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The opposing Requirements in an evolving
ABSTRACT
population for a rapid rate of multiple gene substitution
and for the maintenance of normal population size can be
reconciled in a variety of ways. The ways out of the impasse suggested here invoke deviations from the usual
assumption of a large continuous population with constant numbers. In a colonial population system there may
be significant random fluctuations in the accidental mortality rate between different colonies; and those colonies
with reduced numbers of accidental deaths could tolerate
the larger number of selective deaths that go hand in hand
with rapid evolution. In new daughter colonies founded
by one or a few colonizing individuals from a large polymorphic ancestral population, some genes may reach
complete fixation in one or a few generations, without the
usual concomitant selective cost. Or, in the same setup,
the favored alleles may change by chance from rarei to
moderately common, but not to complete fixation, during
the founding of some daughter colonies; and this raises
the allele frequencies above the low range, where the cost
of selection is greatest, so that the cost of further selective
changes is bearable.

This problem has been extensively discussed in the population genetics literature since 1960. Haldane had postulated
certain conditions, such as effectively infinite population size,
constant selective values of the favored genes, and independence of the genes in respect to linkage and gene action.
Subsequent papers have mostly altered one or the other of
these conditions. Thus some of the genes undergoing replacement are assumed to be selectively neutral (5). The selective
values are not constant but "soft" or "flexible" (6-8). Special
modes of gene interaction are involved (9-15). The favored
genes are linked (16). Or the populations are finite and subject
to random fluctuations (17, 18).
We wish to suggest a different approach to the problem.
What is the bearing of population structure on the cost-ofselection restriction? We will consider two related models.
Our approach is similar to that of Kimura and Maruyama (18)
in that we consider the effects of finite population size; but
theirs is a purely mathematical treatment, whereas we discuss
the problem in terms of biologically realistic population set-

The cost-of-selection dilemma posed by Haldane (1, 2) refers
to the apparently incompatible relation between rapid multiple gene substitution and the maintenance of numerical
strength in an evolving population. The process of gene
substitution must be spread out over numerous generations if
the population is to maintain a sufficient strength in numbers
continuously, and this restriction places an upper limit on
the rate of evolutionary change. The restriction becomes more
severe with increase in the number of independent genes
undergoing substitution simultaneously.
Yet rapid evolutionary changes in genetically complex
characters do occur occasionally in various groups of organisms. For example, racial differentiation in quantitative
characters in Mimulus guttatus (Scrophulariaceae) has taken
place in 4000 years in certain recent habitats in Utah (3).
This herbaceous plant could pass through 4000 generations in
this time period. The character differences between races of
another herbaceous plant, Potentilla glandulosa (Rosaceae)
are due to allelic differences in at least 100 genes (4). If the
genetic differences between races in Mimulus are of the same
order as those in Potentilla, approximately 100 genes would be
undergoing substitution in 4000 generations. This estimate
errs on the conservative side as regards both the time element and the gene number. Complex evolutionary changes
which are more rapid than this example undoubtedly occur in
some situations in nature.
The paradox thus arises that some organisms have managed
to evolve at rates which apparently exceed the ceiling imposed
by a tolerable cost of selection.

ups.

The subdivided population
Wright (19-21) considered the evolutionary advantages of a
subdivided population in relation to the joint action of selection and drift. Let us extend Wright's concept to the cost-ofselection problem, following an earlier preliminary attempt by
one of us (22). The essential point in Wright's concept is a
random component in the variation in gene frequencies; the
essential point in our first model is a random component in
the accidental mortality rate.
Let us compare a subdivided population with a continuous
population of the same total size, N = 106. The subdivided
population consists of 1000 endogamous colonies of N = 1000
each. The intensity of selection is assumed to be the same in
the two populations and constant from generation to generation. The total cost of selection will also be the same in the
contrasting types of populations for the substitution of some
given number and type of genes. And the accidental mortality
rate is assumed to be the same overall in the continuous and
the subdivided populations.
At some point, determined by the interplay between the
number of genes involved, the rate of replacement, and the
accidental mortality rate, the combined total of selective
deaths and accidental deaths will take up all of the population's reproductive excess. At that critical point the cost of
selection becomes prohibitive. The population may then decline in size, in consequence of the high selective death rate,
and eventually become extinct. The decline is statistically
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inexorable in the large continuous population. But the subdivided population with its 1000 colonies has, in effect, 1000
trial parties to explore ways out of the course to extinction.
The accidental mortality rate, which is set at some level
for the subdivided population as a whole, as it is also in the
continuous population, is subject to random fluctuations in
the series of 1000 colonies. Different colonies experience
average, high, or low accidental mortalities during a succession
of generations. Most of the 1000 colonies will succumb due to
the combined total of accidental and selective deaths where
the selection is intense. But those sister colonies favored by
chance with lighter accidental mortalities can bear a compensatingly heavier burden of selective deaths without a
serious reduction in the number of adult individuals. A few
such colonies may be able to pull through a process of rapid
multiple gene substitution which would prove fatal to a single
large continuous population.
Founder populations

The second setup to be considered is that of a large ancestral
polymorphic population in a colonizing species. The ancestral
population gives rise to a series of daughter colonies founded
by one or a few colonizing individuals. The daughter colonies
begin with a non-random sample of the ancestral gene pool.
This setup has been discussed in relation to genetic revolutions by Mayr (14). It can also be considered in relation to the
cost-of-selection restriction on evolutionary rate.
It is generally agreed that previously rare alleles could be
fixed rapidly, by partly random factors, in one or a few generations during the founding of some new daughter colonies,
leading to rapid deviations from the ancestral condition.
The aspect which we wish to emphasize here is that the cost
of steady directional selection for the new alleles is evaded in
the case of the rapid deviation of the successful founder

populations.
A variant possibility is that the allele frequencies of some
genes change from low to middle values (rather than to complete fixation), during the early generations in a newly founded
colony. Now the cost of selection is greatest in the low range
of gene frequencies (9, 23). Let the frequencies of favorable
alleles rise above the critical lower level, and reach 10% or
more, for example, by processes other than selection alone.
Then the population, whether it remains small or becomes
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large, may be able to bear the cost of selection for all subsequent increases in frequency up to complete substitution.
Rapid multiple gene substitutions could be achieved with
fewer trial colonies by this pathway than in the other models
discussed here.
It should be possible to test these models experimentally
or by computer simulation.
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