the
deme and nonaltruists have fitness W,,(m, n). After individual selection, the
frequency of altruists in deme 7 is given by

: . mWiy(m, n)
Y mWy(m, n) + nWy,(m, n)

(14)
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The group fitness of deme i is given by the mean fitness, the denominator of (14).
From (14), the contribution of deme 7 to ¥ is proportional to

8(%;.6) %;.m = mWyy(m, n).

The frequency-dependent local fitness function W,(m,n) is equivalent to
am, n) in Cohen and Eshel, to ¢ ,(x) in Matessi and Jayakar, and to the per capita
fitness of the altruist plotted in Fig. 4 of D. S. Wilson (1977). These authors
assume that the selective regime is identical across demes, so that Wy, (m, n) =
Wy(m, n) for all i. After random mating within the common mating pool, the
offspring return to the demes such that the frequency of altruists across demes
conforms to a certain assortment probability distribution. The probability that
a deme is colonized by m altruists and # nonaltruists is given by a(m, z; ¥),
where ¥ is the frequency of- altruists among the offspring produced by the
migrant pool. If individuals assort randomly into demes of equal size N,
a(m, n; x) represents the binomial distribution:

a(m, n; &) = (I'X)E"'(l — &), (15)

Other rules of assortment have been considered by Cohen and Eshel (1976),
Matessi and Jayakar (1976), and Eshel (1977). Summing over all demes according
to the probability distribution a(m, m; %) produces

f@ =% = i(—i%i—) . (16)
Wx) =Y a(m, n; X) mWym, n),

g(x) = Y, a(m, n; &) nWy(m, n).

The function f(#) in (16) corresponds to a one-dimensional recursion whose
equilibrium stability properties may be investigated using standard methods.
For the case of random assortment of migrant offspring into demes of fixed
size N, a(m, n; ¥) represents the binomial distribution in (15) and the condition
for increase of the altruistic allele upon introduction into the population in low
frequency is given by

Wy(1, N — 1) > W,(0, N) (17a)

and the equilibrium corresponding to fixation of the altruistic type is locally
stable if
WN,0) > Wy(N —1,1) (17b)

(Matessi and Jayakar, 1976; Cohen and Eshel, 1976). It is clear from (17) that,
contrary to Hamilton (1975) and D.S. Wilson (1975, 1977), altruism may increase
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under random assortment of migrants into demes for a large class of fitness
functions Wy(m, n) and Wy(m, n). There is a striking similarity between the
conditions in (17) for the model of group selection with assortment of migrants
and the conditions given by Levitt (1975) for his kin selection model. Matessi
and Jayakar (1976) outline the theoretical protocol for diploids whereby families
may be regarded as demes or groups and the rules of assortment are extended
to incorporate random mating and Mendelian segregation. In this sense, kin
selection emerges as a particular kind of group selection. Wilson (1977) also
discusses the connection between kin selection and group selection for the
haploid case with the additional intreduction of randomness in the proportions
of altruist and nonaltruist offspring produced by a mixed mating.

While the models considered by D. S. Wilson (1975, 1977), Charnov and
Krebs (1975), and Matessi and Jayakar (1976) are essentially identical to that
outlined above, those authors do not deal directly with the recursion in (16),
but rather propose criteria for the one-generation increase of the altruistic allele.
The function f(¥) in (16) is not necessarily monotone in ¥, and criteria obtained
from one-generation increments may not correspond to global or even local
stability conditions. In fact, Eshel (1977) shows that if both size and composition
of founding groups are Poisson distributed and if the overall rates of increase
h(x) and g(¥) are functions of the expected size of founding groups, then stable
cycling of the variables is possible. Even so, it is useful to seek conditions under
which the proposed verbal criteria for increase of altruists agree with the
conditions for increase over one generation obtained from Cohen and Eshel’s
(1976) formulation. The following comparisons are summarized in Table VIII.

TABLE VIII

Criteria for One-Generation Increase in Frequency of Altruists

Criterion Restrictions

E{mWy(m)] _ E[nWym)]

Cohen and Eshel (1976) — None
% 1—%
W, w,
Matessi and Jayakar (1976)  —ona(m]  EIWAm] - gt deme size — N
E(m) E(n)
E(m) = m
E(n) =n
D. S. Wilson (1975, 1977) WLE 4(m)] > W {Es(m)] Fixed deme size = N
Charnov and Krebs (1975) E(m) =m
En) =n

Linear fitnesses W, , W,
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From (16), the frequency of altruists in the migrant pool increases during one
generation when the following holds:

h(x)

—~
¥

> &) (18)

1— %

K

From their definitions; #(¥) and g(X) are expectations over the probability distri-
bution a(m, n; X¥) of the frequency of altruists and nonaltruists multiplied by
their fitnesses:

h(x) = E[mWy(m, n)],

(19)
g(¥) = E[nWy(m, n)].
Condition (18) may be rewritten as follows:
E[le_(m, n)] - E{nW,(m, n)] . (18)

X 1—&x

Matessi and Jayakar (1976) proposed that the frequency of altruists will
increase if the global fitness of altruists is greater than the global fitness of
nonaltruists. Global fitness of altruists and nonaltruists is defined as the expected
output divided by the expected input into the demes. In the terminology used
here, this criterion may be represented as follows:

E[mW,(m, n)] > E[nWy(m, n)] '

E(m) E(n) (20)

Condition (20) agrees with (18") only for the case in which (1) assortment occurs
such that E(m) = m (e.g., binomial sampling) and (2) demes are of constant size
(m 4 n) = N. Therefore, the criterion of Matessi and Jayakar (1976) does not
apply to the case of groups of variable size.

D. S. Wilson (1977) postulates that altruism will increase if the fitness of
altruists, calculated as the subjective frequency of altruists perceived by altruists,
is greater than the fitness of nonaltruists, calculated at the subjective frequency
of altruists perceived by nonaltruists. The subjective frequency perceived by
altruists is defined as the expected frequency of altruists residing in the same
group with certain individual 7, given that I is himself an altruist. The conditional
probability distribution over which the subjective frequency is calculated is
given by

Iisan
altruist

Iis in group
with m altruists

Prob ;

} = k(%)

. P ma(m, n; x) 17"
= ( — ZL_ " ) a(m, n; x) [Zmn (m _{m_a’:;a(m’ 1 (21)
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For the case of fixed deme size (m -+ n = N for all demes), (21) reduces to the
probability function given by Charnov and Krebs (1975) and the subjective
frequency of altruists perceived by altruists reduces to the subjective frequencies
in (1) of D. S. Wilson (1977). For the case of fixed deme size, expectations taken
with respect to the following probability distribution will be denoted E ;:

ma(m, n; x)

Koo ’
FA) = 5 matm, ;%) @)

where # = N — m. Expectations denoted Ejp are taken with respect to
Ki(x) = na(m, n; x) @

_Zn na(m, n; x)

The subjective frequency of altruists perceived by altruists is E,(m) and the
subjective frequency of altruists perceived by nonaltruists is Ez(m). According
to D. S. Wilson’s (1977) criterion, altruism will increase if :

WiE(m), N — E (m)] > Wy[Ep(m), N — Eg(m)], (23)

where W, and W, are the frequency-dependent local fitness functions as before.
Under the additional assumption of linearity of W, and W, , the order of function
and expectation may be reversed to produce

E [Wi(m, n)] > Ep[Wy(m, n)),

E[mWy(m, m)} _ E[nWs(m, n)]

E(m) E(n) ’ (139

where E without subscript denotes the expectation with respect to the probability
distribution a(m, n; &) as in (15). Therefore, D. S. Wilson’s (1977) criterion (23')
requires the following two additional assumptions besides the stated assumption
of equal deme sizes: (1) linear fitnesses W, and W, and (2) E(m) = m, as is true
for random assortment.

In his recent review of theoretical models of group selection, Wade. ( 1978)
distinguishes between sampling error due to drift and sampling error due to
assortment of migrants as sources of the between-deme variatiori which is
essential for group selection. However, it should be recognized that Wright—
Fisher drift among an infinite number of demes is mathematically equivalent
to the random binomial assortment model for demes of equal size. Across an
infinite number of demes, all possible genetic configurations attainable under the
Wright-Fisher binomial sampling model of drift are realized and the population
distribution of genetic states conforms to the expected probability distribution
for a single deme. Because all demes are essentially equivalent as a consequence
of the Levene migration structure together with the assumption of equal’ deme
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size, the distribution of genetic states across demes under random assortment
is identical to the distribution under genetic drift. A striking corollary to this
equivalence is that graded group selection operating on the variation produced
by drift alone in a large ensemble of demes can lead to the evolution of altruism
without extinctions of entire demes even under uniform mixing of demes each
generation.

5.2. Group Selection under Drift and Fluctuating Environments

The first group selection studies were concerned with the t-allele polymor-
phisms observed in the house mouse (Lewentin and Dunn, 1960; Lewontin,
1962; Levin, Petras, and Rasmussen, 1969). Because these investigations dealt
particularly with z-alleles, which are lethal or cause male sterility in homozygous
form, attention was restricted to a nongeneric group selection function which
specifies extinction only at fixation. This abrupt form of group selection is
similar to that postulated by Wallace (1968, p. 220) as an explanation for
observed polymorphisms of the X-linked SR gene which causes preferential
production of daughters by Drosophila males. Lewontin (1962), in his discussion
of measures of group fitness, noted that populations containing high frequencies
of the male-sterile #-allele have low rates of increase and are at a disadvantage
relative to other populations. However, because the demes were assumed to
be completely isolated, group selection in the form of differential emigration
among demes was not incorporated into the model. Levin et al. (1969) introduced
migration into their simulations, but because all demes were assumed to
contribute equally to the migrant pool irrespective of frequency of the normal
allele, migration represents a purely destructive force with respect to between-
deme variation rather than a means for the operation of group selection.

More general models of group selection assuming generic group selection
functions have been considered by Van Valen (1971), Boorman and Levitt (1973),
Levin and Kilmer (1974) and Gilpin (1975). Van Valen’s (1971) study was
designed to investigate the evolution of dispersal among demes undergoing
frequent extinctions. In the model, three haploid genotypes produce offspring
which exhibit differential tendencies to leave the deme to join a migrant pool
from which individuals are chosen to recolonize habitats after extinctions. No
between-deme migration beyond recolonization is allowed. The action of group
selection is not associated with extinction per se, but rather emerges as a
consequence of the fact that the migrant pool is a biased sample of the population.

Boorman and Levitt (1973) considered extinction group selection among a
number of demes, each of which receives a certain proportion of migrants every
generation from a source population which is characterized by a constant
frequency of the altruistic allele. Individuals cannot migrate among the demes.
The model was constructed with reference to the ephemeral island populations
of arthropods studied by Wilson and Simberloff (1969). Group selection is
introduced only after the demes have come to equilibrium under the forces of
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drift, selection within demes against the altruistic allele, and migration from the
source population. Because drift, selection, and migration are assumed to have
negligible effect relative to the time scale of extinction, the model reduces to a
culling process among the demes. The analysis focused on a description of the
class of group selection functions capable of sufficiently rapid elimination of
demes containing high frequencies of the nonaltruistic allele such that the
qualitative shape of the distribution of gene frequencies across demes can be
altered before extinction of the entire population occurs. Levin and Kilmer (1974)
presented a detailed simulation study of extinetion group selection which
operates every generation on the xame time scale.as selection and drift within
demes and migration among demes. First, selection against the altruistic allele
and drift occur. At this point, restricted migration is allowed between demes,
but because demes do not contribute differentially to the migrant pool, migration
cannot serve as an agent of group selection and acts only to destroy between-
deme variation. After migration, extinction of demes occurs according to a
continuous group selection function. Sites made vacant by extin¢tion are
recolonized by random samples of individuals from the migrant pool in a
manner similar to the assortment models described in the previous section.
Tt should be recognized (cf. Levin and Kilmer, 1974, p. 539) that this second
round of migration, which promotes group selection by contributing to between-
deme variation, is functionally distinct from the first round of migration, which
is destructive of between-deme variation.

Gilpin’s (1975) simulation model addresses the question of the evolution of
predator populations which refrain from overexploiting the prey, Drift within
demes produces variation between demes and allows fixation of the altruistic
allele. An extremely low rate of migration is allowed between demes. Because
overexploiting populations are assumed to contribute migrants at a higher rate,
migration represents group selection against the altruistic type. Extinction group
selection is modelled by a step function which eliminates all demes in which the
frequency of the nonaltruistic allele exceeds some threshold.

Related analytical group selection models have been investigated by Levins
(1970), Eshel (1972), and Uyenoyama (1979). Levins considered an ensemble of
demes among which no migration occurs. The population is characterized by
the distribution of gene frequencies across demes. This distribution is shaped
by extinction group selection favoring the altruistic allele balanced by recoloni-
zation by individuals from the migrant pool to which all demes contribute
equally or by splitting of demes. Variation among demes ariges from several
sources including drift within demes, assortment of migrants into sites made
vacant by extinction, and fluctuating selection coefficients. However, the
validity of Levins’ results is jeopardized by his use of highly questionable
methods for determination of the stability conditions for the distribution. On
the basis of stability criteria obtained by those methods, Levins concluded that
the average equilibrium frequency of the altruistic allele across demes can never
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be greater than zero under randomly fluctuating selection, contrary to the
predictions of Wright (1948, 1959). Eshel (1972) analyzed the conditions under
which altruism in haploids may evolve in a population consisting of an infinite
number of small demes among which migration occurs. The model specifies
the following sequence of events. First, dritt and selection against the altruistic
type occurs within each deme. The demes contribute equally to a migrant pool
which escapes group selection. At this point demes become extinct with proba-
bility determined by the group selection function which monotonically factors
demes containing higher frequencies of the altruistic type. After group selection,
individuals from the migrant pool return to the demes of which they constitute
a proportion «, and the cycle is complete. It should be recognized that because
of the structure of the model, the case of unitorm mixing (« = 1) corresponds
to elimination of group selection from the formulation as well as destruction of
all between-deme variation except for that produced by drift during a single
generation. Group selection through differential migration is not considered,
and hence migration may be interpreted solely as a force favoring uniformity
among demes. Eshel proved the following two powerful theorems:

(1) For arbitrary monotone group selection functions, there exists an «*
sufficiently small such that for o <C o*, the altruistic type fixes in the popylation
from all starting conditions independent of the degree of selective disadvantage
within demes.

(2) For arbitrary monotone group selection functions, there exists an &
sufficiently large such that for « > &, the nonaltruistic type fixes in the popu-
lation from all starting conditions.

Uyenoyama (1979) derived conditions under which graded group selection
and extinction group selection can effectively oppose selection within demes
against the altruistic allele at an autosomal locus in a diploid organism residing
in a fluctuating environment. Each deme independently undergoes individual
selection in which the fitness of each genotype is assigned as the value assumed
by a normal random variable having a known mean and variance such that in
expectation directional selection operates against the altruistic allele. Genetic
drift may also occur at this point. Demes send migrants to the commeon mating
pool according to the group selection function. The relative contributien of a
given deme to the mating pool and the probability that the deme becomes
extinct is a continuous monotone increasing function of the frequency of the
altruistic allele. After random mating, migrants return to the demes. The
assumption of the Levene migration model of uniform mixing (¢ = 1) reduces
the problem to one dimension, the frequency of the altruistic allele in the mating
pool, and allows the construction of a diffusion approximation into which
randomness due to fluctuating selection and drift may be incorporated in the
usual way. Group selection, therefore, acts only on the between-deme variability
which is produced during a single generation. As a source of variation, fluctuating
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selection is functionally distinct from genetic drift in that small demes are not
required. However, infinite population size within demes implies that upon
introduction the altruistic allele is represented in infinitesimal frequencies.
Group selection acts on between-deme variance (i.e., on second-order terms)
and is ineffective near the boundaries of fixation in infinite populations. Hence
the altruistic allele relies exclusively upon randomness generated by selection
for its introduction and protection from loss and can never fix in the population.
If environmental fluctuations are of sufficient magnitude to allow polymorphism,
group selection is capable of molding the stationary distribution of gene
frequencies assumed by the ensemble of demes. In small demes, both fixations
are attainable and all trajectories are ultimately absorbed there. In that case,
fixation of the altruistic allele is always possible and group selection uniformly
increases its probability. Drift is a more effective source of between-deme
variation than fluctuating environments at the boundaries and remains more
effective for a selective variance up to not insubstantial levels. Finally, graded
group selection is always more powerful than is extinction group selection in
fluctuating environments with or without drift. Any reduction in the number of
demes (e.g., through extinction) decreases the total amount of environmental
variation experienced by the ensemble of demes and reduces the effect of group
selection. Hence, the condition for initial increase of any allele, independent of
considerations of altruism, is more restrictive under extinction group selection
than under graded group selection, and extinction functions capable of greater
discrimination between demes require more restrictive conditions for initial
increase than neutral random extinctions.

6. DiscussioN

6.1. The Concept of Inclusive Fitness

As discussed in Section 2, Hamilton’s model (1964a,b) can be obtained from a
frequency-dependent brood selection model (Cavalli-Sforza and Feldman (1978))
without recourse to special definition of the concept of inclusive fitness. Oster,
Eshel, and Cohen (1977) proposed an expression for inclusive fitness which
incorporates the reproductive success of genes held by various relatives weighted
by coefficients of relationship. The reproductive success of a gene is computed
as the limiting number of genes identical by descent to the original gene in a
distant future generation. By definition, then, selection causes the gene with
highest inclusive fitness to increase in frequency. While this definition is self-
sufficient, it is difficult to construct a definition of an altruistic allele unless one
believes that the evolution of any trait necessarily implies selfish selection
at some point (see Section 1). The definition of Oster et al. (1977) is a literal
representation of Hamilton’s (1963) original concept of “‘inclusive’ genotype
reproduction.”
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Difficulties in terminology have been largely responsible for the separation of
Hamilton’s criteria from more traditional population genetic theories (cf.
E. O. Wilson, 1975, p. 120). In order to describe all selective forces in a common
language, the basic evolutionary process in population genetics is represented by
changes in gene or genotype frequency (Wright, 1940, 1942, 1970). Wright
(1931, p. 98) clearly distinguishes between fitness, which is a property of the
genotype, and reproduction and death, which are properties of the individual.
While there exists a statistical relationship between genotypic fitness and
individual reproduction, the mechanics of the process whereby differential fitness
is achieved should not be confused with fitness itself. While for the most part
the meaning is clear of mixtures of terms commonly used by population
geneticists, occasionally imprecision of language causes difficulties. Hamilton
discussed ‘“‘genotype reproduction” (1963) and “inclusive fitness of an
individual” (1964a,b). If we regard inclusive fitness as a measure of successful
transmission (“reproduction’) of the genotype, then clearly the discussion must
focus on the genotype rather than on the individual and inclusive fitness is in
fact identical to the genotypic fitness of traditional population genetics.

While Hamilton’s kin selection approach, most strikingly illustrated by
application to hymenopteran insect societies, has been of tremendous heuristic
value in assessment of the forces of frequency-dependent selection arising in a
given pedigree, the method is incomplete. Hamilton (1964b, p. 19) himself
presented the so-called axiom of kin selection only as a “generalized unrigorous
statement” summarizing the various interactions among genotypes. Various
authors including Lin and Michener (1972), Alexander (1974), and West-
Eberhard (1975) have discussed the shortcomings of Hamilton’s principle both
from the perspective of application of the theory to particular insect groups and
from the perspective of the theory in general. Lin and Michener (1972) question
the applicability of kin selection theories to the evolution of semisocial behavior
in hymenoptera which at best involves females helping sisters to produce nieces
rather than their own offspring. First, it should be recognized that because the
genotype of the male by assumption does not affect the fertility of a given mating,
the recipient gains the same amount of benefit whether the altruist improves the
recipient’s viability (as in the eusocial hymenoptera discussed by Hamilton) or
fertility (as in the semisocial hymenoptera discussed by Lin and Michener).
Second, the objection shifts the emphasis of the issue from the comparison of
coefficients of relationship to the more important derivative question: under
what conditions can altruism to the extent of sterility evolve? The multi-
plicative fitness model presented by Cavalli-Sforza and Feldman (1978) for
altruism between sisters in a haplodiploid system addresses this question.
Fixation of a sterile (y = 1) altruist can evolve in the case of intermediate
dominance only if
(3148 ”

=1 <TrGag



KIN AND GROUP SELECTION 409

and in the recessive case only if

(348
T+ADE 25)

Therefore, extreme altruism involving sterility of the altruist requires that the
recipient gain more than a threefold increase in brood size. The crucial question
with respect to the relevance of the theory to the evolution of existing hyme-
nopteran societies concerns whether the altruistic female can benefit her sister
to such an extent by reallocating resources which might have been devoted to
reproduction. Lin and Michener present examples of the amplification of benefit
which may result from cooperative behavior, but confine the discussion to
mutualism.

Alexander (1974) and West—Eberhard (1975) point out that Hamilton’s
example of his principle applied to haplodiploid systems does not extend to
fully diploid species such as the social termites. Curiously, Hamilton’s analysis
of the haplodiploid pedigree, which was originally intended simply as an
illustration of the principle of kin selection, has been received separately from
the principle itself. Hamilton’s criterion (1964b, p. 19) certainly does not
exclude the case of altruism in diploid species, and analytical results for the
diploid case have been obtained by Levitt (1975), Charnov (1977), Charlesworth
(1978), and Cavalli-Sforza and Feldman (1978).

Further, neither Hamilton’s criterion not its illustration incorporate the
effects of possible relatedness of the father, multiple inseminations, and the
degree of dominance. While the assumption that the father does not bear the
altruistic gene is probably valid for analysis of initial increase as discussed by
Haldane (1955), Hamilton (1964b) implies that his criterion has wider appli-
cability. In such cases, it is best to consider a full recursion system in all variables
such as those given by Levitt (1975) and Cavalli-Sforza and Feldman (1978) in
which matings between all possible pairs of genotypes are allowed. Multiple
insemination has been recognized as a serious complication by Hamilton (1964b),
Lin and Michener (1972), and E. O. Wilson (1971, p. 329), among many others.
Levitt (1975) has initiated study of the problem and has obtained results for the
case of altruism among half-sibs. Finally, analyses of Levitt (1975) and Cavalli-
Sforza and Feldman (1978) indicate that the conditions for the initial increase
and fixation of the altruistic allele depend upon the degree of dominance.
Deficiencies such as these serve to caution that Hamilton’s principle should be
regarded as a heuristic tool (as it was originally intended) rather than as a
mathematical theorem.

y <

6.2. The Evolution of Altruism and Wright’s ““Shifting Balance” Theory

The dynamic behavior of stochastic and deterministic forces possesses the
greatest potential for creative evolution (Wright, 1931-1970) and forms the basis
of Wright’s “‘shifting balance” theory of evolution. At the heart of the issue is

653/17/3-11
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the elucidation of random processes such as drift which are capable of producing
the interdemic variation of phenotype essential for group selection. The theory
has been criticized (e.g., Simpson, 1953, p. 123; Mayr, 1963, p. 520; Williams,
1966, p. 112) as requiring a delicate balance of factors and events which occur
too rarely to be of much general significance in evolution. In particular, those
authors have maintained that the extremely small migration rates and small
deme sizes required by the model are uncommon in natural populations. Because
Wright was originally concerned with the equilibrium variability among demes,
he stressed that a balance between isolation and communication must exist
among demes in order to both indefinitely preserve variation and to allow a
means for the spread of genes of general adaptive significance (Wright, 1931,
1945, 1949). However, Wright (1945, 1949, 1955) later expanded the discussion
to include forms of group selection which operate every generation on the same
time scale as intrademic processes. The recent analytical group selection models
discussed in the present review have been constructed in the spirit of these later
formulations. The assortment models discussed in Section 5.1 and the fluctuating
environment model of Uyenoyama (1979) show that altruism favored by group
selection may evolve even under uniform mixing among the demes. Further, as
predicted by Wright (1935, 1948), group selection can act effectively on the
interdemic variation produced by fluctuating selective pressures in indefinitely
large populations (Uyenoyama, 1979).

While Wright described group selection as the effect of excess migration from
vigorous demes having high mean fitness (see Section 3.2), Wynne-Edwards
(1962) exclusively invoked extinction of local populations to support his contro-
versial hypothesis that “all animal societies exist for the same primary reason,
which is to promote the optimum dispersion, i.e., optimum population size of
the species” (p. 276). In response to Wynne~Edwards’ interpretation of group
selection, a criticism often raised (e.g., Hamilton, 1963; Williams, 1966, p. 109;
Wiens, 1966; Dobzhansky, 1970, p. 426; Lewontin, 1965, 1970; E. O. Wilson,
1973, 1975, p. 106) is that group selection is necessarily weaker than individual
selection except in cases in which the expected time to extinction of a deme is on
the same order as the lifetime of an individual. As indicated by several of the
theoretical models discussed in Section 6 group selection acting only through
differential migration can effectively oppose individual selection against an
altruistic allele. In fact, extinction group selection is less conducive than emi-
gration group selection to the introduction of all rare alleles including altruistic
alleles (Uyenoyama, 1979). Wright (1964, 1970) recognized extinction as a result
of overexploitation of resources as a higher level of selection and reasoned that
a balance between increasing rates of reproduction and conservation of resources
will be achieved. However, it should be recognized that group selection may be
soft as well as hard; the ability of a deme to contribute disproportionately to
the next generation does not necessarily imply larger deme size. For example, if
demes are sufficiently dispersed such that migration between demes involves
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grueling treks across physical barriers or bodies of water, it is reasonable to
assume a priori that individuals weakened by starvation in overpopulated demes
are less likely to successfully survive the migration and compete for mates. Still
the mathematical models investigated thus far are silent on the issue raised by
Wright between differential group selection and extinction caused by over-
exploitation of resources in cases in which the two forms of group selection come
into conflict. '

We emphasize that Wright’s shifting balance theory encompasses evolutionary
discussions far beyond the interaction of group selection and altruism. The
shifting balance theory addresses the gradual process of transformation of a
population or species and the “descent through modification” (Darwin, 1859).
As the theory develops toward questions concerning higher levels of adaptation
and the origin of species, Wright’s discussions will continue to invite consider-
ation of increasingly complex organization and will remain a fertile source of
ideas and insight.
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