[

Altruism in Mendelian Populations Derived from Sibling Groups: The Haystack Model
Revisited

Author(s): David Sloan Wilson

Source: Evolution, Vol. 41, No. 5 (Sep., 1987), pp. 1059-1070

Published by: Society for the Study of Evolution

Stable URL: http://www.jstor.org/stable/2409191

Accessed: 04/07/2009 14:07

Y our use of the JSTOR archive indicates your acceptance of JISTOR's Terms and Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of ajournal or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/action/showPublisher?publisherCode=ssevol.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is a not-for-profit organization founded in 1995 to build trusted digital archives for scholarship. We work with the
scholarly community to preserve their work and the materials they rely upon, and to build a common research platform that
promotes the discovery and use of these resources. For more information about JSTOR, please contact support@jstor.org.

Eocilety for the Sudy of Evolution is collaborating with JSTOR to digitize, preserve and extend access to
volution.

http://www.jstor.org


http://www.jstor.org/stable/2409191?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=ssevol

Evolution, 41(5), 1987, pp. 1059-1070

ALTRUISM IN MENDELIAN POPULATIONS DERIVED FROM
SIBLING GROUPS: THE HAYSTACK MODEL REVISITED

DAvID SLOAN WILSON
Kellogg Biological Station, Michigan State University, Hickory Corners, MI 49060

Abstract. — A group-selection model is presented in which each group is initiated by a single fertilized
female and persists for several generations before dispersal. Maynard Smith (1964) concluded that
altruism could not plausibly evolve under these circumstances. I show that his conclusion is an
artifact of a simplifying assumption that amounts to a worst-case scenario for group selection.
When the standard donor-recipient equations for altruistic behavior are used in Maynard Smith’s
model, Mendelian populations derived from sibling groups are often more favorable for the evo-
lution of altruism than are the sibling groups themselves. In general, long-term and large-scale
aspects of population structure may at times be important in the evolution of altruistic and other

group-advantageous behaviors.
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The early 1960’s marked two important
events in evolutionary biology. One was the
publication of W. D. Hamilton’s inclusive-
fitness theory (Hamilton, 1963, 1964a,
1964b; relabelled kin selection by Maynard
Smith [1964]), which predicted the evolu-
tion of altruistic behavior among genetically
related individuals. The second was the
publication of V. C. Wynne-Edwards’s
(1962) Animal Dispersion in Relation to So-
cial Behavior, which claimed that altruistic
population regulation is common in nature
and that it evolves by the process of group
selection. Wynne-Edwards’s argument was
based mostly on a review of possible ex-
amples and did not include an explicit mod-
el of the group selection process.

The case for group selection was so over-
stated and rested on such a weak theoretical
foundation that it seemed important to dis-
tinguish it from the better specified and more
limited process of kin selection. For this
purpose, Maynard Smith (1964) built a
group-selection model in which an imagi-
nary mouse species lives within haystacks.
Each haystack is colonized by a single fer-
tilized female, and the population within
each haystack grows for an unspecified
number of generations, after which all in-
dividuals disperse to colonize a new set of
haystacks. Two alleles, which code for al-
truistic and selfish behavior, exist at a single
locus. The altruistic allele declines in fre-
quency within each haystack but also in-
creases the number of mice from that hay-
stack that enter the pool of dispersers. Thus,

the allele is opposed by individual selection
and favored by group selection. Maynard
Smith concluded that the haystack model
cannot plausibly explain the evolution of
altruism, and that altruism in nature is
probably restricted to close relatives, as pre-
dicted by Hamilton’s theory.

In recent years the perceived relationship
between kin selection and group selection
has substantially changed (Michod, 1980,
1982; Uyenoyama and Feldman, 1980;
Wade, 1979, 1980; Wilson, 1977, 1980,
1983). Kin selection is seen not as a separate
mechanism for the evolution of altruism but,
rather, as a group-selection process itself.
Exactly as in the haystack model, the al-
truistic allele is selected against within each
kin group but also increases the contribu-
tion of that kin group to the global popu-
lation. The evolution of altruism by kin se-
lection requires the differential productivity
of kin groups.

If kin selection is itself a group-selection
process, then why does the haystack model
appear to be so ineffective? Since each group
is founded by a single fertilized female, in-
teractions are exclusively among siblings
during the first generation. If dispersal oc-
curred at this stage the haystack model would
be identical to kin selection among siblings.
It is tempting to conclude that the haystack
model works poorly because sibling groups
do not disperse but, instead, grow into Men-
delian populations. Maynard Smith’s con-
clusions could then be revised to state that
group selection becomes weak when several
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generations are spent within groups between
dispersal episodes.

A close look at the haystack model re-
veals, however, that this conclusion is un-
justified. To test the effect of group duration
it would be necessary first to specify fitness
functions, and then to follow the conse-
quences of those fitness functions for group
and individual selection as the number of
generations spent within groups is in-
creased. Maynard Smith did not do this but,
instead, made a simplifying assumption that
amounts to a worst-case scenario for group
selection. He assumed that, for all groups
that are polymorphic at colonization, the
selfish allele drives the altruistic allele ex-
tinct before dispersal. Individual selection
is as strong as it can possibly be, and the
altruistic allele survives only in groups ini-
tiated by a homozygous female carrying the
sperm of a homozygous male.

The evolution of altruism in Mendelian
populations derived from sibling groups is
therefore a surprisingly neglected topic. It
has been explored thoroughly only for biased
sex ratios, which, under some circum-
stances, qualify as altruistic traits. For this
specific adaptation, group selection can ex-
erta strong effect even when ten generations
are spent within groups between dispersal
episodes (Wilson and Colwell, 1981; Bul-
mer and Taylor, 1980; Charnov, 1982). The
altruistic allele is continuously selected
against within groups, but the differential
productivity of groups also increases. Thus,
the opposing forces of group and individual
selection both intensify, and the equilibri-
um is only slightly altered.

The results for sex ratios suggest that
Maynard Smith’s general conclusions may
be seriously in error. In this paper, I rean-
alyze the haystack model, using the additive
fitness functions employed by most kin-se-
lection models. The results confirm that, as
with sex ratio, altruistic behaviors can evolve
among individuals that are unrelated in
terms of immediate parents but closely re-
lated through an initial colonist.

The Model

Evolution within Single Groups.—Con-
sider a single locus with an allele (4) that
codes for altruism and an alternate allele (a)
that codes for selfishness. Let C = the clutch
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size of each female in the absence of al-

. truistic behavior. Altruists increase the fit-

ness of a single recipient chosen at random
from their group, with a decrement to their
own fitness. Let b = benefit to recipient of
AA genotype’s behavior, ¢ = cost to A4 ge-
notype, b = benefit to the recipient of 4a
genotype’s behavior, ic = cost to Aa ge-
notype (0 < £ < 1), N = size of a single
group, p = frequency of the A4 allele in the
group, and ¢, u, v = frequencies of the 44,
Aa, and aa genotypes in the group, respec-
tively. Absolute fitnesses can then be spec-
ified as follows:

W,,=C—c

+ b(Nt — 1) + hb(Nu) 1)

N-1
Wi.=C— hc
b(Nt) + hb(Nu — 1)
+ Vo1 2)
_ b(Nt) + hb(Nu)

Waa——C+~—————N_1 . 3)

Each altruist suffers the cost of its behav-
ior (¢ for A4 and hc for Aa genotypes). In
addition, each altruist is a potential recip-
ient for the other altruists, who distribute
benefits among N — 1 group members (ex-
cluding themselves). By contrast, nonaltru-
ists have the dual advantage of no cost and
a slightly higher expectation of receiving
benefits, since they serve as recipients to all
altruists in the group. The dual advantage
of selfishness is rarely stressed in the liter-
ature, but it is important in what follows.

When b and ¢ are positive, the fitnesses
of the genotypes are ranked W,, > W,, >
W, The altruistic behavior always de-
clines in frequency within single groups. On
the other hand, the altruistic behavior in-
creases the size of the group (and therefore
the fitness of the average individual within
the group) whenever b > c.

Equations (1-3) are the standard additive
fitness functions for modelling altruistic be-
havior; they are used here to facilitate com-
parison with the well known criterion for
the evolution of altruism among siblings.
When applied over several generations,
however, they cause the groups to grow ex-
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ponentially. To explore the evolution of al-
truism in groups that reach a carrying ca-
pacity, one version of the model employs
the following fitness functions.

_ N ;
Wpas = _1 + I(l — m)_(l — 25)
@
[ N
W= _1 + I(l - m)d(l -9
i 5
| N
Waa—_l +1<1 _M>J' (6)

Here, I is the rate of increase in the ab-
sence of density dependence, and K is the
carrying capacity in the absence of altruistic
behavior. The altruistic allele increases the
size of the group at equilibrium by a factor
(1 + xp), butis nevertheless selected against
by the factor (1 — s) in heterozygotes and
(1 — 25)in homozygotes. These fitness func-
tions are close to those used by Maynard
Smith (1964) and Wright (1945).

Population Structure. —The formation of
groups was modelled by Monte Carlo sim-
ulation and is represented pictorially in Fig-
ure 1. An initial global allele frequency (P)
is first specified (P = 0.5 for this example),
from which global genotype frequencies are
calculated. Genotypes can be thought of as
groups of two alleles with p = 0, 0.5, or 1.
At Hardy-Weinberg equilibrium the groups
are randomly drawn from a large gamete
pool.

Individuals throughout the global popu-
lation mate randomly to form six pair types
(A4 X AA, AA X Aa, AA X aa, Aa X Aa,
Aa %X aa, and aa X aa) in easily calculated
proportions. These may be thought of as
groups of four alleles with p = 0, 0.25, 0.50,
0.75, and 1, as shown in Figure la. Each
female then has a clutch of C offspring, who
interact only among themselves. Sibling
groups from A4 X AA, A4 X aa, and aa X
aa matings have only one genotype and,
therefore, only one allele frequency. The
others contain a mix of genotypes, random-
ly drawn from large gamete pools. For ex-
ample, 4a X aa matings produce sibling
groups with an average of ¢t = 0, u = 0.5,
v = 0.5, and a variance in the frequency of
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c) Mendelian populations
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d)Selection
Group 1 2 3 4 5
p 0 25 .50 .75 1.0
P’ 0 196 459 736 1.0
AP 0 -.054 -.041 -014 0
N 1000 1000 1000 1000 1000
N° 2000 2306 2525 2656 2700
AN 1000 1306 1525 1656 1700
Fic. 1. Graphical representation of the haystack

model. The x axis is the frequency of the A4 allele in a
local population (p), and the y axis is the proportion
of local populations that exist at a given value of p. a)
The distribution of mated pairs, which can be regarded
as groups of four alleles; b) the distribution of sibling
groups derived from the mated pairs; c) the distribution
of Mendelian populations derived from the sibling
groups; d) calculation of changes in frequency (p) and
density (N) for five local groups.

altruists of ¢,2 = 0.25/C. Sampling error
therefore causes three bell-shaped curves to
develop, as shown in Figure 1b.

If selection acts within each group at this
point, followed by dispersal back into the
global pool, then the simulation is identical
to the family-structured models of kin se-
lection reviewed by Michod (1982). Alter-
natively, the sibling groups can persist to
grow into Mendelian populations, which has
two effects in the absence of selection. First,
genotype frequencies reach Hardy-Wein-
berg equilibrium within each group. Sec-
ond, since reproduction involves sampling
from a large gamete pool, the variance in p
among groups increases with every gener-
ation, although the effect becomes small at
large group sizes. The greater variance
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among groups caused by reproduction is
represented in Figure lc.

Selection within groups is modelled in two
ways; 1) altruism expressed every genera-
tion and 2) altruism expressed once, after
the sibling groups have grown into Men-
delian populations. The latter case is bio-
logically plausible for altruistic responses to
high density, for example. A single round
of selection for five representative groups is
shown in Figure 1d. Equations (1-3) are used
as fitness functions with C=2,¢=0.5, b =
1.2, N = 1,000, and genotypes in Hardy-
Weinberg equilibrium. The altruistic allele
is selected against in all polymorphic groups
(Ap negative), but the density of groups after
selection correlates positively with p (com-
pare AN with p).

All individuals disperse after the last
round of selection. To calculate global allele
frequencies, the frequency within each group
must be weighted by the size of the group.
When this calculation is made for the five
groups in Figure 1d, the global allele fre-
quency after selection is P = 0.514. Group
selection overwhelms individual selection.

Most versions of the model were run with
T = 50,000 groups and initial P values of
0.05 to 0.95 in increments of 0.05. Change
in P was then calculated for a single cycle
of group formation, growth, selection, and
dispersal. The range of initial P values al-
lowed internal equilibria to be discerned.
For example, if AP is negative for P = 0.05
to 0.20, positive for P = 0.25 to 0.80, and
negative for P = 0.85 to 0.95, there is an
unstable equilibrium between 0.20 and 0.25,
and there is a stable equilibrium between
0.80 and 0.85. Version 6 of the model (see
below) explores a population structure that
requires several cycles of group formation
and dispersal to establish itself. This version
was run with 7' = 5,000 groups and initial
global P values of 0.05, 0.5, and 0.95.
Change in P was then followed for 50 suc-
cessive dispersal episodes.

Because group and individual selection
are influenced by numerous factors in the
haystack model, the simulation results are
presented in a stepwise fashion. Kin selec-
tion with interactions among siblings (ver-
sion 1) serves as the baseline against which
other versions will be compared. The other
versions are 2) sib groups grow into Men-
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delian populations prior to dispersal, 3) ge-
netic drift after the formation of sib groups,
4) selection acting every generation, 5) local
population regulation, 6) mating within
groups prior to dispersal and buildup of
variance occurring over several cycles of
group formation, and 7) interactions among
siblings within local groups. It is important
to emphasize that a given version is de-
signed to explore the effect of a single factor
and, therefore, may ignore other factors that
operate in any real-world structured popu-
lation. For example, one effect of the hay-
stack model is to increase the frequency of
homozygotes in the global population, but
this factor is not included until version 6.

It is clear from Figure 1 that group selec-
tion is enhanced by any process that in-
creases the variance in allele frequency
among groups. Kin selection is itself such a
process; groups of size C vary more when
initiated by two individuals than when ini-
tiated by C individuals arriving indepen-
dently. Another process is assortative mat-
ing; groups of size C vary more when
initiated by two individuals of the same ge-
notype than when the pair is chosen at ran-
dom. As we shall see, these sources of vari-
ation persist when the sibling groups grow
into Mendelian populations, and a variety
of additional sources come into play.

RESULTS

Version 1: Kin Selection.—Interaction
among siblings followed by dispersal serves
as a baseline against which other versions
of the model can be compared. At P near
zero, virtually all altruists exist in sibling
groups derived from 4Aa X aa matings, for
which p =0.25,t=0,u=0.5,v=0.5, and
the variance in the frequency of altruists
among groups is 0.25/C. Momentarily as-
sume that C is very large; the variance term
can then be ignored, as can the effect of
altruists removing themselves in the cal-
culation of benefits. Approximations of
Equations (2) and (3) then become

W= C — he + hbu )
wW,,= C + hbu. )

Altruists always have a lower fitness than
nonaltruists from the same group; however,
at P near zero, virtually all nonaltruists exist
in sibling groups derived from aa X aa mat-
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ings, for which t = 4 = 0 and W, = C.
Thus, the 4 allele increases in frequency
throughout the global population when C —
hc + 0.5hb > C, which works out to b/c >
2. The recipient’s gain must be greater than
twice the altruist’s cost. This is identical to
Hamilton’s (1963, 1964a) celebrated result,
which he obtained with his inclusive-fitness
approach. The same result holds for P near
1. Thus, the evolution of altruism appears
to be independent both of global allele fre-
quency and the degree of dominance (Mich-
od, 1982).

Small clutch sizes (C) have two opposing
effects on the evolution of altruism. Since
altruists cannot serve as recipients for their
own behavior, the effect of subtracting a sin-
gle altruist in the calculation of benefits for
the A4 and Aa genotypes can be significant
for small C [see Equations (1) and (2), with
N = (). Thus, small clutch sizes intensify
selection against altruists within groups. On
the other hand, small clutch sizes increase
the variance in allele frequency among
groups at the stage depicted in Figure 1b,
thus promoting the evolution of altruism.
The opposing effects of group and individ-
ual selection for P near zero can be com-
pared using the subjective frequency ap-
proach outlined in Wilson (1977, 1980).
Even though the average frequency of al-
truists in sib groups derived from Aa X aa
matings is # = 0.5, the average altruist ex-
periences a frequency of 0.5 + ¢,%/0.5 (in-
cluding itself). Inserting this “subjective
frequency” into Equation (2) with ¢,2 =
0.25/C and N = C, we obtain:

W,.=C— hc
0.5
. — -1
cfos %)
+ hb -1
= C + h0.5b — o). )

Altruists have a higher fitness than selfish
individuals from aa X aa matings when-
ever b/c > 2. Thus, Hamilton’s result is
independent of sibling-group size, but only
because C has two effects on the evolution
of altruism that exactly cancel.

Version 2: Multiple Generations within
Groups, Altruism Expressed Once, No Sam-
pling Error after the Formation of Sibling
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Groups.—Now suppose that the sibling
groups grow into large Mendelian popula-
tions, after which the altruistic behavior is
expressed once, followed by dispersal. Mo-
mentarily ignore the stage shown in Figure
Ic by assuming that no sampling error oc-
curs after the formation of sibling groups;
the allele frequency of a large population
before selection is identical to the allele fre-
quency of the sibling group from which it
was derived.

As for version 1, at P near zero we must
calculate the fitness of A4 alleles from pop-
ulations derived from Aa X aa matings.
Unlike sibling groups, however, the popu-
lations are in Hardy-Weinberg equilibrium
with all three genotypes present. Again as-
sume that initial clutch size (C) is very large,
so that all populations derived from 4a X
aa matings have allele frequencies of p =
0.25. The fitnesses of A4 and Aa genotypes
are then approximately

W, =C — ¢+ b(0.0625 + 0.375h) (10)
W,.=C— hc
+ b(0.0625 + 0.375h). (11)

Twenty-five percent of the 4 alleles exist
as homozygotes, and the rest are heterozy-
gotes. Weighting Equations (10) and (11)
accordingly and comparing them with the
fitness of a alleles derived from aa X aa
matings, we obtain the following conditions
for the initial spread of the altruistic behav-
ior.

b_ _025—0.75h
¢~ 0.6255 + 0375k

In sibling groups derived from Aa X aa
matings, half the individuals are phenotyp-
ically altruistic despite the fact that p = 0.25.
In Mendelian populations derived from the
sibling groups, the phenotypic expression of
altruism depends on the degree of domi-
nance (7). When 4 = 1, altruistic phenotypes
exist at a frequency of p? + 2pg = 0.4375,
and the behavior evolves when b/c > 2.29.
The frequency of altruists is slightly lower
than for sibling groups, and the evolution
of altruism requires a slightly higher ratio
of benefit to cost. When # = 0, only p? =
0.0625 of the phenotypes are altruistic, and
the behavior evolves only when b/¢ > 4.00.
Dominance becomes a critical variable for
the evolution of altruism.

(12)



a) Version 2

o>

1.0 1.2 1.4 1,6 18 2.0 2.2 2.4 2.6 2.8 3.0
b/c

b) Version 3

N o @

IN)

1.0 1.2 1.4 1.6 1.8 2,0 2.2 2.4 2.6 28 3.0

G=10 G

5

c) Version 4

8 G=3

1.0 1.2 14 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0

8
.6
1.0 [.75 /.50/.25
4
2

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 28 3.0

d) Version 6

FiG. 2. Results of Monte Carlo simulations. The x
axis (b/c) is the ratio of recipient’s benefit to donor’s
cost. The y axis (P) is the frequency of the altruistic
allele at equilibrium in the global population. Asterisks
indicate the presence of unstable equilibria (not shown),
in addition to the stable equilibria that are shown. C =
clutch size, G = number of generations spent within
the group, m = the proportion of within-group mating
prior to dispersal.

At P near 1 the a allele exists as aa and
 Aa genotypes in populations derived from
AA X Aa matings, which must be compared
with the fitness of A alleles in populations
derived from A4 X AA matings. The al-
trustic behavior spreads to fixation when

b 1 —0.75h
- >
¢ 0.4375 + 0.375h° (13)

When 4 = 1 the selfish a allele enjoys a
frequency of p?> + 2pg = 0.9375 altruistic
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phenotypes and can invade, unless b/c >

"~ 4.00. When % = 0 the q allele still enjoys a

frequency of p? = 0.5625 altruists and can
invade, unless b/c > 2.29. In both cases,
the frequency of altruists is higher than for
sibling groups derived from 44 X Aa mat-
ings, and conditions for the fixation of al-
truism are correspondingly more stringent.
Notice that for 2 = 1, altruistic behaviors
that fall within the range of b/c = 2.29 to
4.00 will be maintained as protected poly-
morphisms in the population. The evolu-
tion of altruism has become frequency de-
pendent.

The effect of clutch size is difficult to treat
analytically, but the qualitative trends are
straightforward. Small clutch sizes increase
the variance in p among sib groups (c,?).
For P =0.5, 5,2 =0.0936 when C = 2 and
0.0691 when C = 10. This effect persists as
the sib groups grow into Mendelian popu-
lations. Small clutch sizes also cause selfish
siblings to receive a disproportionate share
of the benefits, as previously mentioned.
This effect diminishes as the sib groups grow
into Mendelian populations, because the ef-
fect of subtracting a single altruist in the
calculation of benefits becomes negligible
for large values of N. Thus, group selection
is unopposed by individual selection, and
we expect small clutch sizes to favor the
evolution of altruism. This expectation is
confirmed by the Monte Carlo simulations,
as shown in Figure 2a for A = 1 and N =
1,000. For small values of C and P, large
populations are actually more favorable for
the evolution of altruism than are the sibling
groups from which they were derived.

To summarize, version 2 differs from ver-
sion 1 in only two respects: N > C and the
genotypes are in Hardy-Weinberg equilib-
rium. These two differences are profound,
however, and cause the evolution of altru-
ism to be influenced by global allele fre-
quency (P), the size of the initial sibling
group (C), and the degree of dominance (4).
Conditions for the evolution of altruism are
usually more stringent than in the case of
sibling groups, but for certain parameter
values they are less so.

Version 3: Genetic Drift after the For-
mation of Sibling Groups. —Sampling error
occurs whenever a sample is drawn from a
larger population. This can occur at repro-
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TABLE 1.
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Group and individual selection in three groups, with altruism {modelled by Equations (1-3)] expressed

every generation. The groups are derived from 44.x Aa, Aa x Aa, and Aa x aa matings respectively. Allele
frequency ( p) and density (V) for each group is shown for nine generations. The last two columns show changes
in allele frequency for all three groups combined. See text for explanation.

AA x Aa Aa x Aa Aa x aa

Generation P N P N P N P AP
0 0.750 5 0.500 5 0.250 5 0.500 -
1 0.750 20 0.466 18 0.212 16 0.496 -0.004
2 0.743 78 0.443 65 0.185 50 0.497 ~-0.003
3 0.736 305 0.422 229 0.162 150 0.505 +0.005
5 0.727 4,618 0.381 2,771 0.124 1,278 0.527 +0.027
9 0.692 1,041,306 0.293 353,699 0.066 76,978 0.563 +0.063

duction (when progeny are ‘“drawn” from a
large gamete pool) or as the result of mor-
tality (when the survivors are “drawn” from
a larger initial population). Every round of
sampling error increases the variance in al-
lele frequency among groups, thus improv-
ing conditions for the evolution of altruism.

The simulation studies of version 2 con-
sisted of two rounds of sampling error:
drawing mated pairs from the global pop-
ulation and drawing offspring from their ga-
mete pools. Sampling error beyond this point
was (unrealistically) ignored by assuming
that the p value of each Mendelian popu-
lation was identical to the p value of the
sibling group from which it was derived.
Version 3 adds one additional round of
sampling error, by allowing the second gen-
eration of size C?%/2 individuals to be ran-
domly drawn from the gamete pool of the
siblings. As with version 2, subsequent pop-
ulation growth to large values of N is as-
sumed to occur without changes in p. Figure
2b shows that conditions for the evolution
of altruism are substantially improved for
small clutch size but become negligible when
C = 10.

Additional rounds of sampling error have
not been explicitly modelled, but it is easy
to envision their effect. If the groups grow
exponentially to large numbers, then sam-
pling error can be ignored after the first one
or two generations. If the groups spend a
number of generations at low densities be-
fore increasing, however, or are periodically
reduced to low densities, then variance in
allele frequency among groups is further in-
creased, and conditions for the evolution of
altruism improved. In the extreme case, all
groups become fixed for one allele or the

other, and altruism is selected whenever
b/c> 1.

Version 4: Selection Acting Every Gen-
eration. —In this version, altruism is first
expressed among the siblings, with corre-
sponding changes in allele frequencies and
group size. The siblings then mate amongst
themselves (producing a population in
Hardy-Weinberg equilibrium but without
genetic drift, as in version 2), and altruism
is again expressed among their offspring,
with corresponding changes in allele fre-
quencies and group size. This process is re-
peated for G generations, after which the
groups disperse back into the global pool.

Repeated selection intensifies both group
and individual selection, as shown in Table
1 for three representative groups. Changes
in density and allele frequency within each
group were calculated by applying the fit-
ness functions (1-3) every generation, with
C=5h=1,¢=-0.5and b = 2.0. The
groups start as sib groups (generation 0), but
thereafter are in Hardy-Weinberg equilib-
rium. Within each group the A4 allele de-
clines in frequency every generation and
would go extinct in all groups if they re-
mained isolated for a long enough period of
time. However, the differential productivity
of groups also increases with every gener-
ation. From Table 1, the ratio of the most
productive to the least productive group is
only 1.25 after one generation and 13.53
after nine generations. The net effect on
global allele frequencies is shown in the last
two columns of Table 1. The balance shifts
slightly in favor of group selection, at least
over the first nine generations.

Figure 2c shows the results of the Monte
Carlo simulations for three sets of runs, in
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TaBLE 2. Group and individual selection in three groups, with altruism expressed every generation, as in Table
1, but with fitness functions (4—6) used instead of (1-3). See text for explanation.

AA X Aa Aa x Aa Aa % aa
Generation P N p N P N P AP
0 0.750 5 0.500 5 0.250 5 0.5 0
5 0.732 345 0.475 311 0.233 267 0.5006 +0.006
10 0.711 336 0.449 282 0.215 236 0.487 -0.123

which C = 5 and G = 3, 5, and 10. The
asterisks designate the existence of saddle
points. For example, when G = 5 and b/c =
2.2, there is a stable equilibrium at P = 0.80
(shown in the figure) and a saddle point at
P =0.10 (not shown in the figure). Altruistic
behaviors with a b/c ratio of 2.2 will be
selected against until they reach a global fre-
quency of P > 0.10, after which they will
be selected for to a value of P = 0.8. Saddle
points probably exist in this version because
the fitness functions (1-3) no longer are ad-
ditive when compounded over several gen-
erations. Figure 2c confirms the result of
Table 1; at least over the first ten genera-
tions, the evolution of altruism is favored
by increasing the number of generations
spent within groups.

Version 5: Imposing Carrying Capacities
on the Groups.— When the fitness functions
(1-3) are applied over many generations,
the groups grow exponentially as shown in
Table 1. Exponential growth followed by
dispersal accurately describes the popula-
tion dynamics of many species. For many
other species, however, a variety of density-
dependent factors can be expected to im-
pose a carrying capacity (K') on group size.
Two scenarios are of interest.

a) K isindependent of p. In this scenario,
groups with many altruists initially grow
faster than groups with few altruists (as
in Table 1), but all groups ultimately
attain the same carrying capacity. At
this point, group selection ceases to ex-
ist. Variance in p among groups means
nothing unless linked with differential
productivity.

b) K is a function of p. Here, altruists in-
crease the carrying capacity of the group,
even while declining in frequency with-
in the group. Fitness functions (4-6) are
intended to model this situation. Table

2 shows three representative groups for
which I = 1.8, K=200,x=1,and s =
0.02. Groups composed entirely of al-
truists (p = 1) have twice the carrying
capacity as groups without any altruists
(p = 0), but altruists are selected against
in all groups with coefficients of selec-
tion of 0.02 for heterozygotes and 0.04
for homozygotes. The groups approach
their carrying capacities in roughly five
generations. At this point, group selec-
tion is slightly stronger than individual
selection, and the global frequency of
the A4 allele (P) increases. With ensuing
generations, however, the balance shifts
in favor ofindividual selection. The dif-
ferential productivity of groups re-
mains roughly constant from genera-
tions 5-10, while selection continues to
operate within groups.

The variance in p for the three groups in
Table 2 is less than for the Monte Carlo
simulations, which include groups for which
p = 0and p = 1. When the same values for
I, K, x, and s are used in the simulations,
group selection prevails for values of G =
5and 10 but not for G = 15. If the coeflicient
of selection is reduced to s = 0.01 for het-
erozygotes and 0.02 for homozygotes, group
selection prevails when G = 15. Thus, in-
creasing the duration of the group can de-
crease conditions for the evolution of altru-
ism, but some degree of altruism still can
evolve when several generations are spent
within groups.

Version 6: Buildup of Variance over Sev-
eral Cycles of Group Formation, and Mating
within Groups Prior to Dispersal. — All of the
preceding versions assume that groups are
initiated by colonists drawn from a global
population in Hardy-Weinberg equilibri-
um. After reproduction has occurred within
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groups, however, the proportions of geno-
types totalled over all groups departs from
Hardy-Weinberg equilibrium, even in the
absence of selection (Falconer, 1981). For
example, version 2 assumes that at P near
zero, A alleles exist primarily in groups de-
rived from Aa X aa matings, with a local
allele frequency of p = 0.25. These groups
produce an appreciable number of AA
homozygotes, which ultimately disperse
back into the global pool. Specifically, dur-
ing the next round of group formation, 0.25
of the altruistic 4 alleles exist as 44 homo-
zygotes that form 44 X aa matings (the A
allele still is very rare globally, so 44 X AA4
and A4 X Aa matings can be ignored). Men-
delian populations derived from these mat-
ings produce an even greater frequency of
AA homozygotes, and after several itera-
tions of this process, fully a third of the 4
alleles exist in groups derived from 44 X
aa matings, with a local frequency of p =
0.50. Following the same procedure that led
to Equation (11), altruism can be shown to
spread when P is near zero if b/c > 1.846
forh=1andif b/c > 2.67 for h = 0. Thus,
by ignoring the buildup of variance in p that
occurs over several cycles of group forma-
tion and dispersal, the previous versions un-
derestimate the degree of altruism that can
evolve in Mendelian populations derived
from sibling groups.

Even more extreme levels of altruism can
evolve when genotypes mate within local
groups prior to dispersal. Obviously, when
P is near zero an appreciable number of
Aa % Aa, AA X Aa, and A4 X AA matings
occur within local groups of p = 0.25 and
p = 0.50 that do not occur when the ge-
notypes first disperse and then mate. Sim-
ulation runs that include both buildup of
variance and mating prior to dispersal are
shown in Figure 2d. The term m defines the
proportion of matings that occur within
groups. The other parameter values are the
same as for version 2, with C = 5and & =
1 (see Fig. 2a). Even moderate values of m
enable altruistic behaviors to evolve even
though these would be strongly selected
against by simple kin selection.

Version 7. Sibling Interactions within Lo-
cal Groups.—So far, the local groups have
been treated as simple Mendelian popula-
tions. Not only does mating occur at ran-
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dom (producing genotype frequencies in
Hardy-Weinberg equilibrium), but inter-
actions also occur at random, allowing fit-
nesses to be calculated from genotype fre-
quencies. It is likely, however, that the local
Mendelian populations themselves might
be subdivided into smaller trait groups
(Wilson, 1975, 1977) within which the in-
teractions occur. In particular, it is inter-
esting to examine the case of sibling inter-
actions within local groups. Clearly, when
P is near zero, Mendelian populations de-
rived from Aa X aa matings will themselves
create sibling groups derived from 4a X Aa,
AA % Aa, and A4 x A4 matings, increasing
the degree of altruism that can evolve. The
Monte Carlo simulations show that b/c val-
ues as low as 1.50 can spread to fixation,
even when the buildup of variance dis-
cussed in version 6 is ignored.

DiscussioN

The major difference between the hay-
stack model and simple kin selection (with
interactions among siblings) concerns the
number of generations spent within groups.
With kin selection, siblings interact and dis-
perse into the global population. In the hay-
stack model, the sib groups grow into Men-
delian populations that remain isolated for
several generations before dispersing into
the global pool. Maynard Smith (1964) con-
cluded that altruism cannot plausibly evolve
under these circumstances. His conclusion,
however, appears to be almost entirely an
artifact of a simplifying assumption that the
altruistic allele survives only in groups
founded by 44 females fertilized by A4
males.

In subsequent discussions of group selec-
tion, Maynard Smith (1976, 1982) pre-
sented an even more abbreviated model that
makes the same simplifying assumption.
Groups exist in only three states: 1) uncol-
onized, 2) p = 1 (altruists only), and 3) p =
0 (selfish types only). The selfish allele is
assumed to spread to fixation so quickly that
polymorphic groups are “too transient to
matter” (Grafen, 1984). This assumption
clearly cannot be justified biologically, for,
even with strong individual selection, many
generations are required to drive an allele
extinct.

When the same fitness functions are used
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to compare the haystack model with simple
kin selection, a complex pattern emerges.
The evolution of altruism depends on global
allele frequency (P), clutch size (C), the de-
gree of dominance (%), mating within groups
(m), and the number of times the altruistic
behavior is expressed. All of these variables,
however, are important only insofar as they
relate to the fundamental processes of group
and individual selection—the creation of
genetic variation among groups, the differ-
ential productivity of groups, and the selec-
tion within groups.

In general, highly altruistic behaviors can
evolve in Mendelian populations derived
from sibling groups, often surpassing the b/c
ratio of 2.0 that marks the limit for the sib-
ling groups themselves. At least in retro-
spect, this result should not be surprising.
Sampling error is a ratchet-like process that
increases the variation among groups for as
long as they remain isolated from each oth-
er. The formation of sib groups is only the
first turn of the ratchet. Subsequent turns
can only improve conditions for the evo-
lution of altruism. Individual selection
against altruism does intensify with the du-
ration of the group, but often it is matched,
and sometimes even exceeded, by intensi-
fying group selection for altruism.

Two implications of the revised haystack
model merit discussion; one concerns the
relationship between kin selection and group
selection, while the other concerns the ex-
istence of altruistic behaviors in nature.

The Relationship between Kin and Group
Selection.—Many aspects of evolution are
influenced by population structure, which
therefore has received careful attention from
population geneticists. Two approaches have
been taken; one explicitly follows the di-
vergence of isolated local groups, while the
other represents the divergence of local
groups with an inbreeding coefficient (F'),
or the closely related coefficients of kinship
(f) and relationship (r) (Falconer’s [1981]
terminology used), which measure the prob-
ability that interacting alleles are identical
by descent. Falconer (1981 Ch. 3, 4) is es-
pecially careful to stress that these are dif-
ferent ways of looking at a single process.
F, f, and r measure the degree to which iso-
lated lines have diverged from each other,
and from the base population from which
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they were derived, by repeated sampling
error. The base population can be spatially
subdivided into groups or behaviorally sub-
divided by breeding/interaction preferences
among the genotypes.

In contrast to general treatments of pop-
ulation structure, the group/kin selection
literature is remarkable for treating the two
approaches as separate processes that can
operate independently of each other (Wil-
son, 1983). Thus, kin selection, which relies
upon high coefficients of relationship among
interacting individuals, is thought to be a
plausible mechanism for the evolution of
altruism. Inbreeding increases the coefhi-
cient of relationship, often (but not always)
allowing even more highly altruistic behav-
iors to evolve (Michod, 1979, 1980, 1982;
Michod and Hamilton, 1980; Uyenoyama,
1984; Wade and Breden, 1981). At the same
time, group selection, which requires the ge-
netic divergence of isolated groups, is re-
jected as a mechanism for the evolution of
altruism.

Although the artificiality of this distinc-
tion is now widely recognized (see refer-
ences cited in Introduction), many authors
still feel the need to assert it, widely citing
Maynard Smith (1964, 1976) as support. As
one example, in his review of group and kin
selection, Grafen first describes Maynard
Smith’s (1976) model, concluding that the
conditions for the altruistic allele to spread
are ‘““too stringent to be realistic” (Grafen,
1984 p. 77). He then redescribes the same
process in terms of kinship and relatedness,
with a very different conclusion: “It is vital
to remember, of course, that when the pop-
ulation is grouped there may be unsuspected
kin links; and that in groups that last for a
number of generations, relatedness builds
up as the generations proceed” (Grafen, 1984
p. 84).

I hope that my reanalysis of the haystack
model will help to demonstrate the funda-
mental similarities between kin and group
selection, and the advantages of studying
the evolution of altruism with a levels-
of-selection approach. Coefficients of rela-
tionship can accurately represent simple
population structures, such as sibling inter-
actions when the parents are unrelated, but
become difficult to calculate and interpret
for the complex population structures de-
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scribed here. Furthermore, the genetic vari-
ation among groups expressed by the coef-
ficient of relationship means nothing unless
it is linked with differential productivity.
For additive fitness functions [such as Equa-
tions (1-3)], the benefit to the recipient can
be multiplied by r, providing a simple and
elegant solution. For more complex fitness
functions, such as Equations (4-6) or Equa-
tions (1-3) applied over several generations,
the solution is not nearly as simple and usu-
ally is not even attempted. In short, ap-
proaches using the coefficient of relation-
ship are well suited for simple population
structures and simple fitness functions, but
they provide less insight for more complex
situations.

In addition to reanalyzing the haystack
model, it also is interesting to reexamine
Maynard Smith’s verbal distinction be-
tween group and kin selection:

The distinction between kin selection and group
selection as here defined is that for kin selection
the division of the population into partially iso-
lated breeding groups is a favourable but not an
essential condition, whereas it is an essential con-
dition for group selection, which depends on the
spread of a characteristic to all members of a group
by genetic drift (Maynard Smith, 1964 p. 1145;
italics mine).

Maynard Smith placed great emphasis on
the idea that kin selection does not involve
any “improbable events,” while group se-
lection requires the altruistic allele to spread
to fixation within groups by genetic drift,
against the current of individual selection.
This was a common idea at the time, and
itisindeed a necessary feature of interdemic
group-selection models, in which the groups
persist indefinitely until driven extinct by
the selfish allele (reviewed by Wade [1978]
and Wilson [1983]). However, the haystack
model departs from interdemic models by
assuming that all groups periodically dis-
solve when their members disperse into the
global pool, to be replaced by a new set of
groups. The variance among groups gener-
ated by sampling error during colonization
and reproduction is not only probable, but
inevitable, given large numbers of local
groups. Nothing more is needed for the dif-
ferential productivity of groups to oppose
individual selection, as described by the
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various Monte Carlo simulations. Thus,
group selection does not require “improb-
able events” in the haystack model any more
than does kin selection. The essential con-
dition for both group and kin selection is
the division of the population into partially
isolated interaction groups (trait groups),
within which fitness is determined. The
breeding structure of the population is im-
portant only as it affects the interaction
structure.

The Existence of Altruism in Nature. —
Most sociobiologists expect to find altruism
expressed primarily among close relatives —
parents and offspring, siblings, cousins, and
so on. Inbreeding is thought to enhance the
evolution of altruism, but it is usually treat-
ed in the narrow sense of mating pedigrees
involving close relatives.

Inbreeding in the broad sense represents
all forms of population structure, so pre-
sumably all of the results presented here
could be restated in terms of coefficients
such as F, f, and r. This would not be very
useful operationally, however, nor would it
represent the intuition of sociobiologists.
Consider the dilemma of a sociobiologist
studying a species whose population struc-
ture approximates version 6 of the Monte
Carlo simulations. Unless there is some
foreknowledge of long-term colonization
and dispersal events, the sociobiologist may
well begin by studying a single large Men-
delian population. Within this population
there is no inbreeding and no preferential
interactions among relatives —unlikely con-
ditions indeed for the evolution of altruistic
behaviors. Yet the creatures are extremely
altruistic, with d/c ratios less than 2.0. The
species is indeed “inbred,” and the inter-
actions are indeed ‘“‘preferential,” but only
in reference to the global population and
through colonization events occurring sev-
eral generations ago, which are unknown to
the investigator.

Thus, the sociobiological focus on im-
mediate ancestry misses the long-term and
large-scale aspects of population structure
embodied by the haystack model. To the
extent that these aspects are important, al-
truistic behaviors will exist where socio-
biologists do not expect them.

This does not mean that extreme altruism
among seemingly unrelated individuals
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should be commonly observed in nature, or
that Wynne Edwards’s original claims are
now justified. In fact, probably very few
species have a population structure that ex-
actly approximates the haystack model.
Groups usually are initiated by more than
one individual, and migration between
groups takes place prior to global dispersal.
These events decrease the variance in allele
frequency among groups, thereby decreas-
ing conditions for the evolution of altruism.
Synchronized colonization, growth, and
dispersal obviously are stylizations, and dis-
persal is rarely truly global. No firm state-
ment can be made about more common
population structures until they are explic-
itly modelled (see Fix [1985] for an inter-
esting example). One of the beauties of the
levels-of-selection approach, however, is its
focus on a property of population structure
that can be measured apart from the com-
plex of events that created it—the variation
in allele frequency among local groups. Such
variation is frequently observed in natural
populations, and, to the extent that it is
caused by isolation and drift, large-scale and
long-term aspects of population structure
may well play a role in the evolution of
altruistic and other group-advantageous be-
haviors.

ACKNOWLEDGMENTS

This paper profited from my discussions
with A. B. Clark, R. Colwell, P. Taylor, R.
Michod, J. Maynard Smith, and M. Wade.
This research was supported by NSF grant
BSR 8320457.

LITERATURE CITED

BULMER, M. G., AND P. D. TayLor. 1980. Sex ratio
under the haystack model. J. Theoret. Biol. 86:83—
89.

CHARNOV, E. L. 1982. The Theory of Sex Allocation.
Princeton Univ. Press, Princeton, NJ.

FALCONER, D. S. 1981. Introduction to Quantitative
Genetics, 2nd Ed. Longman, London, U.K.

Fix, A. G. 1985. Evolution of altruism in kin-struc-
tured and random subdivided populations. Evo-
lution 39:928-939.

GRAFEN, A. 1984. Natural selection, kin selection and
group selection, pp. 62-84. In J. R. Krebs and N.
B. Davies (eds.), Behavioral Ecology: An Evolu-
tionary Approach, 2nd Ed. Blackwell, Oxford, U.K.

HamiLTon, W. D. 1963. The evolution of altruistic
behavior. Amer. Natur. 97:354-356.

DAVID SLOAN WILSON

. 1964a. The genetical evolution of social be-

havior I. J. Theoret. Biol. 7:1-16.

. 1964b. The genetical evolution of social be-
havior II. J. Theoret. Biol. 7:17-52.

MAYNARD SMITH, J. 1964. Group selection and kin
selection. Nature 201:1145-1147.

. 1976. Group selection. Quart. Rev. Biol. 51:

277-283.

1982. The evolution of social behavior—A
classification of models, pp. 29-45. In Kings Col-
lege Sociobiology Group (eds.), Current Problems
in Sociobiology. Cambridge Univ. Press, Cam-
bridge, U.K.

MicHoD, R. E. 1979. Genetical aspects of kin selec-
tion: Effects of inbreeding. J. Theoret. Biol. 81:223—
233.

1980. Evolution of interactions in family
structured populations: Mixed mating models. Ge-
netics 96:275-296.

. 1982. The theory of kin selection. Ann. Rev.
Ecol. Syst. 13:23-56.

MicHoD, R. E., AND W. D. HAMILTON. 1980. Coef-
ficients of relatedness in sociobiology. Nature 288:
694-697.

UvENOYAMA, M. K. 1984. Inbreeding and the evo-
lution of altruism under kin selection: Effects on
relatedness and group structure. Evolution 38:778-
795.

UYENOYAMA, M., AND M. W. FELDMAN. 1980. The-
ories of kin and group selection: A population ge-
netics perspective. Theoret. Popul. Biol. 17:380-
414,

WaDE, M. J. 1978. A critical review of the models
of group selection. Quart. Rev. Biol. 53:101-114.

. 1979. The evolution of social interactions by

family selection. Amer. Natur. 113:399-417.

. 1980. Kin selection: Its components. Science
210:665-667.

WADE, M. J., aND F. BREDEN. 1981. Effect of in-
breeding on the evolution of altruistic behavior by
kin selection. Evolution 35:844-858.

WiLsoN, D. S. 1975. A theory of group selection.
Proc. Nat. Acad. Sci. USA 72:143-146.

. 1977. Structured demes and the evolution of

group-advantageous traits. Amer. Natur. 111:157—

185.

1980. The Natural Selection of Populations
and Communities. Benjamin-Cummings, Menlo
Park, CA.

. 1983. The group selection controversy: His-
tory and current status. Ann. Rev. Ecol. Syst. 14:
159-187.

WiLson, D. S., aND R. K. CoLweLL. 1981. Evolution
of sex ratio in structured demes. Evolution 35:882—
897.

WRIGHT, S. 1945. Tempo and mode in evolution: A
critical review. Ecology 26:415-419.

WyYNNE-EDWARDS, V. C. 1962. Animal Dispersion in
Relation to Social Behavior. Oliver & Boyd, Edin-
burgh, U.K.

Corresponding Editor: M. K. Uyenoyama



	Article Contents
	p.1059
	p.1060
	p.1061
	p.1062
	p.1063
	p.1064
	p.1065
	p.1066
	p.1067
	p.1068
	p.1069
	p.1070

	Issue Table of Contents
	Evolution, Vol. 41, No. 5 (Sep., 1987), pp. 929-1148
	Front Matter [pp.1071-1071]
	A Test of the Chitty Hypothesis: Inheritance of Life-History Traits in Meadow Voles Microtus pennsylvanicus [pp.929-947]
	The Effect of Investment in Attractive Structures on Allocation to Male and Female Functions in Plants [pp.948-968]
	Genetic Consequences of Outcrossing in the Cleistogamous Annual, Impatiens capensis. I. Population-Genetic Structure [pp.969-978]
	Comparative Biochemical Genetics of Three Fire Ant Species in North America, with Special Reference to the Two Social Forms of Solenopsis invicta (Hymenoptera: Formicidae) [pp.979-990]
	Geographic Population Structure and Species Differences in Mitochondrial DNA of Mouthbrooding Marine Catfishes (Ariidae) and Demersal Spawning Toadfishes (Batrachoididae) [pp.991-1002]
	Random-Fragment Hybridization Analysis of Evolution in the Genus Neurospora: The Status of Four-Spored Strains [pp.1003-1021]
	Fifty Years of Interspecific Hybridization: Genetics and Morphometrics of a Controlled Experiment on the Land Snail Cerion in the Florida Keys [pp.1022-1045]
	The Dispersal Barrier in the Tropical Pacific: Implications for Molluscan Speciation and Extinction [pp.1046-1058]
	Altruism in Mendelian Populations Derived from Sibling Groups: The Haystack Model Revisited [pp.1059-1070]
	Aggression, Density, and Sexual Dimorphism in Chernetid Pseudoscorpions (Arachnida: Pseudoscorpionida) [pp.1072-1087]
	The Heritable Basis of Variation in Larval Developmental Patterns within Populations of the Wood Frog (Rana sylvatica) [pp.1088-1097]
	Phylogenetic Studies of Coadaptation: Preferred Temperatures Versus Optimal Performance Temperatures of Lizards [pp.1098-1115]
	Notes and Comments
	Repeatability of Locomotor Performance in Natural Populations of the Lizard Sceloporus merriami [pp.1116-1120]
	Effect of Cannibalism on Alternative Life Histories in Charr [pp.1120-1123]
	The Frequency of Lethal Alleles in Forest Tree Populations [pp.1123-1126]
	Transmission Rates and the Evolution of Pathogenicity [pp.1127-1130]
	Community Coevolution: A Comment [pp.1130-1134]

	Book Reviews
	Happy Birthday Motoo! [pp.1135-1136]
	untitled [p.1137]
	Dialectics-A Worthwhile Alternative [pp.1138-1139]

	Back Matter [pp.1140-1148]



