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Genetic Structure in the Sea
From Populations to Communities

Rick Grosberg and C. W. Cunningham

Mfually all species of marine organisms, whether pelagic,

planktonic, or benthic, are patchily distributed, consisting of
local populations linked to a greater or lesser extent by dis-
persal. Ecologists are primarily concerned with characteriz-
ing this geographic structure in terms of the distributions and
movements of individual organisms within and among local
populations. Evolutionary biologists, on the other hand, often
think in terms of the spatial distribution of genetic variation
within and among local populations. Ecological and evolu-
tionary approaches thus differ in their emphasis on the spa-
tial distribution of individuals versus genes; where they con-
verge is in their attempts to understand the processes that
cause geographic variation in a species. In other words, ecol-
ogy shapes the distribution of genetic variation in a species
(Endler 1992), whereas genetic structure provides the evolu-
tionary context in which to interpret a species” ecological in-
teractions with its environment.

Genetic structure in marine populations reflects the histor-
ical and contemporary interplay among a complex set of eco-
logical, demographic, behavioral, genetic, oceanographic, cli-
matic and tectonic processes (reviewed in Hedgecock 1986;
Palumbi 1995; Benzie 1999; Bohonak 1999). The combined ef-
fects of these mechanisms, acting across a range of spatial
and temporal scales, determine rates and patterns of disper-
sal of gametes, zygotes, larvae, and adults. It is these move-
ments, along with the survival and successful reproduction
of immigrants, that, in turn, control the scale and rate at
which random (i.e., genetic drift) and deterministic (i.e., nat-
ural selection) processes build or erode structure within and
among groups of individuals.

A number of recent papers have explored the population-
level ramifications of genetic structure in marine systems,
highlighting the relationships among developmental mode,

61

dispersal, gene flow (i.e., migration of gametes or individuals
that leads to the incorporation of their genes into a recipient
population), and speciation (e.g., Burton 1983, 1996; Hedge-
cock 1986; Palumbi 1994, 1995; Benzie 1999; Bohonak 1999).
In keeping with the theme of this book, we expand this pop-
ulation-level perspective to the community, and explore four
facets of the following basic question: What can information
about the spatial distribution of genetic variation within a
species, and the processes that generate these patterns, tell
ecologists about the nature and outcomes of species’ interac-
tions with their biotic and physical environment?

The first aspect of the question relates to the scale at which
a species’ predators, competitors, parasites, pathogens, and
symbionts regulate its population dynamics (Roughgarden
and Iwasa 1986; Roughgarden et al. 1988; Possingham and
Roughgarden 1990; Gaines and Lafferty 1995). The spatial
scales over which marine populations exhibit “open” versus
“closed” dynamics are generally not obvious, and they vary
according to the magnitude of migration among subpopula-
tions. Genetic structure can be used to place bounds on the
spatial scales over which species are likely to be demographi-
cally closed.

The second facet concerns the scales over which species
exhibit genetic structure, and how these patterns influence
responses to spatially varying selection (see papers in Mop-
per and Strauss 1998 for a terrestrial perspective; for a marine
perspective, see Warner 1997). The spatial distribution of neu-
tral genetic variation determines the degree and scale over
which subpopulations have been (or are) evolutionarily inde-
pendent, and consequently free to evolve in response to local
variation in selection. With high levels of gene flow among
selective regimes, the selective costs of local adaptation in-
crease, perhaps prohibitively. For example, if a polymorphic
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predator (or parasite or herbivore) population genetically
varies over a finer spatial scale than its prey (or host), it is un-
likely that the prey population will evolve local adaptations
in response to geographic variation in its predator (e.g.,
Menge 1976; Vermeij 1978, 1987; Palmer 1984).

Third, a number of recent genetic studies have revealed
the existence of sibling species complexes in what were once
thought to be a single polymorphic species (Knowlton 1993).
Such discoveries suggest that many marine species may have
more limited distributions than previously thought and may
be far more ecologically specialized as well.

Finally, when set into a phylogenetic context, genetic
structure can reveal a great deal about a population’s history
of subdivision and gene flow, in particular the history of its
interactions with other species (Avise et al. 1987; Brooks and
McLennan 1993; Avise 1994). Are strong interactions between
competitors, predators and prey, or parasites and their hosts
the result of a long, shared selective history (Brooks and
McLennan 1993), or are these associations the result of recent
introductions (e.g., Vermeij 1991)? Do traits that appear to be
adaptive in their current selective contexts reflect a genetical-
ly based response to selection in a particular place, or were
these traits shared by sister taxa prior to the evolutionary and
geographic divergence of these taxa? For example, if we can
determine that taxa on both sides of the North Atlantic lack
geographic subdivision as a result of ongoing gene flow, then
we might predict that differences in their morphology, physi-
ology, behavior, or ecology result from environmentally me-
diated phenotypic, rather than cumulative genetic, responses
to different environments. Conversely, if the lack of genetic
structure is due to recent colonization with low levels of on-
going gene flow, then cumulative genetic change becomes a
more plausible explanation for phenotypic divergence.

The process of characterizing genetic structure, and using
this information to estimate gene flow, effective population
size, and other ecologically relevant parameters has a long
and complex history. Different methods make different as-
sumptions about the equilibrium status of populations, mi-
gration patterns, population structure, and the attributes of
genetic markers (Gillespie 1998). Not surprisingly, the differ-
ent approaches can lead to very different conclusions about
the distribution of genetic variation, and the historic and con-
temporary processes that underlie these distributions (Slatkin
1994; Neigel 1997). For this reason, we begin by summarizing
the basic methods used to detect genetic structure and esti-
mate gene flow. Because genetically based inferences of pop-
ulation subdivision and gene flow depend on a host of as-
sumptions about migration patterns, mutation rates, selective
neutrality, and equilibrium status (Gillespie 1998), we next
consider problems associated with developing a mechanistic
interpretation of patterns of genetic structure in natural pop-
ulations. With this foundation in place, we finally return to
the basic ecological questions and use a series of case studies
to explore how genetic structure can provide crucial insights
into the nature and outcomes of species’ interactions with
their biotic and physical environments.

CHARACTERIZING GENETIC STRUCTURE
AND ESTIMATING GENE FLow

The first quantitative attempts to depict genetic structure
originated with Wahlund’s (1928) observation that there
should be heterozygote deficiencies in structured popula-
tions and Wright’s (1951) analyses of the expected distribu-
tion of neutral genetic variation in spatially subdivided pop-
ulations. Wright’s approach built on the premise that species
can be reduced to a set of freely interbreeding (panmictic)
units, and that these units will resemble each other depend-
ing on the degree of gene flow between them (Slatkin 1994).
Wright developed statistics that summarize the distribution
of genetic variation within and among sampling units based
on the spatial (and sometimes temporal) distribution of gene
and genotypic frequencies. However, it was not until the ad-
vent of allozyme electrophoresis in the 1960s that population
geneticists could build an extensive multilocus database from
which to characterize the spatial distribution of gene frequen-
cies in natural populations.

There is no reliable way to infer the genealogical relation-
ships among allozyme variants, because there is no obvious
connection between the migration patterns of proteins on an
electrophoretic gel and the degree of divergence of the under-
lying DNA sequences. The development in the 1980s of indi-
rect and direct methods for detecting nucleotide sequence
variation made it possible for the first time to reconstruct the
ancestral-descendant relationships among genes, popula-
tions, and species. With this information, it became possible
for the first time to interpret the geographic distribution of al-
leles, haplotypes, or sequences in terms of their phylogenetic
relationships (phylogeography, sensu Avise et al. 1987).

Both the gene frequency and genealogical approaches can
be used to estimate the degree of geographic subdivision, the
amount of gene flow between populations, and effective pop-
ulation size, all critical elements in forging a synthesis be-
tween population genetics and community ecology. Gene-fre-
quency approaches have the advantage of using data that are
relatively easy to generate, often for multiple loci; but they
lack an explicit historical component. In contrast, the main ad-
vantage of genealogical methods is their ability to reconstruct
the spatial histories of populations. This includes distinguish-
ing between populations whose size has remained constant
and populations that have experienced a recent population
expansion. In a geographic context, genealogical data can be
used to detect introgression between species, and to identify
previously unrecognized cryptic species. Finally, when ex-
tended to the members of a community, a genealogical ap-
proach makes it possible to test hypotheses about the com-
mon processes that generate genetic structure, and the
geographic histories of interactions among species.

Fsr-Based Approaches

CHARACTERIZING GENETIC STRUCTURE USING F;,. Wright (1931,
1951, 1965) developed the classic theory for portraying genet-



ic structure by partitioning the population-wide inbreeding
coefficient into contributions from population substructure
(Fsy the fixation index) and nonrandoming mating within
subpopulations (Fc). The basic idea is simple: In a subdivided
population, individuals are more likely to mate with members
of their own subpopulation than with members of other sub-
populations. Thus, at the level of the entire population, a sub-
divided population will have a higher than expected (under
completely random mating) frequency of homozygotes.

Wright initially limited his analysis to two levels of struc-
ture: subpopulations and the total population, where sub-
populations represent panmictic units within the total popu-
lation. He further assumed that observed genetic structure
was a stable feature of a population. However, populations
often exhibit structure at a variety of spatial scales (reviewed
in Neigel 1997), and genetic structure may only be evident
during specific periods of the life cycle (McCauley and Goff
1998). For this reason, more complex hierarchical models of
genetic structure have been developed (Nei 1973; Weir and
Cockerham 1984).

F;;y measures the magnitude of population subdivision in
terms of deviations from heterozygosities expected under
Hardy-Weinberg equilibrium:

= Hr=Hs
Hr

where Hy is the probability that two alleles drawn at random
(with replacement) from the entire population differ in state
(i.e., the probability with no population structure), and H is
the probability that two alleles drawn at random from a sub-
population differ in state (which, for a two-allele system, will
always be 2pg,, where p;, is the observed allelic frequency in
subpopulation 7), averaged over subpopulations. In a com-
pletely randomly mating population, H; = Hg, and Fy = 0. If
that population were to become subdivided, with limited mi-
gration among subpopulations, then genetic drift would
eventually lead to differences in allelic frequencies among
subpopulations, and H; > H;. As the magnitude of this dif-
ference increases, F; will approach its maximum value of 1.

It is also possible to define F;; as the standardized variance
in allelic frequencies among subpopulations (or any sam-
pling unit). From this perspective, F; reflects the amount of
genetic variance among subpopulations (usually the smallest
sampling units) relative to the total variance expected if all
subpopulations actually represented a single panmictic unit
(Wright 1943, 1951). It is then a small step to think of F-statis-
tics in terms of a nested analysis of variance, in which the dis-
tribution of variance of allelic and genotypic frequencies is
partitioned within and among sampling units (Weir 1990;
Neigel 1997).

With the rapid growth of a database on DNA sequences,
techniques have been developed to use this information to
characterize genetic structure. For example, the ratio of se-
quence divergences within and among subpopulations can
be used to estimate Fy; (reviewed in Hudson et al. 1992).
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Other methods explicitly incorporate the nested ANOVA ap-
proach by partitioning sequence divergence between alleles
into the relative contributions of population subsets from spa-
tially nested samples (AMOVA, Excoffier et al. 1992). It is im-
portant to remember that all methods for calculating F. as-
sume that subpopulations are the same sizes and have equal
variances in allelic frequencies (discussed in Whitlock and
McCauley 1999). When these assumptions are violated, high-
ly biased inferences about genetic structure and, consequent-
ly, gene flow can result (e.g., Palumbi et al. 1997).

INFERRING LEVELS OF GENE FLOW. There are two basic ways
that population geneticists estimate gene flow. Direct mea-
surements (sensu Slatkin 1985a) involve the tracking of indi-
vidual or group movements (e.g., Gerrodette 1981; Burton
and Swisher 1984; Olson 1985; Grosberg 1987, 1991; Stoner
1990; Willis and Oliver 1990; Jones et al. 1999; Swearer et al.
1999). In principle, these migration or dispersal patterns
could then be translated into estimates of gene flow by deter-
mining whether the movements lead to successful breeding
within the recipient population. In practice, the difficulties of
(1) detecting rare, long-distance movements that can dispro-
portionately contribute to gene flow, (2) tracking small, rare
propagules across the expanses of the oceans, and (3) deter-
mining whether immigrants successfully reproduce general-
ly doom this direct approach for the vast majority of marine
organisms (Hedgecock 1986; Grosberg 1987; Grosberg and
Levitan 1992; Johnson and Black 1995; Palumbi 1999).
Indirect methods use the spatial distribution of genetic
variation to estimate gene flow, under the assumption that
different patterns of dispersal and levels of gene flow will
generate distinctive genetic structures at evolutionary equi-
librium (Slatkin 1985a). Indirect approaches circumvent some
of the logistical problems of direct estimates of gene flow, in
part because indirect methods do not require the monitoring
of individuals through time. Furthermore, indirect methods
only incorporate movements that lead to successful establish-
ment of the genes carried by immigrants, and thus reflect the
cumulative effects of gene flow (and perhaps selection), aver-
aged over space and time (Slatkin 1985a). In one sense, this is
a virtue of indirect methods; however, indirect methods gen-
erally estimate gene flow averaged across subpopulations in
an idealized model of migration (Whitlock and McCauley
1999). As such, these estimates almost certainly do not repre-
sent actual rates of gene flow everywhere within the total
population at a given time and potentially sacrifice crucial
details of the processes that produce genetic structure.
Indirect measures of gene flow are expressed in terms of
two parameters that are extremely difficult to measure inde-
pendently: (1) the genetically effective migration rate, m (or
the fraction of individuals, on average, that migrate between
subpopulations each generation) and (2) the genetically effec-
tive population size, N, (Slatkin 1993; see the section in this
chapter entitled Gene Flow, Selection, and Local Adaptation).
Roughly speaking, N, is the size of an idealized population
(i.e., stationary dynamics, equal sex ratios, binomial variance
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in reproductive success) that loses neutral genetic variation
due to drift at the same rate as the “real” population (re-
viewed in Crow and Kimura 1970; Ewens 1982; Whitlock and
Barton 1997). The product of N, and m yields M, the average
number of migrants exchanged between subpopulations per
generation. As a general rule of thumb, when M exceeds ap-
proximately one individual per generation, gene flow—given
sufficient time—will eventually offset the diversifying effects
of genetic drift (Slatkin 1994). As we discuss in the section
Scale of Population Regulation, the trivial levels of genetical-
ly effective migration necessary to homogenize allelic fre-
quencies at neutral loci limit the power of gene flow esti-
mates for reckoning demographically significant migration
or dispersal.

The literature devoted to inferring levels of gene flow from
allelic frequencies is massive, complex, and often arcane (re-
viewed by Slatkin 1985a; Slatkin and Barton 1989; Cockerham
and Weir 1993; Slatkin 1994; Neigel 1997; Bossart and Prowell
1998; Waples 1998; Hutchison and Templeton 1999; Whitlock
and McCauley 1999). By far the most popular methods are
based on F;;. With the appropriate spatial model of migration
(a term we use interchangeably from here on with gene flow),
plus a variety of other assumptions we discuss below, F-statis-
tics can be used to estimate M (reviewed in Neigel 1997). The
basic and most widely used formula is based on Wright's
(1931) island model of migration, and assumes equal likeli-
hood of migration throughout a species range. The relation-
ship between F;; and gene flow (N, or M) is

FST :; Orl\leﬂ’l:l L—1
1+4Nem 4 FST

As values of F¢p increase from their theoretical minimum
of 0 (which implies that there is no detectable genetic struc-
ture and high levels of gene flow) to their maximum of 1
(which implies that subpopulations are fixed for different al-
leles and there is no gene flow), M declines to 0.

Slatkin (1985b) developed an alternative method for esti-
mating N,m, based on the distribution of alleles uniquely oc-
curring in single subpopulations. The approach builds on the
idea that the “lifespan” of such private alleles will depend on
the rate at which they arise by mutation (and are lost due to
drift) and the rate at which gene flow erases their uniqueness.
Thus, at an equilibrium between drift and migration, the dis-
tribution of private alleles can be related to migration rate.

ASSUMPTIONS UNDERLYING ESTIMATES OF GENE FLOW. The math-
ematically simple inverse relationship between F; and N,m
(= M) makes it easy to forget that this equation rests on many
unstated and often difficult to verify assumptions (reviewed
in Slatkin and Barton 1989; Neigel 1997; Bossart and Prowell
1998; Waples 1998; Whitlock and McCauley 1999). Popula-
tions of many marine species likely violate at least some of
these assumptions. Therefore, we explore briefly the nature
of these assumptions, and some of the effects of their viola-
tion on estimates of gene flow.

The first assumption is that sampling, in terms of (1) num-
ber of individuals, (2) number of loci, and (3) spatial scale,
can accurately reveal underlying genetic structure. Insuffi-
cient sampling of individuals, subpopulations, and loci can
introduce substantial error into estimates of Fy; (and analo-
gous estimators such as G¢; and 6), and consequently M
(Weir and Cockerham 1984; Weir 1990; Neigel 1997; Waples
1998; Holsinger 1999; Whitlock and McCauley 1999). More-
over, most F;-based analyses require a priori specification of
hierarchical structure (but see Holsinger and Mason-Gramer
1996). When the scale of sampling (or data partitioning) does
not match the scale at which a population exhibits genetic
structure, structure may be exaggerated or obscured (Hus-
band and Barrett 1996; Rousset and Raymond 1997; Bohonak
1999). This potentially confounds comparisons between taxa
or studies that use different sample sizes, sampling regimes,
and loci. Additionally, because the relationship between Fg;.
and M is nonlinear, large values of M are nearly impossible to
estimate within several orders of magnitude (Templeton
1998). For these reasons alone, estimates of gene flow based
on F;; may have large associated errors.

The second assumption is that migration rates () must
greatly exceed mutation rates (u). This is because mutation re-
duces estimates of F,;(Crow and Aoki 1984), and consequent-
ly upwardly biases inferred levels of gene flow (Neigel 1997).
For most allozyme markers with low mutation rates, this ef-
fect will be minimal with respect to other sources of error.
However, this assumption will almost certainly be violated
for more rapidly evolving markers such as microsatellites.
This prompted Slatkin (1995) to develop a statistic, R¢y, analo-
gous to F;y, that incorporates a stepwise mutation process po-
tentially applicable to microsatellite loci. Neigel (1997) critical-
ly analyzed alternatives that putatively control for the effects
of mutation on Fy;-based estimates of gene flow inferred from
DNA sequence data. He concluded that when significant mu-
tation affects a marker, genealogy-based methods, based on
the ancestral-descendant relationships of alleles, may have
considerable advantages over gene-frequency approaches (see
the section entitled Genealogical Approaches).

Third, the model assumes that there is no selection on the
marker alleles (i.e., they are neutral). In theory, weak selection
should not greatly bias estimates of gene flow, as long as se-
lection on the marker alleles does not vary spatially (Slatkin
and Barton 1989). However, several empirical studies on ma-
rine systems suggest that selection on allozymes (and per-
haps other markers) may strongly influence the spatial distri-
bution of allelic variation (Koehn et al. 1980; Burton 1986;
Karl and Avise 1992; Johannesson et al. 1995; reviewed in
Avise 1994; Hilbish 1996; Bohonak 1999). Selection can either
increase or decrease estimates of F;. (and consequently in-
ferred levels of gene flow). For example, undetected spatially
varying selection on marker loci can enhance differences
among subpopulations over that expected for neutral mark-
ers. On the other hand, balancing selection on genetic mark-
ers may spatially homogenize allelic frequencies, reducing
structure at the loci under selection and creating the illusion



of high inferred levels of gene flow (Slatkin and Barton 1989;
Karl and Avise 1992).

Fourth, the simple formula that relates F. to N,m builds
on a classic island model of dispersal in which a species con-
sists of a large number of equally sized subpopulations, all of
which have an equal probability of exchanging migrants. As
we discuss in the section Genetic Homogeneity, this may be a
realistic approximation of dispersal in those species for which
the scale of larval dispersal substantially exceeds the scale
over which there are suitable patches of habitat. However,
migration patterns for those species that live along coastlines
or hydrothermal vent systems, especially those whose propa-
gules have limited dispersal potential, may better fit a one-di-
mensional stepping-stone model of dispersal, in which mi-
grants only move between adjacent linearly arrayed patches
of habitat (Slatkin 1993; Vrijenhoek 1997). Similarly, for
species with limited dispersal that live in island groups, a
two-dimensional stepping-stone model may be a better ap-
proximation of actual migration patterns. In both classes of
stepping-stone migration model, genetic differentiation should
increase with the distance separating subpopulations and in-
ferred gene flow should attenuate (Kimura and Weiss 1964).
In theory, the exact migration model should minimally bias
estimates of gene flow based on F; (Slatkin and Barton 1989);
however, with more complex patterns of gene flow among
subpopulations, the failure to sample on a scale or pattern
corresponding to the existing genetic structure can substan-
tially bias F;;-based estimates of gene flow (Husband and
Barrett 1996).

Finally, estimates of gene flow based on F-like statistics
(and even coalescent methods, as described in the next sec-
tion) assume that populations are at a genetic equilibrium be-
tween the homogenizing effects of gene flow and the diversi-
fying effects of genetic drift (Felsenstein 1982). In other words,
historical effects no longer leave a signature on genetic struc-
ture. As we discuss in some detail in later sections, when pop-
ulations have not reached an equilibrium between gene flow
and drift, inferred gene flow may be highly biased (Whitlock
and McCauley 1999), and non-F;-based methods may be
more suitable (Slatkin and Barton 1989; Neigel 1997; Hutchi-
son and Templeton 1999). For example, a large difference in
allele frequencies between subpopulations can reflect either
restricted gene flow (the equilibrium inference, as assumed by
most F;-based methods), or a recent founding event or bottle-
neck (McCauley 1993; Hutchison and Templeton 1999). Con-
versely, subpopulations could be genetically similar either be-
cause they are linked by high levels of contemporary gene
flow (the equilibrium inference), or because they were rela-
tively recently isolated from each other (Felsenstein 1982).

THE APPROACH TO EQUILIBRIUM AND WHY IT MATTERS. Under an
island model of migration, the time, ¢ (in generations), it
takes for Fg; to approach the equilibrium between the ho-
mogenizing effects of gene flow and the diversifying effects
of genetic drift is related to N, and m by the following expres-
sion (Crow and Aoki 1984):
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For high migration rates and small effective population
sizes, this equilibrium may be approached quite rapidly.
However, for the large populations that may typify many
species of marine invertebrates, or for the low migration rates
characteristic of many clonal forms (Jackson 1986), this time
may be on the order of thousands, or even millions, of gener-
ations. In addition, a stepping-stone, as opposed to island,
pattern of migration can considerably lengthen the time it
takes to reach this equilibrium (Slatkin 1993).

This raises the important question of whether many ma-
rine invertebrate populations ever reach genetic equilibrium
throughout their ranges. Imagine under an island-migration
model a population with N, = 105, m = 0.0001 (i.e., N,m = 10
migrants exchanged between subpopulations), and with a
generation time of one year. Following a perturbation to mi-
gration patterns, it would take F; roughly 5000 years to reach
its eventual genetic equilibrium (Whitlock and McCauley
1999). As we discuss later, many populations of marine or-
ganisms—particularly those more complex patterns of gene
flow, larger populations, or lower levels of gene flow—may
never have time to attain fully this equilibrium between gene
flow and drift before being perturbed again. To the extent
this is true, patterns of genetic structure in many species of
marine invertebrate may not reflect contemporary levels of
gene flow. For example, the last glacial period, approximately
10,000-12, 000 years ago, made many intertidal and near-
shore temperate and polar habitats unsuitable for numerous
species, and drove their distributions equatorially. It also low-
ered sea level in the tropics, potentially strengthening the iso-
lation between tropical island systems and basins (Paulay
1990; Benzie 1999). Depending upon the period of isolation of
these populations, the magnitude of isolation, and their prior
histories of isolation, the effect of these glacial periods may be
either to inflate or reduce observed F;;'s over that expected at
equilibrium between contemporary gene flow and drift.

The fact that allelic frequencies and, consequently, genetic
parameters such as F;; may vary even over ecological time
scales further cautions against taking estimates of gene flow
at face value. For example, a growing number of studies
show that allelic frequencies vary from generation-to-genera-
tion at a particular site, even in species with extensive disper-
sal potential (e.g., Johnson and Black 1982, 1984a,b; Watts et
al. 1990; Kordos and Burton 1993; Lessios et al. 1994; Ed-
mands et al. 1996; Li and Hedgecock 1998; Ruckelshaus
1998). Thus, historical (e.g., vicariance, founder events/range
expansions, rare bouts of dispersal) and demographic (e.g.,
asexual propagation, low recruitment rates or long genera-
tion times, overlapping generations, and temporal variance in
reproductive or recruitment rates) processes may be as im-
portant as levels of contemporary gene flow in determining
the current genetic structure of some marine species (Felsen-
stein 1982; Hedgecock 1986; Ayre 1990; Cunningham and
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Collins 1994, 1998; Palumbi 1995; Hilbish 1996; Benzie 1999;
Hutchison and Templeton 1999).

EFFECTIVE POPULATION SIZE. N,, or effective population size, is a
crucial element of any analysis of the relationship between ge-
netic structure and ecology. N, is one of the two parameters
(the other being m, the per generation migration rate) that to-
gether determine gene flow. Moreover, the value of N, deter-
mines the relative importance of selection, drift, and mutation,
and especially a population’s potential for long-term adaptive
genetic response to changing selective regimes (Hill 1985; also
discussed here in the next section). Selection and mutation
generally play a relatively less important role than drift and
gene flow in determining gene frequencies in populations
with a small effective population size. In addition, popula-
tions with a small N, typically reach an equilibrium between
gene flow and genetic drift relatively quickly. Such popula-
tions may be far more prone to extinction due to demograph-
ic stochasticity, reduction in gene diversity, or accumulation of
deleterious mutations (Lynch and Gabriel 1990; Lande 1993,
1994; Hastings and Harrison 1994; Lynch et al. 1995).

In species that exhibit some combination of high individ-
ual variance in reproductive success, large changes in popula-
tion size, or local extinctions and recolonizations, N, can be
much smaller than the censused number of individuals in a
population (Nei and Tajima 1981; Waples 1989; Gilpin 1991;
Nunney 1996, 1999; reviewed in Luikart and England 1999;
also see the later section Range Expansion and Population
Growth). It is notoriously difficult to obtain the demographic
data necessary to estimate effective population size. Howev-
er, temporal and spatial variation in allelic frequencies (Nei
and Tajima 1981; Pollack 1983; Waples 1989; Li and Hedge-
cock 1998), as well as linkage disequilibrium (Hill 1981) and
heterozygote excess (Pudovkin et al. 1996) can also be used to
estimate N, (given many of the assumptions cited above).

The few genetically based estimates of N, for marine pop-
ulations have so far yielded some unexpected results. Analy-
sis of temporal variation in allelic frequencies in oysters indi-
cates that the effective numbers of breeders in a population
may be only a few percent, or less, of the censused popula-
tion (Hedgecock et al. 1992; Li and Hedgecock 1998). Other
high fecundity free-spawners, such as sea urchins, may also
have surprisingly small effective population sizes (e.g., Ed-
mands et al. 1996). Nunney (1996) contended that there is no
theoretical reason to expect that high fecundity predisposes a
population to low N, relative to its census population size,
and that reported differences may be largely methodological.
However, Li and Hedgecock (1998) countered that the dis-
crepancy between N, and census population size in free-
spawning marine invertebrates is not necessarily an artifact
of the way N, is inferred, but instead results from enormous
among-individual variation in their genetic contributions to
the next generation. It remains to be seen how general this
pattern is. If small N, is widespread in numerically large ma-
rine populations, then it has profound implications for how
they will respond to selection.

GENE FLOW, SELECTION, AND LOCAL ADAPTATION. Gene flow has-
tens the spread of alleles across a species’ range. In so doing,
gene flow can either augment or counteract the effects of se-
lection, depending on the spatial scale over which selection
varies (Slatkin 1985a; 1994). What follows is a tremendous
oversimplification of how gene flow and selection interact;
the aim is to give a basic picture. For neutral alleles, in an is-
land model of population structure, if N,m substantially ex-
ceeds one migrant per generation, then gene flow will ulti-
mately prevent local genetic differentiation at neutral loci.
Adding the effects of selection to those of gene flow gets
complicated fast, especially 