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Abstract.—In quantitative genetic models of the evolution of reaction norms, an individual is selected in the habitat
in which it develops; as a consequence, selection leads to the optimum phenotype in each habitat. Here, individuals
are assumed to experience unpredictable habitat change between development and selection, so that the environment
in which an individual is selected may differ from the environment in which it developed. The model reveals that
unpredictability of the selection an individual actually faces leads to the evolutionarily stable bet-hedging reaction
norm constituting a compromise between the phenotypic optima in the different patches. We also examine the effect
of local density regulation before selection, in the patches in which the individuals develop, and after selection, in
the patches in which they are selected. Density regulation before selection has a much lower influence on the evolution
of the reaction norm than density regulation after selection. The source-sink structure of the environment caused by
differential productivity of patches strongly affects how the compromise bet-hedging strategy weighs the different
phenotypic optima and might compromise the local evolutionary stability of the evolved reaction norm. If the strength
and variability among patches of density regulation after selection is sufficiently large, no single reaction norm is
evolutionary stable: Polymorphic reaction norms constitute the evolutionarily stable population. We also show that a
polymorphic reaction norm is more likely to be observed in a less productive habitat. The relations between the present
model and the Dempster and the Levene models are discussed.
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Optimal phenotypic plasticity is specified by the optimal
reaction norm. The conventional wisdom simply defines the
optimal reaction norm as the collection of the optimal phe-
notypes that would evolve if separate evolution occurred in
each habitat of a heterogeneous environment. This view has
its root on the simple prediction by a quantitative genetic
model for the evolution of phenotypic plasticity: In the ab-
sence of genetic constraints, the reaction norm that will
evolve is the collection of optimum phenotypes in each en-
vironment, both under “hard’ and ‘‘soft” selection (Via and
Lande 1985). Essentially the same result has been reached
in models for the evolution of reaction norms in which the
reaction norm is described as a polynomial function rather
than as a series of points for each environment (Gavrilets
and Scheiner 1993a,b; de Jong 1990a,b, 1995) and in models
of explicit multilocus inheritance rather than a statistical nor-
mal distribution of the phenotypically plastic trait (de Jong
1995; Zhivotovsky et al. 1996). Genetic models indicate ge-
netic constraints as the only source of deviation of the
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evolved reaction norm from the collection of optima in each
habitat.

Evolution of phenotypic plasticity in a heterogeneous en-
vironment has most often been studied in genetic models
without considering any explicit demographic dynamics. Pos-
sibilities for demographic constraints on the evolved reaction
norm surface from demographic models, as in Houston and
McNamara (1992), Kawecki and Stearns (1993), and Ka-
wecki (1995). Kawecki and Stearns (1993) showed that
evolved optimized reaction norms for age and size at maturity
in a spatially heterogeneous environment could deviate from
the optimal trait values in a series of isolated populations.
The optimal trait in one habitat is shown to be affected by
the presence of another habitat of greater influence on the
population growth rate (i.e., affected by the ‘‘source-sink
structure’’). This evolutionary interaction between different
habitats is mediated by the sensitivity to selection of an age-
dependent trait in an expanding population. No such de-
mographic constraint is expected for the evolution of an age-
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independent trait. Kawecki (1995) considered selection on
reproductive success itself in an environment consisting of
two habitats, a source and a sink. The conclusion was that
selection on adaptations to good habitats will be stronger
than selection to adaptations to poor habitats. A demographic
deviation from the optimal reaction norm exists as a possi-
bility in this model, but is not specified.

Does this mean that the demography in a structured pop-
ulation, or more specifically the source-sink structure of pop-
ulation, hardly influences the evolution of phenotypic plas-
ticity or the reaction norm, except for very special cases (e.g.,
an age-dependent trait in an expanding population)? We will
explore in this and an accompanying paper (de Jong and
Sasaki, unpubl. ms.) how population dynamics and spatial
heterogeneity of the environment affect the evolution of the
reaction norm, if there is unpredictability of the habitat that
an individual actually faces after its phenotype has been de-
termined, and therefore unpredictability of the direction and
strength of selection. The model reveals that a habitat that
is more productive after selection pulls the evolved reaction
norm toward its own optimum, to the detriment of adaptation
in other habitats; but differential productivity of habitats be-
fore selection has little or no influence on the evolved reaction
norm. Whether density-dependent number regulation occurs
before or after selection is therefore of major importance for
the evolution of reaction norms.

A heterogeneous environment is a factor that promotes
genetic polymorphism; a spatially heterogeneous environ-
ment (Felsenstein 1976; Maynard Smith and Hoekstra 1980)
or a temporally fluctuating environment with storage effect
(Chesson and Warner 1981; Ellner and Hairston 1994; Sasaki
and Ellner 1995, 1997; Ellner and Sasaki 1996) can strongly
promote genetic polymorphism, even if alleles with arbitrary
phenotypic effects are allowed to invade. A genetically
monomorphic polyphenism can replace polymorphism of
monophenic genotypes (Ellner and Hairston 1994; Sasaki and
Ellner 1995). Analogously, a stably maintained genetic poly-
morphism can be replaced by a single genotype realizing the
optimal phenotype in each habitat, as is shown by Via and
Lande (1985). However, an individual’s ability to adjust its
phenotype to its environment might not be perfect if it is
subject to environmental noise and unpredictability. The hab-
itat in which an individual is subject to selection might be
randomly changed from the environment in which the indi-
vidual develops. The environmental cue utilized by an in-
dividual to determine its phenotype will be filtered by per-
ceptional noise; developmental noise causes a random de-
viation in realized phenotype from the programmed one. With
this unpredictability in responding to the environment in
mind, it is interesting to ask whether in evolutionary equi-
librium polymorphism will be maintained between genotypes
with different reaction norms. The present paper shows that
this is possible; given the combined effect of local density
regulation and unpredictable habitat change, the evolution-
arily stable population can consist of multiple genotypes with
different reaction norms. The source-sink structure of the
population strongly affects when and where polymorphic re-
action norms are expected: A polymorphic evolutionarily sta-
ble strategy (ESS) is more likely to be observed in a habitat
that is less productive after selection.
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Another objective of the paper is to discuss how the present
model of heterogeneous patches with local density regulation
is related to the contrasting Dempster (1955) and Levene
(1953) models describing the maintenance of genetic poly-
morphism (e.g, Maynard Smith and Hoekstra 1980; Walsh
1984; Holsinger and Pacala 1990). We enquire when our
model yields conditions for the maintenance of genetic poly-
morphism that are similar to the conditions in the Dempster
and Levene models. We discuss the distinction between hard
and soft selection in the light of the present demographic
theory.

Via and Lande (1985) found no difference in the outcome
of selection on phenotypic plasticity using hard or soft se-
lection; the difference was only in the trajectory toward evo-
lution of the optimal reaction norm. We will show that hard
and soft selection give contrasting outcomes if there is un-
predictable habitat change. If density regulation before se-
lection is dominating, our model gives results similar to those
of the Dempster model (Dempster 1955). No polymorphism
in ESS reaction norm is expected; the genotype adapted to
a productive patch tends to eliminate other genotypes. In
contrast, the Levene model (Levene 1953) assumes that each
habitat contributes a fixed number of individuals to the next
population. This can be regarded as an extreme case with a
special form of density regulation after selection in each
patch. We will see that the Levene model captures some
qualitative results for the evolution of reaction norms when
density regulation after selection is dominating. The contrasts
in the evolutionary consequences between the Dempster and
Levene models can be reinterpreted in demographically well-
defined models and prove examples of wider models.

Unpredictability of the selective environments an individ-
ual faces is the key factor that causes the ESS reaction norm
to deviate from the optimum phenotype in each patch. This
paper and an accompanying one (de Jong and Sasaki, unpubl.
ms.) focus on the effect of density regulation in local patches
on the evolutionarily stable reaction norm in a heterogeneous
environment, if there is unpredictable habitat change between
the patches in which an individual develops and is subject
to selection. Special attention will be paid to how the source-
sink structure caused by the demography of local patches
affects the ESS reaction norm. We ask how much the ESS
reaction norm deviates from the optimum phenotype in each
patch, under what conditions the evolutionarily stable pop-
ulation consists of polymorphic reaction norms, and what
combination of reaction norms the population maintains.

MoDEL
Model Definition

‘We consider the evolution of reaction norms of a quantitative
trait for haploid, asexually reproducing species with non-
overlapping generations in an environment consisting of n
habitats or patches. The optimum phenotype varies from
patch to patch. Individuals in the single migrant pool ran-
domly mate and reproduce, and the propagules colonize the
patches randomly as to genotype. After colonizing a patch,
an individual develops its phenotype depending on the en-
vironment of the patch it is in and its genotype. The reaction
norm of a genotype consists of the phenotypes developed in



