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Abstract

Parentage analysis was conducted to elucidate the patterns and levels of gene flow in
Rhododendron metternichii Sieb. et Zucc. var. hondoense Nakai in a 150 X 70 m quadrat in
Hiroshima Prefecture, western Japan. The population of R. metternichii occurred as three
subpopulations at the study site. Seventy seedlings were randomly collected from each of
three 10 X 10 m plots (S1, S2, and S3) on the forest floor of each subpopulation (A1, A2,
and A3). Almost all parents (93.8%) of the 70 seedlings were unambiguously identified by
using 12 pairs of microsatellite markers. Within the quadrat, adult trees less than 5 m from
the centre of the seedling bank (plots S1, S2, and S3) produced large numbers of seedlings.
The effects of tree height and distance from the seedling bank on the relative fertilities
of adult trees were highly variable among subpopulations because of the differences in
population structure near the seedling bank: neither distance nor tree height had any
significant effect in subpopulation Al; distance from the seedling bank had a significant
effect in subpopulation A2; and tree height had a significant effect in subpopulation A3.
Although gene flow within each subpopulation was highly restricted to less than 25m
and gene flow among the three subpopulations was extremely small (0-2%), long-distance
gene flow from outside the quadrat reached 50%. This long-distance gene flow may be
caused by a combination of topographical and vegetational heterogeneity, differences in
flowering phenology, and genetic substructuring within subpopulations.
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Introduction

The mating system of a plant population is the process by
which parental genes are reassociated in the next generation.
In seed plants, mating patterns within and among popu-
lations are decided by gene dispersal (seed and pollen
movement) and establishment. Populations of long-lived
woody species normally consist of a range of individuals
of various sizes (or ages) and stages of maturity with
overlapping generations, such as the combinations of
mature adult trees and seedlings established on special
microhabitats known as ‘safe sites” (Harmon & Franklin
1989; Shibata & Nakashizuka 1995; Kameyama et al. 1999).
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Spatial and temporal dynamics in plant populations result
in the development of complex genetic structures with
overlapping generations (Alvarez-Buylla et al. 1996; Epperson
& Alvarez-Buylla 1997; Kitamura et al. 1997). Patterns and
levels of gene flow into seedling banks are, therefore, critical
components of the ecological and evolutionary genetics
of plant populations.

The conventional approach to quantifying gene flow
has been to transform measures of population structure
(Wright 1969) into indirect estimates of the average number
of migrants exchanged per generation among a set of
populations (Neigel 1997), most commonly using an island
model. Because this model assumes that all populations
are equal sources of migrants and yields estimates that
are stable, it does not reflect variations in gene exchange
among populations or changes in dispersal processes
(Sork et al. 1999).
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Direct estimation of contemporary gene flow is possible
by comparing genotypes of potential parents with geno-
types of seeds collected from maternal trees (paternity
analysis: Godt & Hamrick 1993; Broyles et al. 1994; Schnabel
& Hamrick 1995) or of naturally established seedlings or
juveniles (parentage analysis: Meagher & Thompson 1987;
Schnabel & Hamrick 1995). Such exclusion analysis has
shown great progress with the emergence of microsatellite
genetic markers characterized by their high polymorphism,
codominant alleles at a single locus, and the use of poly-
merase chain reaction (PCR) amplification of DNA (Bruford
& Wayne 1993; Queller et al. 1993; Ashley & Dow 1994).
High polymorphism and codominant alleles of micro-
satellites permit exclusion in most cases of potential
pollen donors (paternity analysis: Dow & Ashley 1998;
Streiff efal. 1999; Kameyama et al. 2000; Miyazaki &
Isagi 2000) or candidate parents (parentage analysis: Dow
& Ashley 1996; Isagi et al. 2000), but only by the use of
several loci. However, there are still very few studies
using microsatellite genetic markers for the analysis of
parentage in natural plant populations.

Rhododendron metternichii Sieb. et Zucc. var. hondoense
Nakai is an evergreen shrub distributed mainly in the
mountainous regions of western Japan. Pink flowers bloom
in the middle of May and are pollinated mainly by
bumblebees such as Bombus diversus diversus Smith and
B. ardens ardens Smith. The population of R. metternichii is
often composed of subpopulations along the northern slopes
of steep ridges, owing to its special demands for habitat.

The aim of this study was to elucidate patterns and levels
of gene flow within and among three subpopulations of
R. metternichii. We used 12 pairs of microsatellite markers
for parentage analysis of seedlings randomly sampled from
seedling banks on the forest floor of the subpopulations.
By identifying the parents of each seedling, we elucidated:
(i) the amount of gene exchange among the subpopu-
lations; (ii) the effect of tree height and distance on relative
fertilities of adult trees; and (iii) the patterns of pollen
flow within the subpopulations.

Materials and methods

Field investigations

The study site was located at Mt. Kamakuraji, Hiroshima
Prefecture, Japan (lat. 34°32' N, long. 132°41' E, 613 m a.s.1.).
The mean annual precipitation and air temperature from
1988 to 1997 in Higashi-Hiroshima City (13 km south of
Mt. Kamakuraji, elevation 224 m a.s.l.) were 1512.2 mm
and 12.1 °C. We set a 150 x 70 m quadrat near the top
of the mountain. It contained three stripe-shaped sub-
populations of Rhododendron metternichii (A1, A2, and A3
from west to east) along the northern slopes of branch
ridges off the main ridge (Fig.1). Each subpopulation
continued intermittently along the branch ridges beyond
the northern boundary of the quadrat, and another
subpopulation grew 20 m east of the quadrat. The
southern and western sides of the quadrat were isolated
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Tree height (m)

5.0

0 50

100 150(m)

Fig. 1 Map of study site. Three stripe-shaped subpopulations of Rhododendron metternichii (A1, A2, A3) grew along the northern slopes of
branch ridges off the main ridge. Seventy seedlings were randomly collected from small plots (S1, S2, S3) within each subpopulation for
parentage analysis. Each subpopulation continued intermittently along the branch ridges beyond the northern boundary of the quadrat.
The southern and western sides of the quadrat were isolated by several hundred meters from other R. metternichii populations.

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 205-216
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Table 1 Numbers of alleles, observed heterozygosity (H), expected heterozygosity (Hp), estimated exclusion probabilities, and null
allele frequencies at 12 microsatellite loci in 174 adult trees of Rhododendron metternichii var. hondoense

Exclusion probability

Number Null allele
Locus of alleles H, Hy first parents second parents frequency
RM1D1 10 0.759 0.781 0.402 0.581 0.0128
RM1D5 16 0.839 0.859 0.555 0.716 0.0116
RM1D9 9 0.452 0.740 0.333 0.509 0.2447
RM1D12 33 0.942 0.932 0.753 0.859 -0.0076
RM2D2 10 0.810 0.840 0.508 0.677 0.0168
RM2D6 16 0.750 0.894 0.646 0.785 0.0831
RM3D1 11 0.614 0.767 0.385 0.566 0.1097
RM3D2 21 0.648 0.899 0.654 0.791 0.1605
RM3D4 7 0.713 0.741 0.344 0.524 0.0171
RM7D9 13 0.775 0.848 0.530 0.695 0.0460
RM9D1 12 0.770 0.775 0.401 0.580 0.0010
RM9D6 6 0.776 0.784 0.389 0.568 0.0021

Exclusion probabilities and null allele frequencies were calculated with cervus 1.0 (Marshall et al. 1998).

by several hundred meters from other R. metternichii
populations.

The sizes and positions of all adult trees within the quadrat
were measured in 1998. We found 174 adult trees within
the quadrat: 49 in subpopulation A1, 50 in subpopulation
A2, and 75 in subpopulation A3. Adult trees of R. metternichii
were defined as individuals if they were 250 cm in height,
based on our previous study of the flowering history of
148 individuals (Kameyama et al. 1999). Flowering history
was judged by presence of inflorescences that remain on
trees several years after flowering. In our previous study,
36 of the 37 plants >150 cm in height had flowered, 19 of
the 33 plants 50—150 cm in height had flowered, and 78
plants <50 cm in height had never flowered. Based on
these results, we defined ‘seedlings’ as individuals <50 cm
in height and ‘adults’ as individuals =50 cm in height.
Although there are no data on the age of trees, several
tens of years may be required to reach flowering size under
natural conditions.

Three 10 x 10 m quadrats (plots S1, S2, and S3 from west to
east) were set on the forest floor of subpopulations Al, A2,
and A3 (Fig. 1). Seventy seedlings <50 cm in height were
randomly collected from each plot for parentage analysis.

DNA extraction and electrophoresis

We extracted DNA from the leaves of 174 adult trees and
210 seedlings (70 seedlings from each of S1, S2, and S3).
Genotypes of each DNA sample were scored by using 12
pairs of microsatellite PCR primers. Six of the 12 were
developed by Naito et al. (1998): RM2D2, RM3D1, RM3D2,
RM3D4, RM9D1, and RM9D6. We designed six additional
primers —RM1D1, RM1D5, RM1D9, RM1D12, RM2De,
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and RM7D9 — for the clones containing microsatellite loci
isolated by K. Naito, N. liyama and Y. Isagi (unpublished
data). PCR amplifications were performed with a thermal
cycler (GeneAmp PCR System 9600, ABI). The size of PCR
products was determined by automated fluorescent
scanning detection with an ABI377 autosequencer and
GENESCAN analysis software (ABI).

Parentage analysis

Parentage was assigned by comparing genotypes of
candidate parents and seedlings (Dow & Ashley 1996;
Isagi et al. 2000). Adults that had no matching haplotypes
with seedlings were excluded. If the combination of only
two haplotypes of adult trees could explain the genotype
of a given seedling (exact matches), these were presumed
to be the parents. In cases where more than two com-
binations of adult trees could explain the genotypes of a
given seedling (multiple matches), unambiguous parent
pairs could not be identified.

It is common for microsatellites to have nonamplify-
ing alleles (null alleles). This often occurs because of
mutations in one or both primer binding sites, sufficient
to prevent effective amplification of the microsatellite
allele (Pemberton et al. 1995). In parentage analysis, the
possible existence of null alleles must be taken into account
because it could cause mismatches of genotypes among
the true parent-offspring pairs. We estimated null allele
frequencies with the computer program cervus 1.0
(Marshall et al. 1998), which is based on the estimation
algorithm of Summers & Amos (1997). High levels of null
allele frequencies were observed in several microsatellite
loci (Table 1). To prevent the exclusion of true candidate
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parents, individuals that appeared to be homozygous
at seven loci (RM1D9, RM2D2, RM2D6, RM3D1, RM3D2,
RM3D4, and RM7D9), which had null allele frequencies
of >0.015, were assumed to be heterozygous for the
null allele. This method may overestimate the number of
matches within the stand but would not exclude any true
parent (Dow & Ashley 1996). The average null allele
frequency of the remaining five loci (RM1D1, RM1D5,
RM1D12, RM9D1, and RM9D6) was 0.00398, which might
be negligible. Although mutations in microsatellite sequences
could cause true parent-offspring mismatches, the muta-
tion rate for microsatellites has been estimated to be
between 10-4 and 5 x 10-6 per locus per generation (e.g.
Dallas 1992; Edwards et al. 1992); this indicates the
negligible effect of microsatellite mutations for parentage
analysis in ecological applications.

To estimate the amount of gene flow, it is important to
evaluate the amount of cryptic gene flow — the probability
that an adult tree within the quadrat matched an unrelated
seedling. Exclusion probabilities of first and second
parents calculated with cERvUs are shown in Table 1. The
total exclusion probabilities calculated from the exclusion
probabilities of each locus were 0.999817 for the first
parent and 0.999999 for the second parent. Therefore,
the probability of correctly excluding all unrelated adults
(174 trees) within the quadrat was 0.999817174 = 0.968598
for the first parent, and 0.999999174 = 0.999762 for the second
parent. If we analysed 100 seedlings, the amount of cryptic
gene flow could be estimated as 100 x (1-0.968598) = 3.140
for the first parent, and 100 x (1-0.999762) = 0.024 for the
second parent.

Results

Gene flow among subpopulations

The 12 microsatellite markers are highly variable, having
6-33 alleles per locus (Table 1), with an average of 13.7.
Observed heterozygosities ranged from 0.452 to 0.942.
These highly variable microsatellites made it possible
to exclude almost all unrelated candidate parents by
exclusion analysis. Of the 70 seedlings that were randomly
collected from each plot, multiple matches were observed
for six seedlings in plot S1, three in S2, and four in S3.
These 13 seedlings, whose parents could not be identified,
were excluded from later analysis. Thus, the numbers
of analysed seedlings were 64 in plot S1, 67 in 52, and
66 in S3.

Of the 64 seedlings in plot S1, 15 had both first and
second parents within the quadrat, 34 had only one parent
within the quadrat, and 15 had both parents outside the
quadrat (Table 2a). Although these results indicate that 64
of the 128 haplotypes (50.0%) within plot S1 were derived
from outside the quadrat, actual gene flow from outside

the quadrat was [(34.02 + 17.02 + 17.02) /128] x 100 = 53.17%
because of cryptic gene flow. Similarly, while gene flow
from other subpopulations within the quadrat seems to
be (1/128) x 100 = 0.78% from subpopulation A2 and (2/
128) x 100 = 1.56% from subpopulation A3, actual gene
flow was {[31.21 x (1/34)]/128} x 100 = 0.72% from sub-
population A2 and {[31.21 x (2/34)]/128} x 100 = 1.43%
from subpopulation A3. Although cryptic gene flow
should be considered to accurately estimate the rate of
gene flow, these calculations and explanations are quite
complicated for comparing the difference in gene flow at
the individual level. Moreover, the actual rate of cryptic
gene flow was relatively low in this study. Thus, we did
not consider the effect of cryptic gene flow in the later
comparison.

Of the 67 seedlings in plot S2, 31 had both parents within
the quadrat, 28 had only one parent within the quadrat,
and eight had both parents outside the quadrat (Table 2b).
Gene flow from outside the quadrat was (44/134) x 100
=32.8%. The gene flows from subpopulations Al and A3
were 1.49% and 0.75%, respectively.

Of the 66 seedlings collected from plot S3, 37 had both
parents within the quadrat, 22 had only one parent within
the quadrat, and seven had both parents outside the
quadrat (Table 2¢). Gene flow from outside the quadrat
was (36/132) x 100 = 27.3%. There was no gene flow from
subpopulations Al and A2. The numbers of seedlings
produced by self-pollination were two (3.1%) in plot S1,
four (6.0%) in plot S2, and four (6.1%) in plot S3, with an
average of 5.1%.

Gene flow within subpopulations: the effect of distance
and tree height

Because gene flow among subpopulations was quite
small (Table 2), the effects of ecological factors — distance
from seedling bank and tree height of adults —on
gene flow were analysed in detail within each subpopu-
lation. The numbers of parents analysed were 15 pairs
of adults in subpopulation Al (30 parents in total), 29
pairs of adults in subpopulation A2 (58 parents in total),
and 37 pairs of adults in subpopulation A3 (74 parents
in total).

The numbers of adult trees of each distance class
from the centre of the seedling bank and the numbers
of seedlings produced by adults of each distance class
were compared within each subpopulation (Fig. 2).
Adult trees adjacent to the seedling bank (<5 m from
it) produced very large numbers of seedlings. A distance
class histogram of numbers of adults and numbers
of seedlings produced showed significant differences
(Mann-Whitney U-test: P <0.0001 in subpopulations
Al, A2, and A3) (Fig. 2). Moreover, the numbers of seed-
lings produced by adults of each distance class were

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 205-216
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Source of gene flow

first/second parents Al A2 A3 outside the quadrat Total
Seedlings having parent first 15 (2) 0 0 — 15 (13.77)
pairs within the quadrat second 15(2) 0 0 — 15 (14.97)
Seedlings having first first 31 1 2 — 34 (31.21)
parents within the quadrat second — — — 34 34 (34.02)
Seedlings having no first — — — 15 15 (17.02)
parents within the quadrat second — — - 15 15 (17.02)
Total 61 1 2 64 128
Table 2b Gene flow into plot 52

Source of gene flow

first/second parents Al A2 A3 outside the quadrat Total
Seedlings having parent first 0 31(4) 0 — 31 (28.79)
pairs within the quadrat second 1 29 (4) 1 — 31 (30.97)
Seedlings having first first 1 27 0 — 28 (26.00)
parents within the quadrat second — — — 28 28 (28.02)
Seedlings having no first — — — 8 8(10.11)
parents within the quadrat second — — — 8 8 (10.11)
Total 2 87 1 44 134
Table 2¢ Gene flow into plot S3

Source of gene flow

first/second parents Al A2 A3 outside the quadrat Total
Seedlings having parent first 0 0 37 (4) — 37 (34.40)
pairs within the quadrat second 0 0 37 (4) — 37 (36.97)
Seedlings having first first 0 0 22 — 22 (20.45)
parents within the quadrat second — — — 22 22(22.02)
Seedlings having no first — — — 7 7(9.08)
parents within the quadrat second — — — 7 7 (9.08)
Total 0 0 96 36 132

The number in parentheses under ‘Source of gene flow” is the number of seedlings that could be explained by the genome of 1 parent
(self-pollination). The number in parentheses under ‘Total gene flow” is the number of seedlings corrected for the value of cryptic gene
flow. Because the numbers of seedlings whose parents were unambiguously identified were 64 in plot S1, 67 in plot 52, and 66 in plot 53,
the totals sum up to 128 in plot S1, 134 in plot S2, and 132 in plot S3.

significantly different among subpopulations (one-way
factorial ANOVA; F,159=8.876, P = 0.0002) because of a
relatively long-distance gene flow in subpopulation
A2 compared with the other two subpopulations (Scheffé’s

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 205-216

test: Al vs. A2, P=0.0055; A2 vs. A3, P =0.0010; Al vs.
A3, P =0.9512).

The effect of tree height on the number of offspring
produced was different in each subpopulation (Fig. 3). In
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Fig.2 Numbers of adult trees of each
distance class from the centre of the seedling
bank (left) and numbers of seedlings
produced by adults of each distance class
(right) in subpopulations A1 (upper), A2
(middle), and A3 (lower).
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A1, there were no significant differences between the height
class distribution of adults and numbers of seedlings
produced by adults of each height class (Mann-Whitney
U-test; P =0.1345). In A2 and A3, taller adults produced
more seedlings than smaller ones (Mann-Whitney U-test;
P < 0.0001). The numbers of seedlings produced by adults
of each height class were significantly different among
subpopulations (one-way factorial ANOVA; F, ;5 = 23.966,
P <0.0001), but the difference between A1l and A2 was
relatively small (Scheffé’s test: A1 vs. A2, P =0.0644; A2
vs. A3, P <0.0001; A3 vs. Al, P < 0.0001).

The fertilities of adult trees, defined as the numbers of
seedlings produced by adults, were compared within and
among subpopulations in relation to distance from the
seedling bank and tree height (Fig. 4). In subpopulation

20
Distance from plot 83 (m)

a0 40 50

Al, nine trees were parents of the seedlings in plot S1
(Fig. 4a). These nine trees were all adjacent to the seedling
bank, <10 m distant, and the fertilities of the contributing
adults were similar. In subpopulation A2, adult trees rel-
atively far from the seedling bank contributed as parents
(Fig. 4b). However, the fertilities of the adult trees were
extremely high for adjacent parents. In subpopulation A3,
13 trees <10.6 m from the seedling bank contributed as
parents of seedlings (Fig. 4c). Of these 13 trees, only four,
about 3 m or more in height, had extremely high fertilities,
producing 10 or more seedlings.

Multiple regression analyses were conducted to reveal
the effects of distance from the seedling bank and tree
height on the fertilities of parents (Table 3). The depend-
ent variable was the relative fertilities of adult trees that

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 205-216
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Fig. 3 Height class distribution (left) and
numbers of seedlings produced by adults
of each height class (right) in subpopu-
lations Al (upper), A2 (middle), and A3
(lower).
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contributed as parents of the seedlings, and the inde-
pendent variables were tree height and the natural loga-
rithm of the distance from the seedling bank: In(distance
from seedling bank). The effects of these ecological fac-
tors were highly different in each subpopulation. The rel-
ative fertility of adults within subpopulation A1 was not
associated with either tree height or In(distance from
seedling bank). In A2, a negative association was found
between In(distance from seedling bank) and the relative
fertility of adults (P =0.0021). It played a major role in
predicting adult fertility (R2 =0.709). On the other hand,
the relative fertility of the adults in A3 was positively
associated with tree height (P =0.0015), and a relatively
low negative association was found for In(distance from
seedling bank) (P =0.0902), in which 72.6% of the total
variation in adult fertility was explained. For the three
subpopulations in total, tree height was positively associ-
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300 400 500

Tree height (cm)

ated (P =0.0040) and In(distance from seedling bank) was
negatively associated (P = 0.0039) with the relative fertility
of adult trees, explaining 40.6% of total variance.

Pollen flow within subpopulations

The distance of seed dispersal could not be estimated
because parentage analysis gave no information about
which of the parent pair was the seed parent or the pollen
donor. The distance of pollen flow, however, could be
estimated from the positions of parent pairs. Seedlings
whose parent pairs were unambiguously identified were
used for the estimation of pollen flow within subpopu-
lations: 15 seedlings in subpopulation Al; 29 in A2; and
37 in A3 (Table 2).

The distance class distribution of pollen flow estimated
by parentage analysis was compared with both nearest
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neighbours for each adult and random pairs of adult trees
within each subpopulation (Fig. 5). In all subpopulations,
the distance of pollen flow was significantly longer than
the distance to the nearest neighbours of adult trees (Mann—
Whitney U-test: P = 0.0416 in subpopulation A1; P < 0.0001
in A2 and A3), and significantly smaller than that between
random pairs of adult trees (Mann-Whitney U-test: P <
0.0001 in A1, A2, and A3). Distance class distributions
of pollen flow were also significantly different among
subpopulations (one-way factorial ANOVA; F, 4 =15.697,
P =0.0049) because of relatively long-distance pollen flow
in subpopulation A2 (Scheffé’s test: A1 vs. A2, P = 0.0105;
A2 vs. A3, P =0.0447; Al vs. A3, P = 0.5083).

Discussion

Parentage analysis of seedlings by the use of microsatellite
markers enables a wide range of analyses of population
structure. Most studies of gene flow in natural plant popu-
lations have been limited to the analysis of pollen movement
(paternity analysis: Godt & Hamrick 1993; Broyles et al.
1994; Schnabel & Hamrick 1995; Dow & Ashley 1998;
Streiff et al. 1999; Kameyama et al. 2000; Miyazaki & Isagi
2000). Gene flow, however, is accomplished by both pollen
and seed dispersal, with the establishment of genes after
dispersal (e.g. Endler 1977). Thus, parentage analysis of
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Fig. 5 (a) Distance class distributions within
each subpopulation of nearest neighbours
for each adult, (b) pollen movement inferred
from parentage analysis, and (c) random
pairs of adult trees.

Distance (m})

established seedlings or juveniles would provide the
realized reproductive success of adult trees or gene flow
better than standard paternity analysis, because most of
the seedlings and juveniles have already successfully
established (parentage analysis: Meagher & Thompson
1987; Schnabel & Hamrick 1995; Dow & Ashley 1996;
Isagi et al. 2000).

Gene flow within subpopulations

In this study, we primarily analysed gene flow within
subpopulations. Distance from the seedling bank was the
primary force deciding the patterns and levels of gene
flow within subpopulations. In all three subpopulations,
adult trees <5m from the centre of the seedling bank
produced extremely large numbers of seedlings, and no
adults >25 m from it contributed as parents of the seedlings
(Fig. 2). Distance class distributions of seedling numbers
produced by adult trees, however, were significantly
different among subpopulations; longer-distance gene
flow was found in subpopulation A2 than in the other
two subpopulations.

More seedlings were produced by taller than shorter
adults within subpopulations A2 and A3 but not within
A1 (Fig. 3). The numbers of seedlings produced by adults
of each height class were significantly different among
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subpopulations; extremely large numbers of seedlings
were produced by taller adults in subpopulation A3.

A few comparable studies analysed the effects of plant
size and distance on adult fertility based on parentage
analysis of naturally established seedlings (plant size:
Meagher & Thompson 1987; plant size and distance:
Schnabel & Hamrick 1995). Meagher & Thompson (1987)
studied genealogical relationships of the dioecious plant
species Chamaelirium luteum using 11 enzyme markers to
estimate genetic likelihoods. They found a negative cor-
relation between reproductive success and rosette and
inflorescence size. This result, however, does not deny the
general finding in plant populations that size is a reflec-
tion of overall vigor and that bigger plants produce more
and probably better seed (Harper & White 1974; Solbrig
1981; Cook & Lyons 1983). This is because the observed
correlation in C. luteum involved only plants that flowered;
larger plants in the overall population (Meagher &
Antonovics 1982). Schnabel & Hamrick (1995) studied
pollen gene flow of the subdioecious tree species Gleditsia
triacanthos (Leguminosae) in two populations in eastern
Kansas, USA. Within the populations, a multiple regression
model showed that the maximum-likelihood estimate of
fertility for a given male on a given maternal tree was
negatively associated with distance between mates and
positively associated with male size. However, the multiple
regression model explained <16% of the total variation in
male fertility.

The results of our study indicate that the effects of
distance and plant size on adult fertility would vary with
differences in plant population structure. Both distance
and tree height had no significant effect on adult fertility
if the height of trees within 10 m was relatively small —
<~300 cm in Rhododendron metternichii (Fig. 4a, Table 3). If
the number of candidate parents within 5-10 m is limited,
relatively distant individuals could produce seedlings,
their relative fertilities decreasing exponentially with
distance (Fig. 4b, Table 3). Plant size had a significant
positive effect on adult fertility if there were various sizes
of adult trees (100—-450 cm in height) within 10 m from the
seedling bank (Fig. 4c, Table 3).

There are different views of the patterns and levels of
gene flow (reviewed in Ellstrand 1992). At one extreme,
gene flow is viewed as highly restricted (Levin 1981); at
the other, extensive (Muona 1990). A third view is that
gene flow in plants is idiosyncratic, ranging from very low
to very high, and varying among species, populations,
individual plants, and even over a season (Ellstrand &
Marshall 1985; Hamrick 1987; Slatkin 1987). Although gene
flow within each of our subpopulations of R. metternichii
was highly restricted <25 m from the seedling bank, it
is notable that the patterns of gene flow vary among
subpopulations because of differences in population
structure near the seedling bank.

Pollen flow within subpopulations

Pollen flow within subpopulations was highly restricted.
The distribution of pollen flow distance within a subpopu-
lation was much smaller than that of random pairs of
adult trees, but larger than that of nearest neighbours of
adult trees (Fig. 5). This restricted pollen movement was
observed in other studies (Levin & Kerster 1974; Willson
1983; Hamrick 1987). Relatively long-distance pollen flow,
however, was found in subpopulation A2, where there
were fewer adult trees within 5-10 m from the seedling
bank than in the other two subpopulations (Fig. 4b). It is
reported that gene flow rate is greater in years of lower
flower production than in most years, because dense
flowers reduce pollinator foraging distance and increase
nearby matings or self-pollination (Handel 1983; Fenster
1991; Godt & Hamrick 1993; Schnabel & Hamrick 1995).
Our result is consistent with those conclusions: the presence
of a small number of adult trees induced long-distance
pollen flow.

Long-distance gene flow

Two important questions should be answered to explain the
patterns and levels of gene flow in R. metternichii popula-
tions. This first is why gene flow from outside the quadrat
reached 50% while most gene flow within subpopulations
was highly restricted. The second is why gene flow among
subpopulations was extremely small (0-2%) in spite of
long-distance gene flow from outside the quadrat.

To answer the first question, long-distance gene flow
could occur by pollen movement. Recent studies employ-
ing microsatellite markers for paternity analysis reported
extensive pollen movement in wind-pollinated trees —
Quercus spp. (Dow & Ashley 1998; Streiff et al. 1999) —and
insect-pollinated trees — Pithecellobium elegans (Chase et al.
1996) and Magnolia obovata. (Isagi et al. 2000). Dow &
Ashley (1998) suggested the existence of some mechanism
in Q. macrocarpa that allows female flowers to ‘choose’
pollen from distant sources over more dense pollen
produced by nearby trees. Streiff ef al. (1999) concluded
that effective pollen dispersal of Q. petraea (Matt.) Liebl
and Q. robur L. could be a combination of two processes:
(i) local dispersion; and (ii) long-distance transport. In a
study of insect-pollinated tropical trees (Tachigali versicolor
and Platypodium elegans), Hamrick & Murawski (1990)
observed extensive (>20%) pollen movement of >750 m.
They concluded that the breeding structure of these trop-
ical species appeared to be a mixture of near-neighbour
(30-50%) and long-distance (10-25%) pollen movement.
Our previous study of R. metternichii also showed 20-30%
of pollen flow from outside the quadrat, >40 m from
maternal trees, although much pollen movement occurred
between adjacent trees (Kameyama et al. 2000). The
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combination of near-neighbour and long-distance pollen
flow could be attributed to variations in phenology or in
flowering behaviour between adult trees. In the case of
episodic flowering without synchronization in a popula-
tion, only limited combinations of adult trees can produce
offspring. In R. metternichii, directional pollen flow from
late-blooming flowers to early ones could also occur because
of dichogamy, in which anthers mature earlier than
pistils (Kameyama et al. 2000). Cumulative pollen flow
from the tail of the leptokurtic curve of pollen dispersal
and inbreeding depression may be important, too.
Leptokurtic dispersal curves are characterized by tails
that contain more long-distance dispersals than the tails of
an equivalent normal distribution (Hamrick 1987). This
indicates that the cumulative contribution of long-distance
pollen flow could become significant. If populations were
genetically structured and inbreeding depression occurred,
some kind of natural selection could decrease the con-
tributions of neighbouring trees (Waser 1993; Dow &
Ashley 1998).

Because we could not distinguish between pollen donors
and seed parents by the parentage analysis of seedlings,
it is impossible to estimate the relative contributions
of pollen and seed dispersal to long-distance gene flow
from outside the quadrat. If most long-distance gene flow
in R. metternichii could be attributed to pollen flow, the
second parents of seedlings with only first parents within
the quadrat might be pollen donors: 34 seedlings in
subpopulation A1, 28 in A2, and 22 in A3 (Table 2). How-
ever, the second parents of seedlings with no parents
within the quadrat would be maternal trees. This indicates
that the minimum estimate of seed dispersal from outside
the quadrat is (15/128) x 100 =11.7% in subpopulation
Al, (8/134) x 100 = 6.0% in A2, and (7/132) x 100 = 5.3% in
A3 (Table 2). The seed size of R. metternichii is 1.0-2.0 mm
in length. These seeds could be dispersed several tens of
meters by wind.

Each subpopulation of R. metternichii continued inter-
mittently along the branch ridges beyond the northern
boundary of the quadrat (Fig. 1). To answer our second
question, the contradictions between extensive gene flow
from outside the quadrat and restricted gene flow among
subpopulations imply directional gene flow along each
subpopulation because of some kind of barrier between
them. Steep ridges covered by sparse vegetation lie to the
west of each subpopulation, and developed vegetation
lies to the east. Because the vegetation cover over each
subpopulation was relatively thin, pollinators may move
more frequently along each subpopulation than between
subpopulations. The steep ridge to the west of each
subpopulation may prevent seed dispersal between sub-
populations. Physical and biological differences between
subpopulations should be considered to reveal patterns
and levels of gene flow at the larger scale.

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 205-216

Gene flow within each subpopulation of R. metternichii
was highly restricted and showed an idiosyncratic pattern.
This idiosyncratic gene flow should be due to differences
in population structure near the seedling bank. The
patterns and levels of long-distance gene flow, however,
may be determined by combinations of topographic and
vegetational heterogeneity, differences in flowering pheno-
logy, and genetic substructuring within subpopulations.

Acknowledgements

We acknowledge the considerable advice and assistance of
Dr Kazuaki Naito, Institute of Natural and Environmental
Sciences, Himeji Institute of Technology. We also thank Dr Kunito
Nehira, until recently Professor of the Graduate School for Inter-
national Development and Cooperation, Hiroshima University,
and Dr Keiji Odani of the Kansai Research Center, Forestry and
Forest Products Research Institute, for their continuing guidance
and encouragement. Microsatellite analysis was conducted at
the Kansai Research Center.

References

Alvarez-Buylla ER, Chaos A, Pinero D, Garay AA (1996)
Demographic genetics of a pioneer tropical tree species: Patch
dynamics, seed dispersal, and seed banks. Evolution, 50, 1155—
1166.

Ashley MV, Dow BD (1994) The use of microsatellite analysis
in population biology: Background, methods and potential
applications. In: Molecular Ecology and Evolution: Approaches and
Applications (eds Schierwater B, Streit B, Wagner GP, DeSalle R),
pp- 185-201. Birkhaiiser-Verlag, Basel.

Broyles SB, Schnabel A, Wyatt R (1994) Evidence for long-distance
pollen dispersal in milkweeds (Asclepias exaltata). Evolution, 48,
1032-1040.

Bruford MW, Wayne RK (1993) Microsatellites and their applica-
tion to population genetic studies. Current Opinion in Genetics
and Development, 3, 939—-943.

Chase MR, Moller C, Kesseli R, Bawa KS (1996) Distant gene
flow in tropical trees. Nature, 383, 398—399.

Cook RE, Lyons EE (1983) The biology of Viola fimbriatula in a
natural disturbance. Ecology, 64, 654—660.

Dallas JF (1992) Estimation of microsatellite mutation rates in
recombinant inbred stains of mouse. Mammalian Genome, 5,
32-38.

Dow BD, Ashley MV (1996) Microsatellite analysis of seed dispersal
and parentage of saplings in bur oak, Quercus macrocarpa.
Molecular Ecology, 5, 615—627.

Dow BD, Ashley MV (1998) High levels of gene flow in bur oak
revealed by paternity analysis using microsatellites. Journal of
Heredity, 89, 62-70.

Edwards A, Hammond HA, Jin L, Caskey CT, Chakraborty R
(1992) Genetic variation at five trimeric and tetrameric tandem
repeat loci in four human population groups. Genomics, 12,
241-253.

Ellstrand NC (1992) Gene flow among seed plant populations.
New Forests, 6, 241-256.

Ellstrand NC, Marshall DL (1985) Interpopulation gene flow by
pollen in wild radish, Raphanus sativus. American Naturalist,
126, 606—-616.



216 Y. KAMEYAMA, Y. ISAGI and N. NAKAGOSHI

Endler JA (1977) Geographic Variation, Speciation and Clines. Princeton
University Press, Princeton.

Epperson BK, Alvarez-Buylla ER (1997) Limited seed dispersal and
genetic structure in life stages of Cecropia obtusifolia. Evolution,
51, 275-282.

Fenster CB (1991) Gene flow in Chamaecrista fasciculata (Legumi-
nosae) I. Gene dispersal. Evolution, 45, 398—-409.

Godt MJW, Hamrick JL (1993) Patterns and levels of pollen-
mediated gene flow in Lathyrus latifolius. Evolution, 47, 98—
110.

Hamrick JL (1987) Gene flow and distribution of genetic variation
in plant populations. In: Differentiation Patterns in Higher Plants
(ed. Urbanska KM), pp. 53—67. Academic Press, London.

Hamrick JL, Murawski DA (1990) The breeding structure of
tropical tree populations. Plant Species Biology, 5, 157-165.

Handel SN (1983) Pollination ecology, plant population structure,
and gene flow. In: Pollination Biology (ed. Real L), pp. 163-211.
Academic Press, New York.

Harmon ME, Franklin JF (1989) Tree seedlings on logs in
Picea-Tsuga forests of Oregon and Washington. Ecology, 70,
48-59.

Harper JL, White J (1974) The demography of plants. Annual
Review of Ecology and Systematics, 5, 420—463.

Isagi Y, Kanazashi T, Suzuki W, Tanaka H, Abe T (2000) Micro-
satellite analysis of the regeneration process of Magnolia obovata
Thunb. Heredity, 84, 143-151.

Kameyama Y, Isagi Y, Naito K, Nakagoshi N (2000) Micro-
satellite analysis of pollen flow in Rhododendron metternichii var.
hondoense. Ecological Research, 15, 263-269.

Kameyama Y, Nakagoshi N, Nehira K (1999) Safe site for seed-
lings of Rhododendron metternichii var. hondoense. Plant Species
Biology, 14, 237-242.

Kitamura K, Shimada K, Nakashima K, Kawano S (1997) Demo-
graphic genetics of the Japanese beech, Fagus crenata, at Ogawa
Forest Preserve, Ibaraki, central Honshu, Japan. I. Spatial genetic
substructuring in local populations. Plant Species Biology, 12,
107-135.

Levin DA (1981) Dispersal versus gene flow in plants. Annals of
the Missouri Botanical Garden, 68, 233-253.

Levin DA, Kerster HW (1974) Gene flow in seed plants. Evolutionary
Biology, 7, 139-220.

Marshall TC, Slate J, Kruuk LEB, Pemberton JM (1998) Statistical
confidence for likelihood-based paternity inference in natural
populations. Molecular Ecology, 7, 639—-655.

Meagher TR, Antonovics ] (1982) The population biology of
Chamaelirium luteum, a dioecious member of the lily family. III.
Life history studies. Ecology, 63, 1690-1700.

Meagher TR, Thompson E (1987) Analysis of parentage for
naturally established seedlings of Chamaelirium luteum (Liliaceae).
Ecology, 68, 803-812.

Miyazaki Y, Isagi Y (2000) Pollen flow and the intrapopulation
genetic structure of Heloniopsis orientalis on the forest floor as
determined using microsatellite markers. Theoretical and Applied
Genetics, 101, 718-723.

Muona O (1990) Population genetics in forestry. In: Plant Popula-
tion Genetics, Breeding, and Genetic Resources (eds Brown AHD,
Clegg MT, Kahler AL, Weir BS), pp. 282-298. Sinauer Associates,
Sunderland.

Naito K, Isagi Y, Nakagoshi N (1998) Isolation and characteriza-
tion of microsatellites of Rhododendron metternichii Sieb. et Zucc.
var. hondoense Nakai. Molecular Ecology, 7, 927—-928.

Neigel JE (1997) A comparison of alternative strategies for
estimating gene flow from genetic markers. Annual Review
of Ecology and Systematics, 28, 105-128.

Pemberton JM, Slate J, Bancroft DR, Barrett JA (1995) Nonamplify-
ing alleles at microsatellite loci: a caution for parentage and
population studies. Molecular Ecology, 4, 249—-252.

Queller DC, Strassmann JE, Hughes CR (1993) Microsatellites
and kinship. Trends in Ecology and Evolution, 8, 285-288.

Schnabel A, Hamrick JL (1995) Understanding the population
genetic structure of Gleditsia triacanthos L. the scale and pattern
of pollen gene flow. Evolution, 49, 921-931.

Shibata M, Nakashizuka T (1995) Seed and seedling demography
of four co-occurring Carpinus species in a temperate deciduous
forest. Ecology, 76, 1099-1108.

Slatkin M (1987) Gene flow and the geographic structure of natural
populations. Science, 236, 787-792.

Solbrig OT (1981) Studies on the population biology of the genus
Viola. I1. The effect of plant size on fitness in Viola sororia.
Evolution, 35, 1080-1093.

Sork VL, Nason J, Campbell DR, Fernandez JF (1999) Landscape
approaches to historical and contemporary gene flow in plants.
Trends in Ecology and Evolution, 14, 219-224.

Streiff R, Ducousso A, Lexer C et al. (1999) Pollen dispersal inferred
from paternity analysis in a mixed oak stand of Quercus robur
L. and Q. petraea (Matt.) Liebl. Molecular Ecology, 8, 831-841.

Summers K, Amos W (1997) Behavioral, ecological, and molecular
genetic analyses of reproductive strategies in the Amazonian
dart-poison frog, Dendrobates ventrimaculatus. Behavioral Ecology,
8,260-267.

Waser NM (1993) Population structure, optimal outbreeding,
and assortative mating in angiosperms. In: The Natural History
of Inbreeding and Outbreeding (ed. Thornhill NW), pp. 173-199.
University of Chicago Press, Chicago.

Willson MF (1983) Plant Reproductive Ecology. John Wiley & Sons,
New York.

Wright S (1969) Evolution and the Genetics of Populations, Vol. 2. The
Theory of Gene Frequencies. University of Chicago Press, Chicago.

Yoshiaki Kameyama is a graduate student at Hiroshima University
and is interested in plant population structure and gene flow
in spatial heterogeneity. Yuji Isagi is an associate professor at
Hiroshima University and is studying applications of molecular
techniques in plant ecology, especially microsatellite markers.
Nobukazu Nakagoshi is a professor at Hiroshima University and
works on landscape ecology.

© 2001 Blackwell Science Ltd, Molecular Ecology, 10, 205-216



