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A SIMULATION OF WRIGHT’S SHIFTING-BALANCE PROCESS:
MIGRATION AND THE THREE PHASES
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Abstract. —Wright partitioned the shifting-balance process into three phases. Phase one is the shift
of a deme within a population to the domain of a higher adaptive peak from that of the historical
peak. Phase two is mass selection within a deme towards that higher peak. Phase three is the
conversion of additional demes to the higher peak. The migration rate between demes is critical
for the existence of phases one and three. Phase one requires small effective population sizes, hence
low migration rates. Phase three is optimal under high migration rates that spread the most-fit
genotype from deme to deme. Thus, a population-wide peak shift requires intermediate levels of
migration. By altering the rates of phases one and three, migration affects the predominant direction
of mass selection within a population. This study examines the degree to which migration, through
its effects on phases one and three, determines the probability of a simulated population arriving
at its genotypic optimum after 12,000 generations. These simulations reveal that there is a range
of migration rates for which an entire population might be expected to shift to a higher peak. Below
m = 0.001 peak shifts occur frequently (phases I and II) but are not successfully exported out of
subpopulations (phase III), and above 0.01 peak shifts within demes (phase I and II), required to
initiate phase III, become increasingly uncommon. Because it is unlikely that real populations will
have uniform migration rates from generation to generation, the probable effects of varying mi-

gration rates on broadening the range of conditions producing peak shifts are discussed.
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Sewall Wright’s shifting-balance process (SBP)
is a mechanism by which complex genetic traits
can evolve despite the pressure of individual se-
lection to maintain a historical genetic arrange-
ment (Wright 1982). A critical concept in the
SBP is that of the adaptive topography. In such
a topography, mean population fitness depends
on allele frequencies at multiple loci. Wright was
interested in topographies with multiple mean
fitness optima (peaks) with intervening mean fit-
ness minima (troughs). For this reason, gene-
gene interactions are of central importance to the
SBP (Wright 1977, 1978, 1982). Although mul-
tiple peaks may arise because of underdomi-
nance or multiallelic overdominance at a single
locus, Wright saw adaptive topographies as aris-
ing primarily from interlocus interactions.

Wright viewed epistasis as pervasive. Kacser
and Burns (1981) explicated a mechanism by
which epistasis would be as pervasive as domi-
nance for genes whose products function in met-
abolic chains or networks. Jinks (1983) suggested
that epistasis may explain all or most cases of
overdominance reported from combining ability

experiments. Even for genes with purely additive
effects on the phenotype, when the fitness func-
tion is nonlinear, phenotypically additive genes
will exhibit epistasis for fitness. For example,
with optimizing selection, an allele with a posi-
tive genotypic value can have positive or neg-
ative fitness effects, depending on the sum of
genotypic values for all loci affecting the trait.
Because of Wright’s interest in epistasis, because
it would appear to be the most general class of
gene interaction, and because there is mounting
evidence for its importance as a mode of gene
action, we focus on epistasis as a component of
the SBP.

When epistatic interactions exist, they can
constrain the ability of a large population to
evolve in the direction of the most-fit genotypes.
These constraints are the fabled fitness valleys
of the multilocus, multipeaked adaptive topog-
raphy of the type Wright envisioned.

Underlying a multipeaked adaptive topogra-
phy is a multilocus genotypic fitness surface in
which the relative fitness of any allele depends
on the genotype in which it is manifested (see
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Provine 1986, pp. 307-317 for a discussion of
the confusion surrounding Wright’s original fit-
ness surfaces). The allele frequencies within a
(random-mating) deme determine the predom-
inant genotypes within which an allele is mani-
fested. The direction and magnitude of selection
acting on epistatically interacting loci is thus de-
termined by the deme’s allele frequencies. Like-
wise, the mean fitness of a deme depends on the
frequency of interacting alleles, and this can re-
sult in multiple fitness optima in a Wrightian
adaptive topography.

In an infinitely large population, evolution by
natural selection will bring the population to the
local fitness optimum, leaving the remaining fit-
ness surface unexplored. In spatially structured
populations with small deme sizes, random ge-
netic drift can result in an exploration of the
entire surface. Migration among demes limits the
extent of stochastic divergence in allele frequency
among demes and limits the ability of the pop-
ulation as a whole to move among peaks. To
understand the evolutionary process in struc-
tured populations, Wright therefore believed that
one needed to understand the interactions of ran-
dom genetic drift, the epistatic fitness effects at
drifting loci, and the homogenizing effects of mi-
gration among demes.

Wright (1977, p. 455) partitioned the shifting-
balance process (SBP) into three phases (Wade
and Goodnight 1991). Phase I is the stochastic
drift of allele frequencies within demes, which
can shift a deme into the attractive domain of
an alternative peak. Phase II is the shift of allele
frequencies towards the optimum of the “new”
peak through individual selection within the
shifted deme. Phase III is the conversion of sur-
rounding demes to a higher peak through im-
migration from a previously peak-shifted deme
(i.e., interdemic selection).

Phase I is most effective with low migration
among demes and small effective population size.
Phase III occurs most readily with high rates of
migration among demes. Only with some inter-
mediate level of migration can both phases I and
III occur (Wade and Goodnight 1991). However,
the range of migration rates between 0.0 and 1.0
that allow the SBP remains almost entirely un-
known. Wade and Goodnight (1991) found that
mean fitness increased at levels of migration be-
low 0.05. However, the genetic causes of changes
in mean fitness have not been established. It has
been by no means clear that for any given epi-
static system there is any constant migration rate
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that will allow all three phases of the SBP to occur
(Hartl and Clark 1989, pp. 323-324). The pur-
pose of this study was to explore the interaction
of migration and the three phases in determining
the domain of migration rates for which the SBP
is likely. We focus here on the role of migration
as a factor governing the time to and frequency
of populationwide peak shifts.

When Wright first proposed the SBP (1931),
very little was understood about drift, interdemic
selection, effective population sizes, or epistatic
variation in natural populations. Since then, con-
siderable progress has been made in understand-
ing the potential role of drift in natural popula-
tions (Kerr and Wright 1954; Buri 1956; Epling
et al. 1960; Bowden 1982), epistasis in deter-
mining fitness differences (Burton 1990; Wade
1985; and for a review see Barker 1979), and
interdemic selection (McCauley and Wade 1980;
Wade, 1977; Wade and McCauley 1980, 1984,
Goodnight 1985). However, the only empirical
test of the SBP as a whole was made by Wade
and Goodnight (1991), which indicates that the
population structure can influence fitness changes
in complex traits in a way that broadly corre-
sponds to the expectations of the shifting-balance
theory.

The necessarily large scale of investigations like
that of Wade and Goodnight (1991) slows prog-
ress towards an understanding of the role of the
SBP in nature. Until more experimental results
are available, and as a theoretical underpinning
providing increasingly explicit expectations for
future empirical studies, a more mechanistic un-
derstanding of the interaction of relevant factors
is needed.

To gauge the relative importance of the shift-
ing-balance process we need to know what con-
ditions (if any) are conducive to the SBP and the
ubiquity of those conditions. Because of the com-
plexity of the SBP and the role of stochastic pro-
cesses, a comprehensive mathematical descrip-
tion has been elusive. Barton and Rouhani (1993)
provided the most comprehensive view to date,
but because of their need for mathematical trac-
tability, their treatments are limited to purely
additive genes or to intralocus allelic interac-
tions. In lieu of a mathematical model, we have
used a computer simulation to explore the pro-
cess. We use a simulation that specifies an in-
dividual’s genotype, fitness, and dispersal be-
havior. By keeping track of individuals in this
way, we have avoided simplifications that pre-
vent insight into the roles of migration and epis-
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tasis in the SBP. Our overall goal was to describe
the relationship between the migration rate and
the probability of a populationwide peak shift.
We looked for the domain of migration rates in
which peak shifts occur with any frequency. We
asked if one can expect an optimum migration
rate for the SBP under the conditions of any
particular population. We also examined the ef-
fect of the migration rate on the propensity for
peak shifts through a combination of phases I
and II, and migration rate’s effect on phase III.
Finally, we examined the relationship between
the migration rate and the extent of deme ex-
tinction/recolonization, and its effect on the pro-
pensity for peak shifts.

MATERIALS AND METHODS
The Components of the Simulation

We modeled a diploid, obligately sexual, sem-
elparous species. Density-independent mortality
(hard selection) took place in the juvenile phase
prior to migration and mating. Selection was
based on genotype-dependent survival proba-
bilities. Migration was followed by random mat-
ing of adults

A critical aspect of the shifting-balance process
(SBP) is the variation of deme (subpopulation)
size. The variation in deme size (V) allows vari-
ation in the absolute number of individuals em-
igrating from demes (mN), without requiring dif-
ferential per capita migration rates (1) between
demes with different mean fitnesses. This can
drive the third phase of the SBP (Crow et al.
1990). In addition, variation in deme size also
creates variation in the rate of random genetic
drift. This affects phase I as well as altering the
relative contribution of immigrant genotypes to
the genotype and allele frequencies in the mating
pool.

In real populations, it is not unreasonable to
assume that some type of resource limitation of-
ten sets an upper bound (K) on the number of
individuals that can survive within a population,
and excess reproductive capabilities will tend to
force populations towards that K (Verhulst 1838).
Because, in this case, all populations are expected
to remain near their carrying capacity, variation
in size among demes near K must be regenerated
each generation by hard selection within demes.
In these simulations, hard selection associated
with the genotypic composition of the demes re-
sults in variation in mean fitness among demes.

A finite maximum deme size was imposed by

incorporating a carrying capacity (K = 30), and
intrinsic growth capabilities into a logistic func-
tion (Nyy1y = Ny + rNo(K — No)/K, r = 1.1).
This function determined the maximum number
of individuals that could be born into that deme
during the next generation (V. ,,). For each off-
spring, random male and female parents were
chosen from within the deme and a randomly
drawn copy of the gene at each locus was pulled
from each of the chosen parents to produce an
offspring (i.e., assortment was fully indepen-
dent). This procedure was repeated until the nec-
essary (N,,;) number of offspring were pro-
duced. Because all demes have the same r and
K, during each generation all demes tend towards
the same carrying capacity. This demographic
model tends to reduce divergence in deme size
based on genotype frequencies and therefore re-
duce the opportunity for interdemic selection to
take place. This is a relatively unfavorable sce-
nario for the SBP.

In the event that at least one individual of each
sex was not present, the deme was allowed to go
extinct. Recolonization of extinct populations
occurred only when individuals of both sexes
chanced to migrate into the extinct deme in the
same generation.

We simulated a population that contained three
different fitness phenotypes. This allowed vari-
ably sized demes whose average deme size was
related to phenotype. Each phenotype had a pre-
defined absolute juvenile survivorship. No mor-
tality existed outside of the juvenile phase. Using
two loci, each with two alleles, provided us with
nine genotypes. The nine genotypes provided
three phenotypes based on the model of epistatic
interaction employed by Crow et al. (1990). The
average absolute fitnesses were as follows: double
homozygote wild type = 0.636, individuals that
were heterozygous at one locus but homozygous
wild type at the other locus = 0.620, and indi-
viduals that had at least one copy of the mutant
genotype at each locus = 0.700.

In Crow et al.’s formula, the three phenotypes
have fitnesses that would be described by the
following equations:

w,=1,W,=({1 — s), and
W, =1 + ks).

In these equations, s determines the strength
of selection and k determines the relative heights
of the multiple peaks.. For these simulations, s
was set to 0.025 and k was set at 4 yielding rel-
ative fitnesses of 0.909, 0.886, and 1.000 for the



