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Abstract.—In an unpredictably changing environment, phenotypic variability may evolve as a ‘‘bet-hedging’’ strategy.
We examine here two models for evolutionarily stable phenotype distributions resulting from stabilizing selection
with a randomly fluctuating optimum. Both models include overlapping generations, either survival of adults or a
dormant propagule pool. In the first model (mixed-strategies model) we assume that individuals can produce offspring
with a distribution of phenotypes, in which case, the evolutionarily stable population always consists of a single
genotype. We show that there is a unique evolutionarily stable strategy (ESS) distribution that does not depend on
the amount of generational overlap, and that the ESS distribution generically is discrete rather than continuous; that
is, there are distinct classes of offspring rather than a continuous distribution of offspring phenotypes. If the probability
of extreme fluctuations in the optimum is sufficiently small, then the ESS distribution is monomorphic: a single type
fitted to the mean environment. At higher levels of variability, the ESS distribution is polymorphic, and we find
stability conditions for dimorphic distributions. For an exponential or similarly broad-tailed distribution of the optimum
phenotype, the ESS consists of an infinite number of distinct phenotypes. In the second model we assume that an
individual produces offspring with a single, genetically determined phenotype (pure-strategies model). The ESS
population then contains multiple genotypes when the environmental variance is sufficiently high. However the
phenotype distributions are similar to those in the mixed-strategies model: discrete, with an increasing number of
distinct phenotypes as the environmental variance increases.

Key words.—Bet-hedging, evolutionarily stable strategy (ESS), genetic polymorphism, phenotypic variation, random
environment.
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Organisms typically face unpredictable temporal fluctua-
tions in their environment, and many theoretical studies have
examined the potential effects of environmental fluctuations
on evolution. Specific issues include the maintenance of ge-
netic variability within species; the rate of evolution at ge-
netic and phenotypic levels; the coexistence of competing
species; and the evolution of sexual reproduction, recombi-
nation, ‘‘bet-hedging,”” and phenotypic variability as adap-
tations to changing environments.

Here, we examine the effect of temporally fluctuating se-
lection on the evolution of a quantitative trait. We assume
that the trait is subject to Gaussian stabilizing selection with
a randomly varying optimum, and we allow generations to
overlap so that an evolutionarily stable population can have
genetic variance maintained by selection (Ellner and Hairston
1994). Two extreme models are considered. In the first, we
assume that each adult female can produce phenotypically
heterogeneous offspring and that the distribution of offspring
phenotypes is determined by the mother’s genotype. The
mother can then use phenotypic variability in her offspring
as a bet-hedging strategy against unpredictable selection act-
ing on her offspring. In the second, we assume that each
individual experiencing selection has a phenotype determined
(nonrandomly) by its own genotype. In this model, fluctuating
selection can maintain genetic variability (Ellner and Hair-
ston 1994), and the phenotype distribution is a function of
the allele frequencies in the population.

For both models, we ask what distribution of phenotypes
is present (in each generation or on average) when the pop-
ulation has reached an evolutionarily stable state, defined by
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the property that selection acts against any new mutations
(alleles or phenotypes not present in the population). Spe-
cifically, we examine the questions (1) Which environmental
structures favor the evolution of a single phenotype versus
phenotypically heterogeneous populations? (2) What array of
phenotypes is expected in the evolutionarily stable popula-
tion? (3) Under what conditions is the evolutionarily stable
state genetically polymorphic? (4) Is there any testable re-
lationship between the fitness of different phenotypes in an
evolutionarily stable population?

In this paper, we are interested in polymorphism, either
genetic or phenotypic, which is evolutionarily stable. Evo-
lutionary stability means that any mutant allele affecting the
phenotype distribution for the trait of interest, which is not
present in the wild-type population, will have lower fitness
than wild-type alleles. In the population genetics literature,
this has been formalized as ‘“‘evolutionary genetic stability’
(Eshel and Feldman 1982), which is the population genetical
version of the evolutionarily stable strategy (ESS) stability
concept of evolutionary game theory (Maynard Smith 1982).
The underlying biological assumption is that the alleles main-
tained in nature would be those that resist invasion by new
mutants.

The ESS stability criterion is more stringent than the usual
criteria for ‘“‘protected’’ polymorphism or ‘‘stable’ coexis-
tence among a fixed set of alleles or competing species. For
example, a two-allele polymorphism is protected if neither
allele drives the other to extinction. However, the same poly-
morphism would be evolutionarily unstable if there is a fea-
sible allele that could invade the diallelic population (‘‘fea-
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sible” means that it is within the constraints on possible
phenotypes; in our models, any distribution of offspring is
assumed to be feasible).

Thus, our results will differ from previous studies of the
conditions under which fluctuating selection can maintain
protected genetic polymorphisms (e.g., Gillespie 1972, 1973,
1991; Karlin and Lieberman 1974; Seger and Brockmann
1987; Frank and Slatkin 1990). One important example is
the predicted relationship between environmental variability
and the maintenance of genetic variance. By the storage effect
of generation overlap (Chesson and Warner 1981), any non-
zero level of variability is enough to maintain two suitably
chosen alleles in a protected polymorphism, in either of our
models. In contrast, we show below that polymorphism is
never an ESS in the mixed-strategies model, and polymor-
phism is an ESS in the pure-strategies model only when the
environmental variability is sufficiently large (Ellner and
Hairston 1994).

Life-history strategies in changing environments often
have been discussed in terms of Levins’ graphical method of
“fitness sets”” and ‘‘adaptive function” (Levins 1962, 1968).
No doubt Levins’ theory is one of the most successful in
evolutionary ecology, and has yielded a number of fruitful
applications (e.g., Schaffer 1974; Venable 1985). However,
Levins’ methods are applicable only when the environment
fluctuates between two values (e.g., good years and bad
years). As a result, Levins’ theory does not predict the evo-
lutionary outcome for more general patterns of environmental
fluctuations. Models with more general environmental fluc-
tuations have been analyzed, but with a priori restrictions on
the possible phenotype distributions in order to make the
analysis tractable. For example it is commonly assumed that
the phenotype distribution for any single genotype is discrete,
consisting of a finite number of distinct types, rather than
continuous (e.g., Venable 1985, Brown and Venable 1986,
Yoshimura and Clark 1991). Slatkin and Lande (1976), how-
ever, assumed a Gaussian distribution with genetically de-
termined variance and obtained the condition for the evo-
lution of increased variance. Bull (1987) extended Slatkin
and Lande’s results to obtain ESS phenotypic variance, as-
suming also a Gaussian distribution. Our models allow very
general patterns of environmental fluctuations, and arbitrary
phenotype distributions. Not surprisingly, we find that the
ESS phenotype distribution may be very different from what
Levins’ theory predicts. However, our results provide some
justification for the assumption that the distribution of phe-
notypes is discrete.

Genotype-Frequency Dynamics

We consider a model with density-dependent selection re-
sulting: from intraspecific competition in a phenotypically
heterogeneous population. Two different population models
give rise to exactly the same selection equations, which we
then analyze. For simplicity, we first describe the population
models assuming haploid inheritance.

The first is the ““lottery model’” of competition for living
sites (Chesson and Warner 1981). Let M be the total number
of sites, and let x;(f) be the fraction of sites occupied by
type-i adults in year ¢ (age structure of adults is ignored).
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Mortality of adults leaves (1 — -y)M sites open for occupation
by new recruits, where v is the annual survivorship of adults.
Selection affects the number of open sites occupied by
type-i recruits. Specifically, let W;(¢) be the relative viability
of type-i juveniles, so that the number of type-i juveniles
succeeding to occupy a site is
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the sum running over all types in the population. The pro-
portions x;, therefore, change according to
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With diploid inheritance, the offspring of adults with a given
genotype are distributed among several genotypes in Men-
delian proportions, and (1) is modified accordingly.

The second model is a density-dependent version of the
often-used ‘‘annual plant with seed bank’ model introduced
by Cohen (1966). Adults in this model produce dormant pro-
pagules (e.g., eggs or seeds), which survive until the next
year and either hatch or remain in dormancy. Individuals
hatched in each year then experience fluctuating selection,
and the total propagule production is regulated to a carrying
capacity. After initial transients, the total dormant propagule
population converges to a constant, and the changes in the
genotype frequencies in the seed bank are again given by
equation (1), in which the generation overlap v is the product
of annual survivorship and the probability of staying dormant
(see Ellner and Hairston 1994).

The reason equation (1) applies to both models is that once
initial transients have died out, a constant fraction of the
population at the time of census each year is derived from
offspring produced the previous year. The current frequencies
are consequently a fixed weighted average of past frequencies
and the most recent relative contributions of new offspring.
This feature of our model is certainly only a rough approx-
imation to actual patterns of generational overlap (e.g., Phi-
lippi [1993] has shown that seeds of desert annuals do not
have a constant germination fraction, even under constant
environmental conditions). However, we expect similar re-
sults to hold so long as the amount of generational overlap
has a positive lower bound.’

To give the relationship between phenotype and reproduc-
tive success, we adopt a standard model from quantitative
genetics. An individual’s phenotype is assumed to be given
by some scalar quantity that we denote z. Individuals re-
producing in year ¢ experience stabilizing selection with
optimum phenotype 6,. We assume Gaussian selection, so
that the fecundity of an individual of phenotype z is pro-
portional to
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where o2, is the “‘selection variance.” We assume that the
optimum phenotype 6, varies independently between gener-
ations, following a probability density function g(8) with
mean zero and variance o2 which is symmetric around its
mean. We will call o2 the ‘“‘environmental variance”. We



