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CHAPTER 15

THE GENETICS OF PLANT
MIGRATION AND
COLONIZATION

Spencer C. H. Barrett and Brian C. Husband

ABSTRACT

Migration and colonization are processes shared by all organisms, vet it is unlikely that
the genetic consequences are the same for all. Colonizing episodes will be important
in determining population genetic structure when they occur frequently, as in species
of ephemeral environments, or when as a result of long-distance dispersal, genetically
isolated populations occur. The effects of small populations through founder events or
bottlenecks, inbreeding, and strong directional selection in novel environments can all
influence population genetic structure depending on the ecology of the species and the
scale of colonization. While a theoretical framework for understanding the genetics of
migration and colonization is well developed, few studies of plant populations exist
that test the predictions of the models. Two particular deficiencies are evident. First,
quantitative data on the significant parameters of colonization models, e.g., effective
population size and migration rates, are lacking. Second. information on the effects of
stochastic processes on quantitative traits is not available for plant populations; vet such
traits are likely to be of major importance to survival and reproductive success. Satis-
factory explanations for the success or failure of colonizing episodes will most likely
come from demographic genetic studies of natural colonization events or from experi-
mental work on artificially established colonies.

Colonization is the establishment and spread of an organism in a region
or habitat not previously occupied by that species. On some spatial or tempo-
ral scale, it is an integral feature of the population biology of all plants and
animals. Therefore, information on the genetic consequences of colonization
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is essential for understanding the population genetics and evolution of organ-
;sms. Information on the genetic structure of colonizing populations can be
useful in two ways. It can be interpreted retrospectively to aid in constructing
the historical processes of migration and colonization. Second, it can provide
insights into the ecological persistence and evolutionary potential of popula-
tions once they have entered a new environment. To understand the evolu-
tionary consequences of colonization, it is necessary to know the amounts,
Linds, and organization of genetic variation that result from different patterns
of colonization. The effects of small populations through founder events or
bottlenecks, inbreeding, strong directional selection in novel environments,
rapid density-independent population growth, and gene exchange with related
taxa can all influence population genetic structure in colonizers depending on
the species and scale of colonization.

Colonizing episodes are more likely to be important in determining pop-
ulation genetic structure when they occur frequently, as in many pests, weeds,
and early successional species, or when, as a result of long-distance dispersal,
genetically isolated populations are produced. In fact, much of the interest in
the genetics of colonization has focused on species with particularly well-
developed invasive powers whose populations are in a constant state of colo-
nization, extinction, and recolonization. Such “colonizing or invading
species” have provided the experimental material used to develop much of
our knowledge of the evolutionary process since the modern synthesis. How-
ever. in studying the genetics of colonization it is perhaps more useful, as
Lewontin (1965) originally pointed out, not to think of colonizing species as a
discrete group but to consider the effects of colonizing events for any species.
All organisms occur on a continuum in which the frequency of colonization
of new territory or habitats varies from high to low. Differences among spe-
cies in the frequency and importance of colonization for regional persistence
largely depend on extrinsic ecological factors, such as the type and distribu-
tion of habitats. as well as intrinsic factors associated with the life history and
reproductive system of the species in question. The development of a sound
theoretical framework for the genetics of colonization necessitates the recog-
nition that models describing the colonization process will vary for species at
different positions along the continuum.

While we have made considerable progress in the past two decades in
understanding the genetics of plant colonization (reviewed in Brown and
\farshall 1981 Barrett and Richardson 1985: Rice and Jain 1985), there are
still surprising gaps in our knowledge, particularly in relation to the dvnamics
of the colonization process. In most empirical studies, patterns of genetic
variation are measured at one point in time and inferences are made about
the processes that have led to the observed pattern, often without historical
information on the populations involved. The absence of chronological ge-
netic studies of colonizing plants severely restricts direct tests of theoretical
models of the genetics of migration and colonization.
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Understanding the genetics of colonization is important not only to evolu-
tionary studies and population biology but also to agriculture and conserva-
tion. The domestication of plants and animals involved many genetic
bottlenecks in both space and time and, in most cultigens, this has resulted in
an erosion of genetic diversity in comparison with wild relatives (Frankel and
Soulé 1981). The accidental or planned introduction of crops and weeds from
one continent to another involves many of the same genetic processes that
operate during colonizing episodes in wild populations. Knowledge of the mi-
gratory history of crop plants can aid in interpreting geographic patterns of
genetic diversity and the sampling of germplasm. Efforts to conserve germ-
plasm resources, either by habitat preservation or in collections. requires a
knowledge of the effects of small populations on the maintenance of genetic
variability and appreciation of the likely effects of prolonged inbreeding. For
pest and weed species, information on the genetic diversity present in a par-
ticular area, as well as knowledge of the likely source region for a particular
invasion, can be of value in devising effective methods of biological control
(Marshall et al. 1980). Clearly, both theoretical and empirical studies of mi-
gration and colonization can provide basic information to applied biologists
whose primary goal is the wise management of genetic resources.

In this chapter, we begin by outlining some simple theoretical concepts
and models that describe how colonization affects population genetic struc-
ture. Particular attention is given to the effects of stochastic processes on dif-
ferent classes of genetic variation. Because of an overall paucity of empirical
data on colonization in plants, most of the data relevant to the models come
from species of ephemeral environments. Following a discussion of the evi-
dence for evolutionary changes in mating systems that can accompany colo-
nization, we conclude by suggesting the kinds of genetic studies that could be
conducted profitably on plant colonization and where major gaps in our
knowledge occur.

GENETICS OF FINITE POPULATIONS

Small populations are a distinct feature of most colonizing events. They are
common when a population is first established (e.g., founder events) or to
existing populations after disturbance (e.g., population bottlenecks). Often,
only a subset of the genetic information present in the source is represented
in a single migration or colonizing event. This sampling error causes random
fluctuations in allele frequencies called genetic drift (Wright 1969). The ge-
netic theory of finite populations most simply describes the effect of popula-
tion size and migration on genetic drift and its consequences on population
genetic structure. The models assume random mating and no selection or
mutation.
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Population size

At equilibrium, populations small enough to experience drift will become
fixed for one of the alleles at a polymorphic locus and thereby decrease allele
richness, and increase inbreeding and population differentiation. The average
number of alleles per locus decreases because the probability of a rare allele
occurring in a founding population decreases with population size (Nei et al.
1975). If the majority of alleles in the source population are rare, then the
average number of alleles in the colonizing population will be most affected
by the size of the initial genetic bottleneck, and less by the length of time a
pbpulation remains small (Sirkkomaa 1983). If a population remains small
over long periods, then more common alleles will be lost as random fluctua-
tions alter allele frequencies toward 0 or 1. The frequency of homozygotes
increases in small populations as a result of increased mating among relatives.

The proportion of heterozygotes as a function of time is given by
Hyoy = (1 - 12N)H, (1)

indicating that the proportionate loss of heterozygosity is expected to be only
1/2N each generation and therefore will be substantial only if populations
remain small for a number of generations (Nei et al. 1975). Not only will
allele richness and heterozygosity decrease within small populations but also,
if founding events are repeated in space, the variance among new colonies
will depend on the average population size and the time spent at that size.
Although the variance among populations increases, the expected average al-
lele frequency among all populations will not deviate from the initial fre-
quency in the source. Where small populations are a significant feature of the
colonizing process, theory predicts that populations will exhibit low genetic
variability within and a large degree of differentiation among populations. Al-
though the theory of finite populations is well developed, it remains for em-
piricists to determine its significance for natural populations of plants.

When examining the genetic consequences of colonization, the critical
parameter to estimate is population size. A direct count of the number of
breeding individuals may be sufficient. However, in most natural populations,
the number of breeding individuals does not reflect the degree of drift and
inbreeding observed. In other words, the breeding population size is rarely
equal to the N of the models described above. Factors that cause this disparity
include gene flow over long distances. varying population size, nonrandom
mating, unequal sex ratios, and age and size structure (Kimura and Crow
1963; Heywood 1986). These factors violate the assumption of the simple fi-
nite population models, that each of the N individuals has an equal probabil-
ity of contributing gametes to the next generation. A better parameter is N,
the effective population size, which represents the size of an idealized popu-
lation, in which each individual contributes equally to the gamete pool, hav-
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ing the same variation in allele frequencies as the observed population
(Wright 1931). The effective size can be derived from the actual number of
breeding individuals, when factors affecting the breeding structure such as
selfing rate, sex ratio, and the distribution of reproductive output are known,
or can be inferred from the variance of allele frequencies at neutral loci
(Kimura and Crow 1963; Nei and Tajima 1981; Pollak 1983; Crow and Den-
niston 1988).

Unfortunately, there are few examples where N, has been estimated and
compared to N for plant populations. Jain and Rai (1974) measured the effec-
tive population size of subpopulations of Avena fatua based on the number of
breeding individuals, departures from random mating, and variance in seed
output among plants. Since the estimates of N, varied over the 2 vears sam-
ples were taken, they calculated the harmonic mean of N, for each popula-
tion (Wright 1951). In all cases, the average effective size was less than the
average number of individuals per population. Similarly, estimates of N,
based on the distribution of reproductive output within populations of Papaver
were less than the observed number of reproductive individuals (M.
Lawrence, personal communication). While N, is less than N in these exam-
ples, the magnitude and direction of the differences will vary within and
among plant species due to their diverse life histories, reproductive systems,
and colonization patterns.

Colonization affects genetic structure through its influence on population
size: however, there have been relatively few studies of plant colonization from
this perspective. Local differentiation has been widely reported for both
isozvmes (Ennos 1985; Knight and Waller 1987) and life history traits (An-
tonovics and Primack 1982; Schemske 1984); in manv cases drift has been
inferred. However, differentiation can often be explained by other factors
such as differences in the direction and intensity of selection among sites. To
demonstrate the effects of finite population size we must at least measure the
effective population size, preferably in past generations, and relate it to both
the existing and expected levels of variation. Jain and Rai (1974) compared
variation in morphological traits of Avena fatua from subpopulations in two
orchards. The average effective population size for the orchards differed be-
cause of contrasting management practices. Jain and Rai related the changes
in allele frequency over 2 years to population size. As predicted by theory, the
average gene frequencies in both orchards did not fluctuate significantly from
one vear to the next, except at one locus. However, over 2 years, the subpop-
ulations became more differentiated. particularly in the orchard with smaller
subpopulations. The authors concluded that most changes in allele frequency
were due to random drift or sampling errors in the survey.

Drift in small populations is also an important evolutionary force affecting
differentiation in stvle morph diversity among populations of tristylous Eich-
hornia paniculata that inhabit N.E. Brazil. Populations vary in their morph
structure, from equal morph frequencies to a single morph. In a sample of $+
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populations, morph diversity increased and the variance among populations
decreased with increasing plant density. This result is consistent with genetic
drift since density is correlated with population size in the species (Barrett et
al.. in press). Measures of temporal variation in morph evenness reveal a
similar pattern. Figure 1 shows changes in morph evenness between 1987 and
1988 in 34 populations of E. paniculata in relation to the harmonic mean of
population size. Populations deviate away from (+ change) or toward (-
change) equal morph frequencies to nearly the same degree (19 versus 15 pop-
ulations, respectively) and the average change in morph evenness is not sig-
nificantly different from zero. The largest absolute changes in diversity occur
in the smallest populations, particularly those below 100 individuals (Figure
1). The observed patterns indicate that random drift in small populations is a
dominant factor affecting genetic structure in Eichhornia paniculata.

The inheritance of traits with more obvious ecological significance, such
as growth rate or reproductive effort, is not well understood and predicting
the effects of small populations is difficult. While there are examples of quan-
titative characters under relatively simple genetic control (reviewed in Gott-
lieb 1984), most life history traits are likely to be controlled by many loci.
When the genetic variance of polygenic traits is based on additive allele ef-
fects. variation should decrease in proportion to 1/2N, after a bottleneck of
N, individuals (Lande 1980). However, if genetic variability is partly the re-
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FIGURE 1. Changes in stvle morph diversity in relation to population size from 1987
to 1988 in 3+ Brazilian populations of tristvlous Eichhornia paniculata. Population size
(N,) is the harmonic mean of the number of reproductive individuals in each vear.
Stvle morph diversity was calculated using a modification of Simpson's index (B. C.
Husband and S. C. H. Barrett, unpublished data).



260 CHAPTER FIFTEEN / BARRETT & HUSBAND

sult of nonadditive allele effects (such as epistasis and dominance), the effect
of small populations on genetic variation will not be a simple relationship
with N. Recent models by Goodnight (1987, 1988) suggest that the additive
genetic variance may actually increase, at least temporarily, after a bottle-
neck, as inbreeding converts nonadditive genetic variation from the donor
population to additive genetic variation in the derived population. Figure 2
illustrates such an effect for traits related to fitness, in which 20% of the total
variance in the ancestral population is additive and 80% is epistatic. If popu-
lations are kept at 16 individuals for 100 generations, the additive genetic vari-
ance increases and temporarily exceeds the total genetic variance in the
ancestral population. Over the remaining period, the additive genetic vari-
ance in the derived population exceeds that in the ancestral population.

1.501 Ve N
1254 \
1004

0.754

Variance

0.504

Generation

FIGURE 2. The effect of a population bottleneck of intermediate size (16 individuals)
on additive genetic variance (solid line) and total genetic variance (dash/dot line) for
100 generations. The contribution of additive genetic variance in the ancestral popu-
lation to additive genetic variance after the bottleneck is also indicated (dashed line).
Twenty percent of the total genetic variance in the ancestral population is additive and
80% is epistatic (after Goodnight 1988).



GENETICS OF COLONIZATION 261

Goodnight also shows that while epistatic variance changes to additive varia-
tion most rapidly in small populations, a greater proportion of the variance
converts to additive variation over many generations in populations of mod-
ecate size. Aside from laboratory studies on houseflies by Bryant and co-
workers (1986a, 1986b). there are few studies designed to test this theory and
none is known from the plant literature.

Although less controlled. recent colonization events of known origin can
also reveal the effect of bottlenecks on genetic variability in the field. For
example, in a study of local colonization. we measured genetic variability in
an isolated pair of populations of Eichhornia paniculata in N.E. Brazil. In
1987. one population was large and contained all three stvle morphs; the sec-
ond population, 3 km west, was small, with onlv two morphs. Both popula-
rions were separated from the remaining concentration of populations by 100-
500 km. Based on morph structure, size, and geographic distribution, the
large trimorphic population is the most likely source of plants that established
the smaller population. While enzyme variability in both populations was
low relative to other Brazilian populations (see Glover and Barrett 1987), the
variation in the derived population was a reduced subset of the variation in
the source population (Table 1). A similar pattern was evident for quantitative

TABLE 1 Comparison of genetic variation in source and derivative populations of
Eichhornia paniculata in N.E. Brazil.“

BS6 B5S

Stvle morph structure Trimorphic Dimorphic
Estimated population size

1987 2000 200

1988 7S 0
Qutcrossing rate (t) 0.99 = 0.04 0.60 = 0.14
Loci polvmorphic (%) 20.8 8.3
Average number of alleles 2.3 20
H, . 0.054 0.016
Gene diversity (h) 0.062 0.035
F 0.13 0.54
Number of traits with significant 8/15 115

family vanation

“The two populations were located in roadside ditches. 3 km apart. 69 km west of Campina
Grande, Paraiba State (see Figure 2, Barrett et al., in press). lsozyme data are based on a survey
of 24 loci from a sample of 26+ plants from B36 and 64 from B35. Measures of quantitative
variation in life history traits are based on comparisons of 25 open-pollinated familes of 2 indi-
viduals each. per population, grown under uniform glasshouse conditions. Variation among fam-
tlies was sigmificant at the p<U.U5 level, in a mixed model. hierarchial analvsis of variance.
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traits. Between-family variation was a significant component of the total vari-
ation in the source population for 8 of 15 traits. In the derived population.
however, only 1 of 15 traits exhibited significant family variation and in no
case did the family component of the variance exceed that in the source.
While quantitative genetic variation was apparently reduced by the coloniza-
tion event, genetic correlations, based on family means between all possible
pairs of traits, did not change significantly between the source and derived
populations. Although in this example both classes of genetic variability ex-
hibited similar patterns, a lack of congruence between variation in quantita-
tive traits and enzyme loci, as well as few data on the genetic basis of
quantitative traits, make it all the more important that experimental studies
are conducted on the effect of bottlenecks on genetic variation. If these stud-
ies are to be useful to colonization genetics they should examine traits of
obvious ecological significance.

Migration

In small populations, migration moderates the random change in allele fre-
quencies due to genetic drift. The degree to which drift occurs will depend on
both the rate of migration and the genetic characteristics of the migrants.
When the genotypes involved in colonization are at a constant frequency,
recurrent migration will oppose the forces of drift and maintain variability
within populations. The degree of differentiation among populations that have
reached a drift—migration equilibrium is given by

V, = pg/(4Nm + 1) (2)

where V, is the variance of the frequency of allele ¢, and Nm is the rate of
dispersion (Falconer 1981). Thus, a single migration event will have a greater
influence on small populations than on large ones. However, because of drift,
maintaining a given level of homogeneity requires more migration in small
than large populations. In plants, migrants are commonly from neighboring
populations and because of the dispersal of multiseeded fruits, are likely to be
kin structured. This feature in association with variable migration rates intro-
duces a large stochastic element and increases the potential for random dif-
ferentiation of populations (Levin 1988).

In many plants species, particularly those of disturbed or ephemeral hab-
itats, the sequence of population bottleneck and expansion, or extinction and
recolonization, is repeated continuously over time. Most models of popula-
tion differentiation, however, assume that each local population lasts indefi-
nitely. Slatkin (1977) showed that without selection and mutation, the effect
of local extinctions and recolonizations on genetic structure is complex and
depends on the relative strengths of drift and gene flow between populations
during recolonization. The impact of gene flow during recolonization de-
pends on whether the migrants that establish new colonies are from the same
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population, such as the immediate seed bank or the nearest population (the
propagule model), or from a random sample of populations, differing in allele
frequency (migrant model). In the propagule model, drift outweighs the effect
of gene flow, and. therefore, populations differentiate. Under this coloniza-
tion scheme. genetic differentiation is enhanced most when the number of
individuals colonizing an available site is small relative to the number enter-
ing extant sites (Wade and McCauley 1988). In the migrant model, a random
sample of seeds from a collection of populations can increase variation within
and reduce the levels of differentiation between populations, particularly
when the number of individuals colonizing available sites is relatively large.
If selection is also considered, the theory of colonization and extinction
may be analogous to the nonequilibrium theory of species diversity in com-
munities (Huston 1979). This theory suggests that species diversity is a product
of the interacting effects of disturbance and competition, both of which re-
duce species richness. At intermediate levels of disturbance, competition is
interrupted and disturbance is not intense enough to extirpate species. At this
point, disturbance is sufficient to maintain the presence of early successional
species and thus diversity is higher than at low levels of disturbance (or colo-
nization). If community diversity is comparable to genetic diversity within
populations of a species. then, by analogy, variation will be a function of the
effects of drift and selection. Selection will be most important in reducing
variabilitv in undisturbed populations, while drift causes fixation in frequently
disturbed populations. This model predicts that variability within populations
will be highest at intermediate levels of disturbance, since the effects of se-
lection and drift are minimized. While apparently no population genetic
studies address this issue, communitv studies on intertidal diversity (Sousa
1979) and Atlantic coast plants (Keddy 1983) appear to support this prediction.
Models of genetic structure in populations experiencing frequent coloniza-
tion and extinction predict that, under certain circumstances, increasing the
frequency of colonization increases the genetic diversity within populations
(Wade and McCauley 1988). This is important since we regularly associate
colonization and colonizing plants with low genetic diversity within popula-
tions. The results mayv explain why variability in disturbed populations can
exceed that in stable populations, as described for Lupinus succulentus from
California (Harding and Mankinen 1972). Harding and Mankinen found that
disturbed populations were more variable at three flower color loci and one
seed pigment locus. They suggested that contrasting selection pressures may
account for the differences in genetic variation associated with disturbance.
An alternate explanation, however, is that interpopulation migration plays a
larger role than drift in the colonization dynamics of these populations. Un-
fortunately, the level of migration between populations is poorly understood
and represents one of the least tractable aspects of population genetics (Levin
1988). Not withstanding this difficulty, interpretations of the genetic structure
of colonizing populations cannot be made in isolation, but should be viewed
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in the context of the local distribution and density of populations and their
dynamic interrelationships with one another.

MODELS OF COLONIZATION

Measuring and describing the genetic structure of populations, in space and
time, pose no difficulties of principle. However, inferring the importance of
migration and population size is difficult without knowing the dyvnamics of
colonization. Since so few estimates of plant migration rates exist. conclu-
sions are highly speculative. In light of this deficiency, we consider a number
of colonization models, discuss their effects on genetic structure. and then
summarize the empirical data available that can be interpreted within this
framework. The models involve migration and finite population size, but do
not deal with selection.

Continent—island model

The continent—island model is the simplest depiction of colonization, based
on Wright's (1940) island model of migration. It assumes unidirectional mi-
gration from a relatively large source, with a fixed allele frequency, to small
isolated colonies or islands. Wright combined the effects of population size
and migration to predict whether island populations will differ from those on
the continent. At equilibrium, allele frequencies in small, isolated colonies
will differ significantly from their source and, depending on the rate of ex-
pansion, may differ from the genetic composition of the initial migrants due
to drift (Nei et al. 1975). The distribution of allele frequencies among popu-
lations will vary, depending on their size. The frequency of populations fixed
for a particular allele will be in proportion to the frequency of the allele in
the migrant pool. The continent—island model can be applied to plant colo-
nization involving long-distance dispersal and is particularly relevant to the
adventive spread of weeds. Unfortunately there are relatively few examples in
which genetic variation has been measured in both the source and colonial
(introduced) populations of wide-ranging species and even fewer comparisons
of genetic diversity between continental and island populations of plants.

In all cases where island and mainland populations have been compared,
insular populations have had reduced or, in extreme cases, no measured ge-
netic diversitv (Rick and Fobes 1975; Ledig and Conkle 1983). In the former
case, Galapagos Island populations of Lycopersicon cheesmanii are sufficiently
distinct from their more variable mainland progenitor to warrant separate spe-
cies status, whereas, in the latter case, both island and mainland populations
of Pinus torreyana are genetically depauperate. suggesting that the species
itself has been subject to an historical bottleneck. Two examples in which a
genetic bottleneck has been associated with island colonization involve the
heterostvlous plants Turnera ulmifolia and Eichhornia paniculata (Table 2).
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TABLE 2 Comparisons of isozyme variation in source and introduced populations of
four colonizing species of plants.*

am—

Number of Ave number of
Region populationsfoci  PLP alleles/polymorphic locus H, H

Apera spica-venti {Warwick et al. 1987)

Europe 6/17 0.62 2.5 0.23 0.20
Canada 9/17 0.57 2.5 0.23 0.2t
Echium plantagineum (Burdon and Brown 1986)

Europe 2/14 0.82 2.6 0.29 0.3%°
Australia 8/16 0.94 2.7 032 0.34%
Eichhornia paniculata (Glover and Barrett 1987)

Brazil 6/21 0.24 2.2 0.08 0.09
Jamaica 5121 0.08 2.0 0.02 0.03
Turnera ulmifolia (Barrett and Shore, in press)

Latin America 7/14 0.46 2.1 0.11 0.12
Caribbean 16/14 0.20 2.0 0.07 0.04

pLP. proportion of loci that are polymorphic; H,,. observed heterozvgosity; H. gene diversity.
bBased on polvmorphic loci.

Both taxa occur primarily in South America with isolated populations on
various Caribbean islands. In the case of E. paniculata, island colonization is
confounded with a change in mating system from outcrossing to predominant
self-fertilization (see below). In contrast, both continental and island popula-
tions of Turnera ulmifolia var intermedia are self-incompatible and outbreed-
ing, but the former populations are diploid whereas the latter are auto-
tetraploid. Since continental autotetraploids of T. ulmifolia var elegans are
highly variable, with populations more diverse than those of diploids, it is
unlikely that the reduced diversity of island populations of var. intermedia is
the result of their autotetraploid origin; more likely it is a direct result of
genetic bottlenecks associated with island colonization (Barrett and Shore, in
press).

Evidence from investigations of intercontinental migrations of weeds indi-
cates that genetic variation in introduced populations can be lower or higher
(reviewed in Brown and Marshall 1981) than populations from the source
range. The outbreeding weeds Apera spica-venti and Echium plantagineum
exhibit similar levels of variability in native and introduced populations (Ta-
ble 2). Both species are native to Europe and have become established in
Canada and Australia, respectively. Despite its recent introduction, Apera ex-
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hibits as much variability in introduced colonies as in European populations.
This supports the prediction that the effects of genetic bottlenecks are reduced
by factors such as outcrossing, which increase the effective size, N. In E.
plantagineum, the high genetic diversity of Australian populations is in part
the result of hybridization among multiple introductions of floral variants
used for ornamental purposes. Without information on the source, time. and
number of introductions, interpretations of the genetic effects of long-distance
colonization will be difficult.

An example in which some historical information is available involves the
invasion of two annual barnyard grasses {Echinochloa microstachya and E. ory-
zoides) into cultivated rice fields in New South Wales, Australia. Imported
Californian rice varieties were used to initiate rice cultivation in New South
Wales in 1922 (Mclintyre and Barrett 1986). The earliest records of the two
barnyard grasses in Australia were from rice fields at Leeton Rice Experiment
Station in 1938, the entry point for Californian rice varieties. Comparisons of
isozyme variation in North American and Australian populations of the two
species indicate a major genetic bottleneck associated with introduction to
Australia with Californian rice field populations the most likely source
(S. C. H. Barrett and A. H. D. Brown, unpublished). In the case of E. mi-
crostachya, the predominant Australian genotype could be identified from
among the North American sample of populations and occurred in a popula-
tion from northern California close to Biggs Rice Experiment Station. His-
torical records suggest this site as the likely exit point for cultivated rice
varieties shipped to Australia in the 1920s.

Patterns of genetic differentiation in life history attributes among popula-
tions of the two barnyard grass species from the two regions were similar to
those obtained for isozyme loci. In the native E. microstachya, North Amer-
ican populations were more differentiated than Australian populations with
two populations clustered with the Australian sample (Figure 3). Once again
this points to northern California as the likely source region for the Australian
invasions. Population samples of the crop mimic E. oryzoides showed little
differentiation between California and Australia. The lack of differentiation
may result from the similar cultural conditions for rice growing in the two
regions (Mclntyre and Barrett 1986) as well as restricted amounts of genetic
variations present in the founding stocks.

The continent—island model of colonization is applicable to many exam-
ples in the plant literature, although few workers have explicitly tested the
relationships between migration and genetic structure as defined by Wright
(1969). It is difficult to evaluate the predictions of the model when the appro-
priate variables are not known. Estimates of the number of introductions,
founder size, and levels of migration are required to predict differences be-
tween colonial and source populations. While there is increased interest in
estimating levels of interpopulation gene flow using the methods of Wright
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FIGURE 3. Principal components analysis of quantitative variation in 12 life history
traits in populations of Echinochloa oryzoides (Eo) and E. microstachya (Em) from
North America (open circles, 1-10) and Australia (closed circles, 11-20). The 20 pop-
ulations of each species were grown under uniform glasshouse conditions. Note the
absence of differentiation between populations from the two regions in E. oryzoides
and the occurrence of two population of E. microstachya (1.9) from northern Califor-
nia that cluster with the Australian sample (S. C. H. Barrett and A. H. D. Brown,
unpublished).

(1969) and Slatkin (1985), no studies have as yet examined this in relation to
colonization history in plants.

Island model

Island models of colonization assume that migration occurs among subpopu-
lations. In contrast to the continent—island model, migration is multidirec-
tional because the subpopulations are assumed to be of the same effective
size. We will describe the botanical evidence for two spatial patterns of pop-
ulation differentiation in the context of the island model. First is the random



