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Introduction

The importance of dispersal has long been emphasized by population biologists. Ecologists tend to focus
on the ability of dispersal to stabilize the dynamics of populations and to postpone extinction. Population genet-
icists instead concentrate on the effect of migration on the genetic structure of and the genetic variability within
a population. It has been proposed that the ability or tendency to disperse is at least partly under genetic control
(see later discussion). Thus it is useful to apply genetic models to questions of the mamtenance of dispersal in
populations, and the degree to which it should be favored (i.e. existence of some optimal rate of dispersal). This
proposal consists of a description of several extant models of the evolution of dispersal and migration, a review
of some empirical studies on the subject, and a description of two classes of models which I plan to develop and
analyze. The goal of this work is to extend the understanding of the adaptive significance of dispersal and to
help bridge the gap between the evolutionary and ecological approaches to the probiem of dispersal.

To understand the problem of dispersal within this context, one may consider the following questions:
(1) Is there additive genetic variation for dispersal ability?
(2) If so, what selective forces favor the evolution of these traits?
(3) How is the evolution of dispersal affected by environmental variability? by mating stnicture? by population
size?
(4) What is the nature of the interaction between dispersal and other traits which mediate the selective forces on

individuals such as developmental delay ability?

My project will place in a broader context those factors which have been proposed to affect the evolution of
dispersal. These include the relatedness between individuals on a site and the degree of environmental variabil-
ity. I will consider the interaction of these factors and some which have not yet been explored, including the
roles of population density, of age structure, and of the genetic interaction between mating and dispersal tenden-

cies.

Literature Review
Theoretical studies in the evolution of migration and dispersal fall into three categories based on the

methods employed. One is the classical approach of population genetic theory using changes in gene frequency
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to describe the evolution of a trait. The second is the Evolutionary Stable Strategy (ESS) approach where a
function describing fitness is maximized "at the boundaries of the gene frequency space” (Frank, 1986b). The
third approach is an ecological formulation in which migration connects the patches of a subdivided population.
The dynamics of the entire population are quantified by studying the average growth over all patches, a function
of migration rate and extinction probability. While none of these approaches paints a complete picture of
dispersal in natural populations, they each contribute to an overall understanding of the phenomena.

Models formulated in terms of gene frequencies approach the question of dispersal by two methods. The
migration-modification approach (Balkau & Feldman, 1973; Liberman & Feldman, 1988) considers two popula-
tions connected by migration, There is selection at a locus with two atleles and the fitnesses of the alleles are
reversed in the two populations. The tendency to migrate is controlled by a second selectively-neutral (modifier)
locus. The primary result from this analysis is that near a stable polymorphic equilibrium at the locus under
selection and a fixation state at the modifier locus, a novel allele at the modifier locus can succeed only if it
reduces the migration rate {thus the term, migration-reduction principle, Balkan and Feldman, 1973). This prin-
ciple holds for haploid and diploid populations. A recent extension of the model (Liberman and Feldman, 1988)
explores the case where the population is not initially fixed at the modifier locus. Certain polymorphic equili-
bria were studied and found to be unstable to alleles reducing the migration rate although numerical studies have
revealed other polymorphic equilibria whose stability properties are not yet known. The authors expect the
reduction principle to hold in these cases as well.

Asmussen (1983) extends the migration-modifier approach by stdying a case in which the densities of
the two populations become parameters of the model. The relevant question is to establish whether density-
dependent selection or migration affects the evolution at the migration-modifier locus. In this formulation of the
model (twe haploid populations, connected by selectively-neutral migration), the reduction principle still holds
and migration is expected to approach zero. Ancther implication of this analysis is that "The population size at
a symmetric interior equilibrium is a monotonically decreasing function of the intermigration rate” (Asmussen,
1983). Thus population size is maximized at the equilibriuom migration rate., This result seems to imply that
population size will be maximized for low migration rates, however this may be dependent on the restricted

selection scheme and if so, not widely applicable (see later discussion). Gillespie (1981) shows that the migra-
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tion reduction principle fails in temporally and spatially varying environments. Using a multi-site extension of
the B&F model with temporally-varying fitnesses, he concludes that the migration rate may evolve to higher or
lower values depending on the levels of environmental variability.

Outside of the framework of modifier theory, the reduction principle does not necessarily hold. In a
series of papers, Motro (1982a, 1982b, 1983) shows the existence of an optimal non-zero dispersal rate, using a
different genetic framework. In these models, dispersal is assumed to have a cost and thus is not a neutral trait.
Furthermore, the model design is of an infinite number of sites, each occupied by a single individual (in the sim-
plest and best-analyzed case). An implicit assumption in the model is that the individuals are random-mating
hermaphrodites. Each individual produces an infinite number of offspring (seeds), some fraction of which
disperse and join the seed pool. There is a cost to dispersal that takes the form of a reduced probability of
reaching a state of competition on a site. A single replacement for the inhabitant of the site is chosen at random
from the non-dispersed and dispersed seeds competing there. Therefore, the mechanism in this model favoring
dispersal is the elimination of competition between sibs to replace the parent on a site. The inclusive fitness for-
mulation of this model will be discussed later.

The dynamics of Motro's model follow the same pattern under a variety of conditions. The invasion of a
novel allele at the dispersal locus will succeed if it brings the dispersal rate closer to an optimum value that is
dependent on the population parameters (haploid or diploid individuals, sexual or vegetative reproduction, the
level of selfing, the cost of dispersal, parental or offpring control of dispersal, and the existence of unoccupied
sites). Under the case where more than a single individual inhabits a site, the value of the optimum cannot be
expressed analytically. However, numerical stndies confirm its existence under several sets of conditions.

The second category of models relating to the evolution of dispersal are those that use optimization or
ESS theory. These models basically assume a haploid genetic transmission and do not examine the dynamics of
genetic change, The first model for the evolution of dispersal in a constant environment was formulated by
Hamilton & May (HM, 1977). Motro’s approach is basically a Mendelian genetic extension of their ESS model.
For most of the analysis, HM assume parthenogenetic reproduction and the exact replacement of a single indivi-
dual (parent) on a site. As in Motro’s (1982a) model, an individual increases its genetic contribution to the next

generation if it disperses a non-zero fraction of its progeny. The two simple models arrive at the same optimal
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rate of dispersal, 142-B), where B is the relative survival of the migrants. HM's extension to sexual organisms
involves a maximization of inclusive fimess, When dispersal is controlled by the offspring itself (and not by the
parent), the two models give different results for the optimal dispersal rate (see below for further discussion).

Frank (1986b) and Taylor (1988a) have since extended the HM/Motro formulation. Using Price’s
method for analyzing changes in gene frequency (see Taylor, 1988b and Frank, 1986a,b), Frank (1986b) maxim-
izes the expression for wAq, the population fitness multiplied by the change in frequency of a dispersal allele
after one generation. His calculation of optimal dispersal rate subsumes the results of Motro (1982a, 1982b,
1983) and HM. The relevant parameter that determines this rate is the relatedness between females on the same
patch. Using this formulation of the model, he also explains why Motro and HM obtain different results in the
case where dispersal is controlled by the offspring, not by the parent. The discrepancy is due to the degree of
relatedness of sibs on a site, If the mothers are mated only once (HM), the relatedness between sibs will be
" higher than if they mate many times (Motro), which results in a higher optimal dispersal rate (since the degree
of relatedness among competitors will be greater).

Taylor (1988a) extends the above model by obtaining ESS dispersdl strategies for several mating
schemes: mating before and after dispersal, diploid and haplodipioid genetics, and maternal and offspring con-
trol. Similar to Motro’s (1982b) model, Taylor assumes an infinite, sexually reproducing population (with the
incorporation of V21 females inhabiting a patch) where each individual has a large number of offspring. As in
Frank's model, the Price method is used to calculate the ESS. Again, the HM result holds under appropriate
assumptions (_including N=1). The major conclusion of this analysis is that the calculation of optimal dispersal
rate is dependent upon the degree of relatedness among individuals on a patch. This result emphasizes the point
that dispersal is closely tied to the genetic structure of a population. Taylor (1988a) concludes that ESS models
based on inclusive fimess can "provide a simple and unified tool for analyzing a collection of related genetic
models.”

Another offshoot of ESS theory of dispersal evolution allows random extinction of sites, a factor that also
enters into the ecological models. Comins, Hamilton, and May (CHM, 1980) extend the BM result to include
this form of environmental stochasticity. Assumptions of this model are similar to those of HM and Motro with

the addition of K'>1 adult inhabitants per site and an exogenous extinction rate, X. The dispersal ESS is found
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by "considering the interaction of two phenotypes;” the wild-type has dispersal probability, v, and a mutant form
has a slightly different dispersal probability, v+&, where ¢ is small (CHM). The ESS dispersal rate, v occurs
where the mutant allele is. decreasing in frequency at the maximum rate. Not surprisingly, the advantage to
dispersal takes two forms: (1) colonization: the ability to colonize empty sites (each extinction is matched by
the establishment of a new site); and (2) recolonization: the opportunity to avoid sib competition by moving to a
site where one’s migrator allele is under-represented. CHM find that this second advantage is minimized as
comelation between gene frequency at the initial site and the post-dispersal site increases. They claim that a
large number of individuals per site or a large progeny size per individual will tend to increase the site correla-
tion and therefore decrease the second advantage to dispersal. Furthermore, as expected, if the probability of
site extinction is high, the first advantage (o dispersal is enhanced. In either case, an increase in the advantage
to dispersal implies a higher optimal dispersal rate or tendency. Using a less rigorous analysis, CHM also con-
clude that allowing sexual reproduction in the model leads to only a slight change (decrease) in ESS rate, and
the introduction of stepping-stone migration (instead of island migration) has a similar effect. Both changes
effectively reduce the difference in gene frequencies between sites.

In a subsequent paper (Comins, 1982), the above model is revised to include the possibility of more
localized dispersal strategies (e.g. two-dimensional stepping-stone). Using a similar technique to CHM, Comins
obtains conditions for dispersal ESS. He concludes that consideration of these migration pattemns gives conclu-
sions similar to the island model. This result appears to hold under fairly general conditions including the possi-
bility of site extinctions. Thus, he concludes that the island model, which is analytically more tractable, may be
a useful predictor for optimal dispersal rates, even for more complex migratory patterns.

The final group of models to address the evolution of dispersal considers population size and dynamics.
These can therefore be characterized as ecological models, The first of these (Roff, 1975) uses simulation stu-
dies to follow changes in population size along with changes in the proportion of dispersing genotypes or in the
rate of dispersal under three different transmission functions: non-genetic dispersal, single gene determination,
and multiple gene determination. Furthermore, Roff (1975) looks at three characterizations of the dispersal rate:
density-independent, density-dependent, and density- and carrying capacity-dependent. The model is established

with 36 discrete habitats each with its own environmental parameters (carrying capacity and growth rate func-
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tion). Random mating occurs within each habitat, followed by dispersal of the offspring into neighboring habi-
tats. There is some added mortality associated with dispersal. The non-genetic model reveals that some disper-
sal is necessary to ensure population stability. The genetic models show that coexistence of disperser types and
non-disperser types is possible under certain conditions; again, some dispersal is necessary t0 maintain the popu-
lation. Unlike the result from Asmussen (1983), the equilibrium dispersal frequency and rate do not tend to
maximize population size. Rather, selection may favor dispersal that drives the population to extinction (Roff,
1975). Thus, population fitness is not necessarily maximized under this construction. Another interesting result
is that one cannot predict the exact direction of change in dispersal rate as environmental stability changes. The
later work by HM, Moo, etc. has supported this result by demonstrating that dispersal is advantageous even in
a constant environment, because of its effects on inciusive fitness.

The advantage of dispersal in variable environments is emphasized in a later model by Levin, Cohen, and
Hastings (LCH, 1984). The environment is assumed to be composed of L sites. Seeds arrive on a site, grow
and reproduce asexually. Their progeny then disperse randomly to other sites with some fixed mortality to
dispersers. Imposed on this scenario are both environmental stochasticity (due to random site extinctions) and
demographic stochasticity (due to a finite number of pakches). Assuming the number of patches is greater than
20, the authors justify their computation of ESS’s in the limit as patch size approaches infinity. The ESS is
found by maximizing the expected yield of a dispersing seed (the intrinsic growth rate of a theoretical popula-
tion made up entirely of this dispersal type). The optimal dispersal rate is an increasing function of the proba-
bility of survival for dispersers. In addition, the equitibrium dispersal rate tends to rise with increased environ-
mental variability (measured as the variance of the distribution of total yield in the population). The authors
also find that the presence of dormancy serves to reduce the optimal dispersal level. Their explanation is that
dormancy and dispersal are alternative means of reducing environmental unpredictability (LCH). In a later
paper, Cohen & Levin (C&L, 1987) explore the interaction between dormancy and dispersal in more detail.
Using simulation studies, they conclude that the optimal level of dispersal decreases as the size of the seed bank
increases and the optimal leve! of dormancy decreases as dispersat and dispersal effectiveness increase.

One final model (Hastings, 1983) secks to determine whether spatial variation alone can provide enough

advantage to dispersal to maintain it in a population. Hastings (1983) considers this model as an ecological
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analogue of the Balkan & Feldman (1973) formulation since both approaches reveal that lower dispersal is
always advantageous. He assumes density-dependent population growth with passive diffusion accounting for
dispersal. The ESS is found by determining the conditions for which one growth rate (as a function of disper-
sal) is stable to invasion by all other types. He concludes that only a lower disperser can invade. Furthermore,
the quantity that is maximized at the optimal dispersal rate is not population size (in contrast to the Asmussen
result), but rather, is the average of the per capita growth rates over all patches. The cause for the migration
reduction in this model is that "passive diffusion takes individuals from more favorable locations™ to less favor-
able ones more often than the reverse, even if diffusion rates are lower in more favorable habitats (Hastings,
1983). This occurs because the densities are higher in the more favorable habitats and diffusion moves individu-
als from areas of high density to those of low density. Ome could argue whether this is truly analogous to the
B&F model since its structure is different, as is the mechanism driving the common result. The environment is
temporally constant which distinguishes this model from that of LCH where non-zero dispersal may maximize
growth rate. Another result of Hastings’ analysis is that the overall population may not be stable at the ESS
dispersal rate. This is in accordance with the results in Roff (1975) and LCH.

A review of the theoretical literature reveals two factors that appear to enhance the likelihood of disper-
sal: temporal environmental variability and competition between related individuals. HM (and later models)
have shown that the second property is sufficient to maintain dispersal. Hastings’ (1983) result and the migra-
tion reduction principle imply that spatial variability alone does not give dispersal enough advantage to be main-
tained in a population. Gillespie’s (1981} analysis indicates that temporal variation can be sufficient to maintain
intermediate levels of migration.

The ESS studies and those of Motro conclude that non-zero rates of dispersal may be optimal whereas
B&F, L&F, and Asmussen conclude that migration rate should tend to decrease over evolutionary time. The
recurrent theme in the stdies of the former group is that the genetic structure of the population affects the evo-
lution of dispersal by controlling the competition for sites. Specifically, Frank (1986b) and Taylor (1988a)
emphasize the inclusive fitness aspect of dispersal advantages, noting that relatedness between patchmates
influences the dispersal ESS. Taylor (1988a) concludes that there is a positive correlation between the level of

inbreeding in the population and the ESS dispersal rate. Using Frank’s (1986b) formulation, the optimal disper-
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sal rate is a function of the genctic correlation between mated composites (adult females plus stored sperm). He
thus explains an puzzling result from Motro (1982b) that the same dispersal optimum exists independent of the
relative tendency towards random mating versus self-fertilization in the population. Frank (1986b) explains that
in Motro’s model, the "average pairwise regression of mothers on mated composites” is zero, regardless of the
degree of selfing (an artifact of the assumption of one individual per site). Consequently, the optimal dispersal
rate in Motro’s model is not a function of the probability of selfing in the population. There have been no pub-
lished attempts to reconcile these results with those of the migration reduction models. Gillespie’s model serves
as a link between the genetic & ESS approaches and the ecological models. He shows that by incorporating
temporal variability into genetic models, non-zero migration can be favored even if it is evolutionarily unstable
in constant environments (i.e. in modifier models). It appears then that the ecological models incorporate a dis-
tinct mechanism for dispersal maintenance from that of the genetic and ESS models.

Unfortunately for theoreticians, it has been very difficult to experimentally characterize the dispersal of
organisms. The probability that an individual migrates to a site where the environmental conditons are different
or where it will mate with non-relatives is known for very few populations. However, there is evidence for
genetic polymorphisms of dispersal ability within populations of plants, insects, and small mammals.

For higher plants, the seed is the stage at which dispersal acts. There are many adaptations found in
plants which enhance the ability of their seeds to move, Fruits serve as attractants for animal dispersants.
Wings and plumes enabie long-distance acrial movement. Buoyancy allows water transport of some seeds.
Ballistic-type fruits can "toss seeds several meters” (Howe and Smallwood, 1982). Seeds with hooked spines or
hairs stick easily to animal fur and can be carried great distance. In addition, seed size and position of a plant
can play an important role in their dispersal. There has been a great deal of study on "dispersal syndromes”:
the characterization of the dispersal agent and physiological "adaptation” for movement of seeds (see Howe and
Smallwood, 1982; Howe and Westley, 1986). However, in order for evolutionary questions to be relevant to
studies in dispersal, one must be able to demonstrate heritable genetic variation for the trait.

In some plant species, there is evidence of genetic variability for dispersal traits, allowing selection to act
on them. Harper (1977) cites several agricultural species which have been bred (by repeated harvesting) to be

poor dispersers. Herrera (1981) has characterized intrapopulational variation in Smilax species in the number of
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seeds per fruit, aithough he has not resolved the source (genetic or environmental) of the variation. Many plants
have two different types of seeds: those produced by cleistogamous flowers (selfed) and those produced by
chasmogamous flowers (potentially outcrossed). Often the chasmogamous seeds have a greater dispersal poten-
tial. Clay (1982) and Lee et al. (1976), among others, have shown the ratio of cleistogamous to chasmogamous
flowers 10 be under genetic control. For Danthonia spicata, an eastern North American grass, Clay (1982)
estimated the broad sense heritability of degree of cleistogamy (percentage of cieistogamous fiowers) to be over
50%. Lee et al. (1976) traced the shift from chasmogamous to cleistogamous flowers in Salpiglossis sinuata 10
a dominant, single locus factor. Since in both species, the chasmogamous seeds have greater dispersal potential,
heritable genetic variation exists for dispersal tendency.

Dispersal and dormancy have been described as alternative mechanisms for dealing with environmental
variability (Venable & Lawlor, 1980; LCH). Seed plants provide relevant information on the relationship
between "escape in time and space” (V&L). Venable and Lawlor (1980) surveyed seed germination data on
plants with two dispersal morphs and found a negative correlation between the degree of germination delay and
level of dispersal. Whether this data reflects a general trend is unclear. However, this tendency does support
the inwitive notion that the two phenomena are alternative mechanisms for coping with environmental uncer-
tainty.

Insect studies provide another source of information on dispersal tendency. In many insects, variation in
either wing length or flight behavior has been shown to have a genetic basis. In the weevil, Sitona hispidula,
Jackson (cited by Harrison, 1980) has demonstrated that wing length is controlled by a single locus, giving two
morphs; long-winged and short-winged. It is generally asumed that long-winged individuals are better
dispersers than short-winged ones. The same phenomenon appears to occur in Gerris lacustris, a water sirider,
although there is a strong interaction between genetic and environmental effects in this species (Vepsalainen,
1976). Since flight is a complicated behavior, one expects some polygenic influences on the trait in most
species. Dingle et al. (1988) applied sclection for "long duration tethered flight” to a migratory population of
Oncopeltus fasciatus {milkweed bug) and found a significant increase within a single generation in the propor-
tion of bugs making long flights. These and other similar studies (see Harrison, 1980} confirm the existence of

genetic variation for dispersal-related traits but also call attention to the fact that environmental factors may
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significantly influence phenotype.

Finally, in small mammal populations, there is also evidence for genetic control of migration tendency.
Work by Hilbom (1975) on Microtus species has shown that the within-litter variance for dispersal tendency
(estimated by lifespan of individuals) was significantly lower than the between-litter variance. This again

implies there is heritability for dispersat tendency.

Proposed Research

Although well-documented systems are rare, it does appear that heritable genetic variation for dispersal
exists in many species. With this established, we can retumn to the questions posed earlier. This project will
utilize two approaches to answer these questions. The first will examine evolutionary dynamics in an infinite,
panmictic, sub-divided population. The second will study the growth dynamics in an age-structured sub-divided
population. It is my intent that by incorporating both genetic and ecological parameters in both formulations, I

will be able to simultaneously stdy the evolutionary and ecological importance of dispersal.

Approach 1

My first task in the context of genetic modelling is to discover what factors allow the maintenance of
intermediate rates of dispersal in some models but prevent it in others. Several possibilities include:
(1) the nature of two-locus dynamics (as found in modifier studies; the non-modifier locus is under viability
selection) versus one-locus dynamics (as found in_the Motro/ESS studies);
(2) the survival scheme of the system (in the Motro/ESS case, only one individual competing for each of N sites
will survive until the next generation; under the modifier approach, one’s probability of dying is relative to all
others” probabilities and is a function of genotype and location); and
(3) the presence of two demes (modifier approach) versus an infinite number of demes (Motro/ESS case).
I will explore these factors 10 determine how each contributes to the observed results.

Once this has been established, I plan to explore the effects of mating tendency on the evolution of the
dispersal rate by combining aspects of both modifier theory and ESS theory. This formulation will follow
changes in gene frequencies at a locus controlling migration when non-random mating within two demes is

allowed. One locus controls the rate of selfing in the sub-populations. There is some cost to selfing which
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differs in the two populations. The primary question will be (0 ¢xamine how selfing affects the evolution of
migration whose rate is controlled by a second locus, namely, if and when increased migration will be able to
invade a population. This should give insight into the mechanisms by which mating structure affects the evolu-
tion of migration and, more generally, suggest which factors in population genetic models may permit violation
of the reduction principle. Preliminary simulations suggest that a polymorphism at the selfing locus is possible
under a variety of parameter values even if all genotypes give the same rate of selfing. The polymorphisms
reached when all selfing rates are the same appear to fall on a "line of equilibria” (j.e. a small perturbation from
one of these equilibria results in the attainment of a new, nearby equilibrium within a few generations). Those
polymorphic equilibria reached when selfing rates differ with genotype instead seem to be distinct (i.e. a small
perturbation from one of them results in a return to that equilibrium within a few generations). Thus, an invasion
analysis at the modifier (migration) locus will be feasible. I will look at those cases where selfing rates are
genotype-dependent since they are far less dependent on initial conditions. In the simplest specification of the
model, I assume zero recombination between the two loci and complete "discounting” due to selfing ("discount-
ing" refers to a loss in the reproductive potential of random mating events, proportional to the amount of self-
fertilization taking place; see Holsinger, 1986).

The objective is to examine the effects of the evolution at the selfing locus on the evolution at the migra-
tion locus. This model is related to both the migration modifier model (L&F) and a selfing model by Holsinger
(1986). Holsinger's model describes a subdivided population in which the inbreeding rate is controlled geneti-
cally and the fraction of individuals migrating is a fixed parameter. He shows analytically and by simulation
that intermediate rates of self-fertilization may be stable. Within the framework of modifier theory, this analysis
will test whether the reduction principle (B&F; L&F) is violated when selfing exists and is controlled at a
polymorphic locus. Although there is no sibling competition explicit in this model, I will examine whether there
is a positive correlation between some measure of inbreeding (e.g. average level of selfing in the population, fre-
quency of selfers) and an optimal dispersal rate (i.e. that rate which is uninvadable by any other) if such an
optimum exists. Another aspect of this model, likely to require numerical or simulation analysis, will be a char-
acterization of the coevolution of the two loci, beyond the invasion properties. The genetic control of migration

may affect evolution at the selfing locus and, therefore, may alter Holsinger’s (1986) result of stability of inter-
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mediate rates of selfing.

As I have discussed for plants which are cleistogamous, mating tendency and dispersal morph are often
related. Thus, further analysis of this model will relax the assumption of zero recombination. For the case of
seed dispersal, it may be realistic to assume that the supply of pollen is less affected than that of ovules to the
number of self-fertilizations, The case where the amount of pollen available for random mating does not
decrease in direct proportion with the degree of selfing will be explored by allowing lower levels discounting.
The multi-deme case will also be explored, probably by computer simulation. In addition, I hope o incorporate
some aspect of deme size into the model in order to study more realisticaily the effects of genetic correlations
within a site. Density dependence or some other level of intrademe competition needs to be incorporated into
the model to allow increased levels of inbreeding to arise naturally in the model. If deme size could be incor-
porated into the model in this way, this would provide a test of Frank’s supposition that increased relatedness
between individuals on a site favors increased dispersal due to sib competition. A final extension of this formu-
lation allows maternal control of migration. The evolution at the migration locus may differ under maternal or

offspring control, as seen by Motro (1983). This would imply a parent-offspring conflict over dispersal.

Approach 2

The second formuiation of the migration problem which I will explore involves the use of time-varying
demographic models. Leslie-type matrices are used to described the dynamics of an age- and space- structured
model. Standard life history evolutionary theory {Charlesworth, 1980) shows that traits which delay reproduc-
tion (e.g. iteroparity, dormancy) will lead to decreases in the long-term growth of the population in a constant
environment. It has therefore been assumed that if there is heritable genetic variation for those traits, they will
be selected against. Altematively, several authors (Tuljapurkar, 1982; also see Seger and Brockmann for
review) have shown that in a time-varying environment (i.e. one or more vital rates change over time), the
dynamics are very different. In fact, there may be "multiple adaptive peaks” for those traits which depend on
the pattern of environmental variation. Tuljapurkar (in press) has shown this result specifically for traits which
delay development {e.g. dormancy). He studies the dynamics of a two-age class (and the extension to a multi-
age class case) population where fertility rates are distributed as random variables. Allowing the rates of delay

and the coefficient of variation in the underlying fertility distribution to vary simultaneously, he shows that the
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"optimal” (defined as that maximizing the logarithmic growth rate) rate of delay is an increasing function of the
variation in fertility rates. This result holds for serially correlated rates as well. Qualitatively, this result agrees
with those in a classic paper by Cohen (1966), but here the age structure is allowed to vary with changes in the
environment. The ESS (reached at the optimal delay rate) in Tuljapurkar’s work is not a sharp peak, so that
many sub-optimal types are as "fit" as the optimum.

Dormancy allows each cohort to sample the environment over a series of vital rate values. By doing so,
the average environment sampled by a cohort approximates the mean environment. The rate of dormancy where

the cohort samples the "best” overall environment will be that which maximizes logarithmic growth rate
(-:- logE (N,), where N represents population size). This growth rate will most closely approach that of a popu-

lation in a constant environment (where vital rates are equal to the means of those in the variable environment).
However, this maximum growth rate cannot actually be reached for any level of delay in the stochastic environ-
ment because it is the nature of concave functions of independent random variables (like f (X )=log (X)) that
Ef X)<f(E(X). Therefore the value of the function in the constant environment (f (E (X ))) will always reach
higher values than its long-term average in a varying environment (Ef (X)). This is a direct result of Jensen’s
inequality.

As I have mentioned, migration is thought to perform a function similar to dormancy. Instead of averag-
ing over time, however, the cohort averages over space. My plan is to explore this hypothesis, within the con-
text of an age-structured population model where the rate of dormancy is also a parameter. This work can be
viewed as a demographic analogue to the analysis in LCH, etc. The addition of age structure to life history
models is not only interesting but highly relevant. When characters are age-linked, the age structure is intrinsi-
cally linked to their evolutionary dynamics, as well as to the growth of the population. Analyses like LCH
assume that the ratio of age classes is fixed. However, the build-up of a seed bank precludes this assumption
from being realized. I will centainly compare the results from this analysis with those of LCH and C&L.

The initial formulation of this approach to the migration question models a two-deme population with
two age classes. Fertility rates in the two sub-populations are identicaily-distributed random variables, Parame-
ters in the model include correlation between the two distributions and the variance of the distributions, The

rate of dormancy and the rate of migration between sub-populations vary between zero and one. See Figure 1



