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QUANTITATIVE GENETIC VARIANCE MAINTAINED BY FLUCTUATING
SELECTION WITH OVERLAPPING GENERATIONS:
VARIANCE COMPONENTS AND COVARIANCES

AKIRA SASAKI!-2 AND STEPHEN ELLNER!-3
1Department of Biology, Faculty of Science, Kyushu University, Fukuoka 812-81, Japan
2E-mail: asasascb@mbox.nc.kyushu-u.ac.jp

Abstract.—The quantitative genetic variance-covariance that can be maintained in a random environment is studied,
assuming overlapping generations and Gaussian stabilizing selection with a fluctuating optimum. The phenotype of
an individual is assumed to be determined by additive contributions from each locus on paternal and maternal gametes
(i.e., no epistasis and no dominance). Recurrent mutation is ignored, but linkage between loci is arbitrary. The genotype
distribution in the evolutionarily stable population is generically discrete: only a finite number of polymorphic alleles
with distinctly different effects are maintained, even though we allow a continuum of alleles with arbitrary phenotypic
contributions to invade. Fluctuating selection maintains nonzero genetic variance in the evolutionarily stable population
if the environmental heterogeneity is larger than a certain threshold. Explicit asymptotic expressions for the standing
variance-covariance components are derived for the population near the threshold, or for large generational overlap,
as a function of environmental variability and genetic parameters (i.e., number of loci, recombination rate, etc.), using
the fact that the genotype distribution is discrete. Above the threshold, the population maintains considerable genetic
variance in the form of positive linkage disequilibrium and positive gamete covariance (Hardy-Weinberg disequilib-
rium) as well as allelic variance. The relative proportion of these disequilibrium variances in the total genetic variance
increases with the environmental variability.

Key words.—Hardy-Weinberg disequilibrium, evolutionary genetic stability, fluctuating selection, linkage disequilib-
rium, quantitative genetic variance, storage effect.

Received July 16, 1996. Accepted December 20, 1996.

The quantitative genetic variance that can be maintained
in populations has been one of the central issues in theoretical
population genetics. Parallel to the contrasting views on the
maintenance of protein polymorphism, several quite different
mechanisms are proposed for the maintenance of polygenic
variance, for example, the mutation-selection balance theory
(Kimura 1965; Bulmer 1972, 1980; Lande 1976; Turelli
1984) versus the pleiotropic overdominance theory (Bulmer
1973; Gillespie 1984). One might expect that if the environ-
ment fluctuates in time so that the optimal phenotype varies
between generations, the population should maintain much
genetic variance. However, this intuition was contradicted in
an early stage of the theoretical studies: in single-locus hap-
loid inheritance fluctuating selection cannot maintain any ge-
netic variance (Dempster 1955; Gillespie 1973). Although in
a haploid multilocus inheritance model, some schemes of
environmental fluctuation allow protected polymorphism in
each locus, thereby leading to the selective advantage for
positive recombination (Sasaki and Iwasa 1987), the general
consensus is that fluctuating selection does not promote ge-
netic variability (Felsenstein 1976; Hedrick 1986; Karlin
1988; Frank and Slatkin 1990), unless there is some kind of
hidden heterosis (Gillespie 1991).

The reason why environmental fluctuation fails to maintain
genetic diversity in these models is in the assumption that
all individuals of a given genotype face the same selection.
However, the intensity and even the direction of selection
often vary with the physiological and the ecological status
of each individual, for example, sex, age, size, morphological

3 Present address: Biomathematics Program, Department of Sta-
tistics, North Carolina State University, Raleigh, North Carolina
27695-8203.

stages, available food items, and specific patches in which
they settle. If we allow these factors, the model predictions
can be very different. For example, temporally fluctuating
selection can strongly promote the coexistence of competing
species and the genetic diversity of a single species, if a
fraction of the population is sheltered from the selection in
each generation (Chesson and Warner 1981; Ellner 1985;
Ellner and Hairston 1994). It is then possible for a currently
disadvantageous genotype to survive and see a good year in
the future, which favors genetic diversity (called ‘‘the storage
effect”” by Chesson and Warner 1981).

In the present paper, as in the accompanying ones (Ellner
and Hairston 1994; Sasaki and Ellner 1995; Ellner and Sasaki
1996), we assume the simplest population structure that al-
lows the storage effect to work, that is, a certain fraction of
the population is immune to natural selection on a given trait
in each generation. This is clearly a simplification of naturally
occurring processes, but would approximate the dynamics of
an iteroparous plant with selection acting only on juveniles,
and also organisms with dormant propagules (seeds and
eggs). Furthermore, the same model can describe a simple
metapopulation structure consisting of two different kinds of
patches, in which the trait is exposed to selection in one kind
of patch, but is selectively neutral in the other (e.g., by the
lack of predator or parasite, for a trait associated with resis-
tance to these species).

Assuming overlapping generations and stabilizing selec-
tion on a quantitative trait with a randomly fluctuating op-
timum, Ellner and Hairston (1994) showed that under suf-
ficiently large environmental fluctuations, no single allele can
resist the invasion of all other alleles, that is, the population
maintains nonzero genetic variance in any evolutionarily sta-
ble state (ESS). Sasaki and Ellner (1995) showed that if the
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phenotype of an individual is determined by one-locus in-
heritance, the stationary genotype distribution of the popu-
lation is discrete even when a continuum of alleles is allowed
to invade. Specifically, the population consists of a finite set
of alleles with the effects distinctly separated from each other,
and the number of alleles stably maintained in the population
increases with the environmental variability (Sasaki and ElI-
ner 1995; Ellner and Sasaki 1996). Diploid and multilocus
inheritance with arbitrary linkage (Ellner and Sasaki 1996)
or adding age structure (Ellner 1996) do not change the qual-
itative results in the sense that the genetic diversity is due
to polymorphism of a few alleles of widely separated effect
at a finite number of loci.

These results conflict with the basic assumptions of con-
ventional quantitative genetics models. First, the genotype
and phenotype distribution is quite different from the normal
or similar continuous distributions often assumed in quan-
titative genetics theory—indeed it consists of a set of point
probability masses. Even if random mutation generates
blurred tails around the point masses, it should be strongly
multimodal if the environmental variability is sufficiently
large. Second, our model predicts, for a broad class of pla-
tykurtic environmental fluctuations, that even if a large num-
ber of loci are contributing to the trait, the genetic variance
is due to polymorphic alleles with large effects at a small
number of loci, rather than alleles of small effect at a large
number of loci (the infinitesimal model; Bulmer 1980). The
main objective of this paper is to construct a theoretical
framework of quantitative genetics where the classical nor-
mality theory fails, and to derive predictions on the genetic
variance-covariance components maintained in the popula-
tion.

Contrasts with the classical theory appear in the predictions
for measurable genetic variance-covariance components. We
show that a large proportion of the total genetic variance
should be attributed to positive Hardy-Weinberg disequilib-
rium variance and positive linkage disequilibrium variance,
if fluctuating selection with the storage effect is responsible
for the maintenance of genetic diversity. Especially simple
and robust predictions can be made for the Hardy-Weinberg
disequilibrium (HWD) variance component: it contributes
half of the total variance in the limit of large environmental
variability, and in general is proportional to the squared se-
lection differential (changes in the differential mean phe-
notype by selection in each generation) independent of the
number of loci, the number of alleles in each locus, and the
linkage between loci. On the other hand, the variance due to
linkage disequilibrium, for environmental variability just
above the threshold for nonzero genetic variance, is propor-
tional to the product of allelic variances in each locus, and
is inversely proportional to the recombination rate between
the loci. These predictions may be help clarify the main factor
responsible for genetic variance observed in a natural pop-
ulation.

In deriving the variance-covariance components, we adopt-
ed two approximations: small allele effects and large gen-
erational overlap. In the first, the recursion equations for
central moments of phenotypic values (Barton and Turelli
1991) are examined. In general it is difficult to derive the
equilibrium values of moments to a given order, because they
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depend on the moments of still higher orders. A simple and
well-known exception is the normal theory in which any
moment can be expressed in terms of the first and the second
ones (see for example, Lande 1976; Bulmer 1980). Our ap-
proach here is based on the fact that the genotypes stably
maintained in the population should be a finite set of alleles
in a finite number of loci. This finite degrees of freedom in
such genotype distributions enables us to express any central
moments in term of a finite number of irreducible moments
(Weir and Cockerham 1988), as pointed out by Barton (1986).
Combining this with quasi-linkage equilibrium and quasi-
Hardy-Weinberg equilibrium assumptions (Barton and Turelli
1991; Nagylaki 1989) we find approximate variance-covari-
ance components when the total genetic variance is not very
large. We also derive approximate variance-covariance com-
ponents for the case of large generation overlap, using the
fact that changes in the genotype frequencies in each gen-
eration are small.

Strong selection with large fluctuations is required to main-
tain genetic variance in our model, so that different genotypes
are effectively exploiting distinct sets of limiting resources
(i.e., years with different phenotypic optima). This is anal-
ogous to the conditions for protected polymorphism in the
Levene model, where the selection regime varies spatially
rather than temporally (Maynard Smith and Hoekstra 1980).
The requirement for protected polymorphism in Levene-type
models become less restrictive if organisms can habitat select,
with each genotype actively seeking out habitat patches
where it can thrive. Presumably the same would be true if
temporal ‘‘habitat’’ selection were incorporated into our mod-
el, for example, if each dormant seed is more likely to ger-
minate in years favorable to its own genotype, but we do not
explore this possibility here.

Stong selection with large fluctuations would not be ex-
pected in most molecular traits, but are sufficiently common
to merit theoretical attention when we consider ecologically
important life-history traits. For example Hasselquist et al.
(1996) recently documented 30-50% differences in lifetime
reproductive success for male Great Reed Warblers with larg-
er song repertoires, due to genetic differences for which song
repertoire is an indicator. Endler (1986, see especially Fig.
7.1) found that published estimates of selection coefficients
on polymorphisms in natural populations were widely dis-
tributed from zero (neutral) to one (100% selection against
the least succesful type). Two recent studies of selection on
morphology, in medium Ground Finches Geospiza fortis
(Grant and Grant 1995) and in the annual legume Chamae-
crista fasciculata (Kelly 1992), found selection gradients that
were large (normalized gradients ~0.2-0.5) and that varied
between years in magnitude and (in some cases) also in di-
rection. Similarly, Hairston and Dillon (1990) found that se-
lection on diapause timing in the copepod Diaptomus san-
guineus was sufficiently strong and variable to cause ob-
servable year-to-year changes in trait mean, that correlated
with the density of the predators that impose the selection
for early diapause. Additional indirect evidence of fluctua-
tions in selection can be inferred from the large interannual
fluctuations in recruitment success of adults and of dormant
propagules, which can be up to one to three orders of mag-



