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Restricted gene flow and subpopulation
differentiation in Silene dioica
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The size of breeding units and the hierarchical population structure of the dioecious perennial
herb Silene dioica were investigated on four closely situated island populations in the
Skeppsvik Archipelago in northern Sweden. F-statistics analyses of nine polymorphic allozyme
loci revealed that plants on single islands are divided into many small breeding units, between
0.2 m2 and 6 m2. Hierarchical analyses showed that levels of differentiation among subpopula-
tions within islands (FPL = 0.080) were about twice as high as among islands (FLT = 0.048).
These results are discussed in the light of what is known about pollen and seed movement in
the archipelago.
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Introduction

The habitats of most species of plants and animals
exist as discrete patches on some geographical scale.
This patchiness forces individuals into arrays of local
populations where mating is more likely to occur
among individuals living in the same local popula-
tion (McCauley, 1995). If these local populations are
small and isolated, they may diverge genetically as a
consequence of random drift. Moreover, if gene flow
is sufficiently restricted, even large continuously
distributed assemblages of conspecifics may come to
consist of many small breeding units, where devia-
tions from random mating among the units will
favour their genetic divergence (e.g. Wright, 1951;
Rohlf & Schnell, 1971; Turner et al., 1982). Signifi-
cant levels of genetic differentiation among arbitrar-
ily designated local populations have been observed
where nearest-neighbour pollination and limited
seed dispersal, two forms of restriction of gene flow
in plants, have been shown to occur (e.g. Handel,
1983; Williams & Guries, 1994). Differential selec-
tion operating over small spatial scales can also lead
to differentiation within populations (see Linhart &
Grant, 1996). The effectiveness of selection,
however, is influenced by the degree of subdivision
resulting from specific rates and patterns of gene
flow (Barton & Whitlock, 1997). Thus, knowledge
about the existence of subdivision, the relative scale
on which it occurs and the sizes of breeding units is

required for untangling the evolutionary dynamics of
a species.

Giles & Goudet (1997a) studied the distribution
of allozyme variation in the dioecious perennial herb
Silene dioica among 52 of the naturally founded
island populations composing an age-structured
metapopulation in an archipelago in the northern
Baltic. These islands were differentiated, largely
because of genetic differences among the founding
propagules, and these differences were not eradi-
cated by continued gene flow. The plants in that
study were, however, collected as random samples
from each island which means that each island was
treated as if it were a single breeding unit. Both
global and within-island FIS values were significantly
greater than zero, indicating strong heterozygote
deficits within islands (Giles & Goudet, 1997a).
Although two factors, inbreeding and structuring,
could account for such deficits, the obligately
outbreeding nature of S. dioica and the hetero-
geneity of within-island FIS (range µ0.18 to 0.38)
values (Robertson & Hill, 1984) suggested that
islands were probably structured into small breeding
units. Nearest-neighbour pollination and restricted
seed dispersal have been observed on these islands
(P. K. Ingvarsson and B. E. Giles, unpub. obs.) thus
providing mechanisms by which subdivision could
occur. The existence of potential structuring within
and among islands also suggests that S. dioica popu-
lations in this archipelago are subdivided at several
hierarchical levels. Because actual rates of gene flow*Correspondence. E-mail: barbara.giles@genetik.umu.se
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among breeding units play a critical role in deter-
mining the scale over which breeding units may
assume independent evolutionary trajectories
(Slatkin, 1985), we felt it essential to investigate the
degree of structuring within islands.

We sampled plants from 100 patches distributed
over four different islands situated near to each
other in the archipelago and asked the following
questions. (i) Do the S. dioica populations growing
on each island consist of several breeding units? (ii)
How large are these breeding units? (iii) What are
the levels of differentiation within islands relative to
the levels among islands? The plants were assayed
for nine enzyme loci and analysed with F-statistics.
Island populations of S. dioica are strongly differen-
tiated over a scale of a few metres and the degree of
differentiation among these local populations is
about twice that among islands. The results are
discussed in the context of gene flow.

Materials and methods

The study system

Silene dioica (L.) Clair. (Caryophyllaceae) is a
perennial herb found throughout much of northern
Europe including Iceland, the Færöes and northern-
most Fennoscandia. This species requires moist,
fertile and disturbed habitats and is a member of the
earlier stages of primary and secondary successional
communities (Baker, 1947; Grime, 1979). Population
growth in this diploid dioecious species depends on
sexual reproduction. Plants begin reproduction at
2–3 years of age and may live for 5–10 years.
Flowering occurs in June and July and bumblebees
(Bombus spp.) are thought to be the main pollina-
tors (Kay et al., 1984). In August, mature capsules
open at the apex and the seeds, which are then lying
free in the bottom, are dispersed by gravity as stems
are shaken or broken. Although seeds can germinate
in the autumn, most do not until June the following
year. At this time, 90% of the seeds germinate, and
after two years, fewer than 1% of seeds remain
ungerminated (Elmqvist & Gardfjell, 1988) suggest-
ing that seed bank dynamics may not be important
for this species.

The study was carried out on islands in the
Skeppsvik Archipelago (Fig. 1), located in the Gulf
of Bothnia at the mouth of the Sävar River, Väst-
erbotten, Sweden (63°44–48pN, 20°31–33pE). This
archipelago is subject to land uplift (20.9 cm per
year) so that new islands are continuously being
formed (Ericson & Wallentinus, 1979). As a result,
islands differ in age and stage of primary succession.
Silene dioica populations do not establish on islands

less than 70–150 years old and go extinct on islands
older than 2350 years old when coniferous forests
have expanded to occupy most of each island. Large
continuously distributed populations of S. dioica are
found in the interim (details in Giles & Goudet,
1997b).

Choice of islands

The study islands were chosen to fulfil the following
criteria: (i) islands should have similar successional
stages to reduce the contribution of variance arising
from age/stage differences among islands (Giles &
Goudet, 1997a); (ii) islands should support continu-
ously distributed S. dioica populations, because we
are interested in seeing whether differentiation
occurs where locally restricted gene flow could be
the cause; and (iii) islands should be situated in the
same area of the archipelago so that some seed and
pollen flow is possible among them. Islands 39, 35,
23 and 17 (17 now fused to 23) fulfil these criteria
(Table 1, Fig. 1). Although Table 1 indicates that the
ages of the populations differ on these islands, they
have similar successional stages (Giles & Goudet,
1997b).

Within-island sampling

To infer that island populations are subdivided into
many randomly mating units, we must show that
heterozygote deficits for groups of individuals within
spatially restricted areas (patches) within islands are
not significantly greater than zero, and that hetero-
zygote deficits among patches are significantly
greater than zero (Wright, 1951). Note that as the
study organism is dioecious, the expected value of
the within-patch heterozygote deficit should be
slightly negative and equal to µ1/(2nµ1), where n
is the number in a patch (e.g. Cockerham, 1973).

Individuals were collected in the summer of 1994
from 100 patches distributed over the four islands
(Table 1). The patches, which were circles 0.5 m in
diameter (0.2 m2), were distributed over as much of
an island as possible. Patch size and shape were
chosen to imitate the area within which clusters of
seedlings are found growing under isolated females
(Giles & Goudet, 1997a). A preliminary survey was
carried out to confirm that individuals sampled
within patches of this size belonged to the same
random mating unit. In the summer of 1993, all
individuals were collected from each of six 0.2 m2

patches on island 23. The distances between the
centres of these patches varied from 2.8 to 35 m.
Levels of differentiation (estimated as FST) among
all six patches and between the two patches sepa-
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rated by 2.8 m were significantly greater than zero
and no evidence of within-patch heterozygote deficit
(FIS) was obtained (data not shown). We thus
continued to use 0.2 m2 patches in the 1994 survey
but the number of individuals collected from each
patch was reduced to 10 so that we could increase
the numbers of patches and islands studied. Sampl-
ing details and the locations of the patches on each
island are given in Table 1 and Fig. 2(a–c),
respectively.

Numerical estimates of patch size

The numbers of adults, juveniles and seedlings were
all recorded in 14, 17, and 18 of the patches sampled
for electrophoresis from islands 23, 35 and 39,
respectively. These developmental stages can be

recognized by the size and number of the leaves
composing the rosette. Seedlings are plants germi-
nating in the census year; juveniles are prerepro-
ductive individuals which have survived at least one
winter and have small rosettes. Adults have well-
developed rosettes with many leaves and have
reached reproductive age. These data were collected
to provide estimates of: (i) mean numbers of all
individuals and (ii) the mean numbers of reproduct-
ive individuals, in 0.2 m2 patches. To be as conserva-
tive as possible, we used the sum of flowering and
nonflowering adults to estimate the numbers of
reproductive individuals. Because the accumulated
effect of genetic drift depends on the reciprocal of
the size of the reproducing population (Falconer,
1989), we use harmonic means to estimate the
‘effective’ mean numbers of reproductive individuals

Fig. 1 Skeppsvik Archipelago. The
study islands are marked in black and
identified by number.

SUBPOPULATION DIFFERENTIATION IN SILENE DIOICA 717

© The Genetical Society of Great Britain, Heredity, 80, 715–723.



in these patches. ‘Census’ sizes of the reproductive
and total fractions of the minimum breeding units
are described by arithmetic means.

Electrophoresis

Genetic structure was inferred from allozyme data.
Individuals were treated as described in Giles &
Goudet (1997a). Nine polymorphic loci were scored
from the six enzyme systems, phosphoglucomutase
(Pgm, EC 5.4.2.2), phosphoglucoisomerase (Pgi, EC
5.3.1.9), triose-phosphate isomerase (Tpi, EC
5.3.1.1), diaphorase (Dia, EC 1.6.99.-), 6-phospho-
gluconate dehydrogenase (Pgd, EC 1.1.1.44) and
aconitase (Aco, EC 4.2.1.3).

Analyses

The program FSTAT v. 1.2 (Goudet, 1995) was used
to analyse genotypic and allelic compositions and
assess deviations from random mating by means of
F-statistics based on the estimators of Weir & Cock-
erham (1984). Conventional two-level hierarchical

analyses were carried out for each island separately
to show that structuring within islands is a general
feature in the archipelago. To keep F-statistics
terminology consistent with that used in the three-
level hierarchical analysis, we break with the conven-
tional designations of FIS and FST. We use the
subscripts I for individual, P for patch, L for island
and T for total. Thus for each island, F x

IP is the
correlation of genes within individuals relative to
patches, F x

PL the correlation of genes within patches
relative to the island, and F x

IL the correlation of
genes within individuals relative to the island (x is
island number). These statistics are related as
(1µFIL) = (1µFIP) (1µFPL). The significance of the
deviation of each F-value from zero was tested using
the permutation procedure included in FSTAT. These
tests are one-tailed because the alternative hypothe-
sis where genetic drift is suspected is that F will be
greater than zero. This test is described in detail in
Goudet (1995) and Giles & Goudet (1997a).

The relative levels of differentiation within and
among islands were estimated from three-level heir-
archical analyses of gene frequencies (Weir, 1990).
The following variance components were computed:
within individuals (error term, s 2

w), among indi-
viduals within patches (s 2

c), among patches within
islands (s 2

b) and among islands (s 2
a). The estimators

of genetic differentiation were obtained from
these components as: FIP = s 2

c/(s 2
w+s 2

c); FPL = s 2
b/

(s 2
b+s 2

c+s 2
w); FLT = s 2

a/(s 2
a+s 2

b+s 2
c+s 2

w); FIL =
(s 2

b+s 2
c)/(s 2

b+s 2
c+s 2

w); FPT = (s 2
a+s 2

b)/(s 2
a+s 2

b+
s 2

c+s 2
w); FIT = (s 2

a+s 2
b+s 2

c)/(s 2
a+s 2

b+s 2
c+s 2

w). FIP,
FPL and FIL are defined as above; FPT is the correla-
tion of genes within patches relative to the total, FLT

the correlation of genes within islands relative to the
total and FIT the correlation of genes within indi-
viduals relative to the total. The variance compo-
nents were estimated using the procedure ‘nested’ of
the Statistical package SAS. To obtain per-locus and
overall estimators, the ratios of sums rather than the
sums of ratios were used as suggested by Weir &
Cockerham (1984).

Before calculating F-statistics, we determined
whether the variation at all loci appeared to be
neutral so that genetic drift could be inferred as the
primary force affecting them. This can be assumed if
all loci have similar values of FIP (Slatkin, 1985). A
crude test for this is to see whether the confidence
intervals of FIP calculated over populations, overlap
or lie between the confidence intervals of FIP

calculated over loci (Goudet et al., 1995). If these
overlap, the loci can be assumed to behave in a
neutral manner; loci not meeting this criterion
should be omitted from further analysis. FSTAT

Table 1 Data for populations of Silene dioica from islands
of the Skeppsvik Archipelago

Island Pop. Pop.
number age size FIS Patches N

17 75 3200 0.168 8 75
23 96 16000 0.096 31 294
35 196 8500 0.040 28 279
39 276 18000 0.226 33 329

Island number refers to Fig. 1. Silene dioica population
age and size from Carlsson & Elmqvist (1992). FIS are
within-island values from Giles & Goudet (1997a).
Patches and N refer to the numbers of patches and
individuals screened on each island, respectively.

Fig. 2 Patch locations on the study islands. From left
to right, islands 39, 35 and 17+23.
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calculates these confidence intervals using jackknife
procedures (Weir, 1990; Goudet, 1995).

Results

The over-population confidence intervals (CI) of FIP

for each locus overlapped or lay between the over-
loci CIs (data not shown), and therefore all nine
polymorphic loci were included in the estimation of
F-statistics.

The gene diversities per locus and over all loci for
each of the islands are given in Table 2. Pgm-2,
Dia-1 and Pgd-1 have the lowest gene diversities and
are therefore the least informative loci; Pgd-2, Pgi-2
and Aco-1 are the most informative. The average
diversity was lowest on island 39, the most isolated
island in this study.

FIP values over all loci for each of the islands are
not significantly greater than zero and are negative
as expected for a dioecious organism (Table 3).

Differentiation among patches within each of the
islands (F x

PL) is high and significantly greater than
zero (Table 3). Populations are thus subdivided on
all islands.

Because the FIP do not indicate structuring within
patches, we infer that 0.2 m2 is close to or lies within
the minimum size of a random mating unit. Assum-
ing that the transition between two breeding units
lies between the closest patches with significant F x

PL

values (2.8 m, data not shown) suggests that breed-
ing units may be as large as 6 m2 (radius 1.4 m). A
rough idea of the numerical sizes of these units can
be obtained from the harmonic mean numbers of
reproductive (flowering+nonflowering) and from
the arithmetic mean numbers of reproductive and all
individuals in the minimum random mating units
(Table 4a). These data show that although the total
densities of individuals in the minimum mating units
vary among islands, the total numbers of individuals
are about three times the ‘census’ numbers of repro-

Table 2 Gene diversities per locus and over all loci for Silene dioica

Island Pgm-1 Pgm-2 Pgi-2 Tpi-1 Dia-1 Pgd-1 Pgd-2 Aco-1 Aco-2 All loci

17 0.32 0.10 0.45 0.10 0.27 0.15 0.63 0.51 0.09 2.61
23 0.21 0.02 0.51 0.21 0.03 0.09 0.59 0.46 0.11 2.22
35 0.10 0.06 0.55 0.27 0.04 0.00 0.65 0.35 0.13 2.13
39 0.28 0.01 0.35 0.07 0.00 0.07 0.52 0.33 0.28 1.90

Table 3 F-statistics for each island population of Silene dioica (see Materials and methods for subscript definitions)

Island Pgm-1 Pgm-2 Pgi-2 Tpi-1 Dia-1 Pgd-1 Pgd-2 Aco-1 Aco-2 All loci P

17 No. alleles 3 2 4 2 2 2 3 4 3
F PL

17 0.103 0.065 0.168 0.048 0.041 0.053 0.249 0.173 0.075 0.150 0.0002
F IP

17 µ0.185 µ0.115 µ0.156 0.182 µ0.221 µ0.113 µ0.013 0.049 µ0.111 µ0.079 0.96
F IL

17 µ0.063 µ0.042 0.038 0.221 µ0.171 µ0.074 0.238 0.213 µ0.028 0.083 0.002

23 No. alleles 3 2 4 2 2 2 3 4 2
F PL

23 0.082 µ0.012 0.067 0.055 0.050 0.006 0.043 0.120 0.035 0.069 0.0002
F IP

23 µ0.027 0.503 µ0.069 0.037 µ0.062 0.081 µ0.136 µ0.187 µ0.096 µ0.087 0.99
F IL

23 0.019 0.153 0.010 0.111 µ0.038 0.065 0.024 0.050 µ0.053 0.031 0.08

35 No. alleles 3 2 3 2 2 2 3 4 3
F PL

35 0.004 0.013 0.030 0.031 0.002 µ0.002 0.031 0.169 0.001 0.049 0.0002
F IP

35 0.006 µ0.041 µ0.052 0.003 µ0.019 0.002 µ0.018 µ0.106 µ0.065 µ0.039 0.92
F IL

35 0.011 µ0.027 µ0.021 0.035 µ0.017 0.000 0.013 0.080 µ0.064 0.012 0.32

39 No. alleles 3 3 3 3 2 3 3 4 3
F PL

39 0.076 µ0.005 0.055 0.019 0.042 0.053 0.136 0.069 0.107 0.088 0.0002
F IP

39 0.049 0.001 µ0.048 µ0.051 µ0.046 µ0.089 µ0.137 0.106 µ0.014 µ0.027 0.87
F IL

39 0.121 µ0.004 0.010 µ0.031 µ0.002 µ0.032 0.018 0.168 0.094 0.064 0.002

Number (No.) of alleles observed for each island are given for each locus. P is for the null hypothesis that F = 0 against
the alternative hypothesis that Fa0.
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ductive individuals. The harmonic mean, our best
estimate of the ‘effective’ number of reproductive
individuals, is slightly more than half the reproduct-
ive census numbers and averages about three per
unit. Thus these data, which have been collected in
the same patches from which our estimates of differ-
entiation were obtained, suggest that breeding
groups are rather small.

The hierarchical analyses of gene frequencies
appear in Table 5. The variance components for the
different levels of structure, presented in terms of
percentage total variance for within individuals (s 2

w),
among patches within islands (s 2

a) and among
islands (s 2

b), show that patches within islands are
more differentiated than different islands, because
there is about twice as much variance within as

Table 4 (a) Numbers of Silene dioica in minimum random mating units
estimated from patch data. The numbers of reproductive individuals are
described by harmonic (‘effective’) and arithmetic (‘census’) means. The
arithmetic means of all individuals are also given. N is the number of patches.
The standard deviations of arithmetic means are in parentheses. ‘E’/All is the
ratio of the ‘effective’ number to the mean total number of individuals per
patch. (b) Census sizes of island populations (from Carlsson & Elmqvist, 1992)
and ‘effective’ numbers of reproductive individuals estimated as patch
‘E’/AllÅIsland ‘Census’

(a) Patch level Reproductive

Island N ‘Effective’ ‘Census’ All ‘E’/All

23 14 2.406 4.79 (3.12) 12.29 (9.14) 0.196
35 17 2.514 3.47 (2.30) 9.06 (6.61) 0.277
39 18 3.724 5.72 (3.21) 21.17 (15.81) 0.176

(b) Island level
Island ‘Effective’ ‘Census’

23 3100 16000
35 2400 8500
39 3100 18000

Table 5 Variance components and hierarchical F-statistics for Silene dioica

Variance components Hierarchical F-statistics

Locus s 2
w s 2

c s 2
b s 2

a s 2
t FIP FPL FLT FPT FIL FIT

Pgm-1 0.199 0.001 0.015 0.006 0.220 µ0.007 0.071 0.026 0.095 0.074 0.088
Pgm-2 0.032 0.001 0.001 0.001 0.034 0.025 0.019 0.015 0.035 0.059 0.058
Pgi 0.460 µ0.028 0.027 0.013 0.501 µ0.064 0.059 0.026 0.081 µ0.002 0.026
Tpi 0.160 0.003 0.007 0.007 0.177 0.016 0.040 0.041 0.079 0.059 0.094
Dia 0.041 µ0.005 0.001 0.004 0.046 µ0.132 0.038 0.081 0.111 µ0.108 0.008
Pgd-1 0.060 µ0.002 0.003 0.001 0.065 µ0.032 0.056 0.019 0.072 0.016 0.042
Pgd-2 0.578 µ0.049 0.057 0.061 0.696 µ0.092 0.097 0.088 0.169 0.014 0.099
Aco-1 0.340 µ0.007 0.045 0.015 0.401 µ0.020 0.118 0.038 0.149 0.101 0.133
Aco-2 0.175 µ0.006 0.013 0.004 0.192 µ0.037 0.073 0.021 0.090 0.038 0.057

Overall 2.045 µ0.094 0.169 0.112 2.332 µ0.048 0.080 0.048 0.121 0.035 0.080
% 87.690 — 7.250 4.800

Subscripts are defined in Materials and methods.
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among islands. This is also seen in the hierarchical
F-statistics where, for both per-locus and overall
estimates, FPL is larger than FLT. The negative
component of variance among individuals within
patches (s 2

c), which gives a negative FIP, indicates
that individuals within patches are more related to
each other than to individuals drawn at random
from the same island.

Discussion

The results of this study show that island popula-
tions of S. dioica in Skeppsvik Archipelago are
subdivided into many breeding units. The signifi-
cantly positive heterozygote deficits within islands
reported by Giles & Goudet (1997a; see also FIS,
Table 1) were thus caused by subdivision.

What is striking about these results is the strength
of the genetic differentiation among patches and the
size of the breeding units. The mean degree of
differentiation among patches on these islands
(FPL = 0.080; Table 5) is higher than usually reported
for subpopulations of obligately (or predominantly)
outbreeding, perennial, animal- or wind-pollinated
plants, (Hamrick & Godt, 1990), including S. alba, a
species closely related to S. dioica and studied on
the same spatial scale (McCauley, 1997). Our data
indicate that the areas occupied by the breeding
units lie between 0.2 m2 and 6 m2. Although further
precision is not possible because all plants were
sampled from 0.2 m2 patches and the shortest
distances between patch centres were 23 m, differ-
entiation clearly occurs on a fine spatial scale.

If both seed and pollen flow are restricted, local
populations may form within continuous arrays and
diverge by genetic drift; this is seen as a positive FPL.
If the organism is also dioecious and mating is
random within local populations, FIP should be nega-
tive (Cockerham, 1973). Our data are not inconsist-
ent with this scenario. However, seed flow is more
restricted than pollen flow in our system. This
suggests a different hypothesis with which our data
are also consistent. Silene dioica seeds disperse by
gravity. Circles of even-aged seedlings 20.5 m in
diameter are observed around isolated females
growing on, e.g. newly colonized islands, the shores
of islands or in experimental gardens (B. E. Giles,
pers. obs.). These patterns imply that female plants
could act as nuclei around which patches of plants,
consisting of at least half-sib offspring, may develop
(Yarranton & Morrison, 1974). Such family groups
could establish at patch founding and persist over
generations as female offspring continued to
disperse most of their seeds within the same locale.

The coefficient of average relatedness, rL = 2FPL/
(1+FIL) = 0.155 (Pamilo, 1989; data from Table 5)
indicates that individuals within patches are more
related to each other than to individuals randomly
chosen from other patches within an island. This
family structuring has also been confirmed in a
further study where plants were sampled contigu-
ously within a 200 m2 area (P. K. Ingvarsson & B. E.
Giles, in prep.). Chesser (1991) showed that substan-
tial differentiation (positive FPL) occurs among
subdivisions that consist of families even when gene
flow by males occurs at random. Chesser’s model
also predicts that FIP will be negative because
offspring of females fertilized by males outside the
patch have a high probability of being heterozygotes.
In the archipelago, pollinators move between flowers
(10–40) on the same or near-neighbour plants.
Flight distances of 1–3 m between nearest-neighbour
foraging bouts are common and longer flights occur
(B. E. Giles and P. K. Ingvarsson, unpub. obs.).
Although gene flow via pollen is not random over
the island (FIL is positive), it is sufficiently larger
than seed dispersal to create a negative FIP (Chesser,
1991; de Jong et al., 1994). Because FIL is positive,
the family structure alone cannot explain the posi-
tive FPL without also invoking drift.

Gene exchange occurs among islands and among
patches within islands in the archipelago. In an
island model at drift–migration equilibrium, the
average number of migrants exchanged per genera-
tion (Nm) is inversely proportional to the levels of
genetic differentiation among populations measured
as FST, i.e. FST = 1/(4Nm+1), where Nm is the
product of the effective population size (Ne) and the
migration rate (m) (Wright, 1951). The hierarchical
analysis (Table 5) showed that the average degree of
differentiation among patches within islands
(FPL = 0.08) was nearly twice that found among
islands (FLT = 0.048). Intuitively, this seems to imply
that islands separated by larger distances exchange
more migrants than closely situated patches. Support
for the expected pattern (Wright, 1978; Slatkin,
1993), that genetic differentiation is higher at larger
spatial scales, has been found in some studies (e.g.
McCauley & Eanes, 1987; Heywood, 1991; Rank,
1992; Williams & Guries, 1994; Husband & Barrett,
1995), although higher levels of differentiation at
local rather than global scales have also been
reported (Unruh, 1990; Johannesen & Loeschcke,
1996; Lönn et al., 1996; Ingvarsson & Olsson, 1997).

A number of explanations can be advanced to
resolve this apparent paradox. First, consider the
theoretically expected levels of differentiation
among patches and among islands in light of
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Wright’s (1951) expression above. The appropriate
Nm term for FPL is the product of the effective
population size of the patch and the rate of migra-
tion among patches, whereas that for FLT is the
product of the effective size of the island and the
rate of migration among islands (Slatkin & Voelm,
1991). Although our figures are rough, island popu-
lation sizes (‘effective’, Table 4b) are 1000–10000
times larger than patch population sizes (‘effective’,
Table 4a). Thus even if the migration rate among
islands were a few orders of magnitude lower than
the rate of migration among patches, the larger
island population sizes would increase Nm leading
to more migrants exchanged among islands than
among patches.

FLT, however, describes the deficiencies of hetero-
zygotes observed on islands relative to those
expected from the allele frequencies over all islands,
whereas FPL describes the deficiencies of heterozy-
gotes in patches relative to those expected from the
allele frequencies on the islands where the patches
are located. Closer examination of colonization and
subsequent migration processes for islands and for
patches reveal another reason why FLT may be lower
than FPL. Patches and islands are colonized by seeds.
Giles & Goudet (1997a) showed that island colo-
nization followed a migrant pool model, with seeds
originating from a random sample of islands.
Continued seed and pollen migration are known to
occur among islands, and both the founding and
migration dynamics suggest that with time, islands
obtain the same alleles. Giles & Goudet (1997a)
also found that 30 islands, at the same demographic
stage as (and including) the four study islands,
contained more alleles (nearly all alleles observed in
the archipelago) and were less differentiated than
islands at earlier and later successional stages. In
contrast, P. K. Ingvarsson & B. E. Giles (in prep.)
show that a population expands over an island
through the successive establishment of new patches,
each of which is colonized by the related offspring of
a single female. In the sense that patches are not
founded by individuals drawn as random samples of
genotypes available on the entire island, patch colo-
nization more closely resembles a propagule pool
model. Given the effects of restricted migration
within an island, single patches will not contain the
numbers of alleles and types of heterozygotes
expected on the basis of the allele frequencies for
the entire island. The net effect of these processes
will be a relatively high FPL. In contrast, if the actual
spatial distribution of genotypes over islands is
ignored, the heterozygote deficiencies between
islands relative to the allele frequencies over all

islands (FLT) will not be as high because of the
alleles and genotypes shared among islands. The
relative strengths of FPL and FLT in this study are
thus a function of the different processes by which
genes are mixed at the two hierarchical levels.

In summary, this study of the distribution of
neutral variation has established that S. dioica in the
Skeppsvik Archipelago is structured at two levels. In
theory, the distributions of other genes, including
those that code for selectively important characters,
at least prior to their selection, should show patterns
similar to those indicated by our neutral loci because
they are constrained by the same pollen and seed
flow patterns. Any future work on evolutionary
dynamics in this species which addresses questions
of selective changes in gene frequency must be
aware of the consequences of the distribution of
variation at both levels of the hierarchy.
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