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Effects of seed- and pollen-mediated gene
dispersal on genetic structure among Quercus
salicina saplings
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We evaluated the effects of seed- and pollen-mediated gene
dispersal on genetic structure among Quercus salicina
saplings. Parentage analysis using 10 microsatellite markers
indicated that the 111 adult trees located within a 11.56 ha
plot in the Tatera Forest Reserve, Japan, included only one
parent of 44.2% and both parents of 40.7% of the 226
saplings located in a 1-ha core plot at its center. Coancestry
(Fij) estimates indicated that there was strong genetic
structure among the saplings. The numbers of pairs of full-
and half-siblings were high among neighboring saplings,
suggesting that there was strong maternal half-sibling family
structure among the saplings around their seed parents,
probably generated by the spatially limited seed dispersal
and the small extent of overlapping seed shadows owing to
the low density of adults. The frequencies also suggest that
the maternal half-sibling families are interspersed with full-

siblings, produced by correlated mating, probably because
pollination frequency depends on the distance between
parents. The frequencies of pairs of half-siblings decreased
as the distance between saplings increased, but did not
fall to zero even at distances up to the 90–95 m class,
suggesting that paternal half-siblings originating from corre-
lated paternity were widely distributed owing to extensive
pollen flow. We separately examined the genetic structure for
maternal and paternal alleles in the saplings. Unsurprisingly,
very strong genetic structure was detected for maternal
alleles. However, weak (but significant) genetic structure was
also detected for paternal alleles. Therefore, pollen dispersal
may affect the extent of genetic structure as well as seed
dispersal.
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Introduction

The genetic structure within plant populations is a
consequence of the combined effects of various evolu-
tionary forces—such as gene flow, genetic drift and
selection—that are influenced by ecological factors
including the mating system, the limitations of seed
and pollen dispersal, adult density, microenvironmental
variations and colonization (Epperson, 1993; Hamrick
et al., 1993; Kalisz et al., 2001). Limited seed dispersal
should affect both the existence and extent of genetic
structure, whereas the other factors should affect only its
extent. Most species of flowering plants are cosexual,
producing either hermaphroditic flowers with both male
and female parts or separate, monoecious male and
female flowers (Silvertown and Charlesworth, 2001).
Adults of such species function as both maternal and
paternal parents, and thus their offspring constitute two
kinds of half-sibling families (maternal and paternal),

with varying frequencies of full-siblings. Seed dispersal
is usually highly limited compared with pollen dispersal
(Ennos, 1994). Therefore, the offspring tend to be
spatially organized as aggregates of maternal half-
siblings in patches around their maternal parents. The
distribution of paternal half-sibling families is influenced
by both the pollen dispersal and the seed dispersal of the
maternal parents that accept the pollen. Therefore, the
distribution of maternal half-sibling families is generally
more restricted than that of paternal half-sibling families,
especially for species with long-distance pollen flow.

Hardy et al. (2004) found that about a one-fifth of
the offspring pairs within maternal progeny arrays of
Centaurea corymbosa they investigated were full-siblings,
and that the extent of correlated paternity (the propor-
tion of offspring sired by the same paternal parent) in
different maternal families decreased with the distance
between maternal parents. They concluded that spatially
limited pollen dispersal was a major contributory factor
to the correlated paternity. When seed dispersal is
limited, saplings should aggregate around each seed
parent, producing spatial family structures of maternal
half-siblings. In addition, if pollen dispersal is also
limited, correlated mating (correlated paternity within
the same maternal progeny arrays) can occur. Full-
siblings should then appear in the aggregates of maternal
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half-siblings around the respective seed parents. The
probability of pairs of randomly sampled saplings from
different maternal half-sibling families being paternal
half-siblings may decrease with the distance between the
maternal half-sibling families. Because of the limitations
of seed and pollen dispersals, there should be strong
genetic structure in sapling populations. Recently, the
development of microsatellite markers, which are
codominantly expressed and tend to have very high
polymorphism, has greatly facilitated parentage analysis
in plant populations (Chase et al., 1996; Dow and Ashley,
1996, 1998; Streiff et al., 1999; Isagi et al., 2000). Such
parentage analysis could allow us to assign maternal and
paternal parents to saplings, to identify saplings with
half-, full- and non-sibling relationships, to distinguish
between maternal and paternal alleles in the genotypes
of saplings and to analyze the spatial distribution of
paternally and maternally derived alleles. The results
obtained could be very useful for testing hypotheses
regarding genetic structure, such as the one postulated
above.

The species studied here, Quercus salicina, is a wind-
pollinated tree species, with gravity-dispersed seeds. In a
previous study (Nakanishi et al., 2004) of the species, the
pollen pools accepted by seed parents were found to
differ genetically among the seed parents, and the extent
of differentiation was positively correlated with the
spatial distance between the seed parents. The results
may reflect distance-dependent correlated paternity
because of the distance dependence of pollen flow at a
local scale in this species. The seed dispersal of this
species should be strongly limited because its seeds are
primarily dispersed by gravity, and thus saplings tend to
establish around their seed parents. Therefore, family
structure may develop, with aggregations of half-siblings
interspersed with full-siblings, around seed trees, and
thus spatial genetic structure not only of maternal alleles
but also of paternal alleles may appear. In this study, we
evaluated the effects of seed- and pollen-mediated gene
dispersal on genetic structure among Q. salicina saplings.
The evaluations were conducted through (1) parentage
analysis to assign parents of saplings and identify half-,
full- and non-sibling relationships among them using
microsatellite markers; (2) analyses of the spatial genetic
structure of saplings; and (3) analyses of the genetic
structure of maternal and paternal alleles in the saplings.

Materials and methods

Study site and field methods
The study site was in the Tatera Forest Reserve, on the
South Island of Tsushima, which is located between
the Japanese Archipelago and the Korean Peninsula. The
reserve, protected as a National Natural Monument, has
an area of approximately 100 ha and is situated on the
north-facing slope of Mt Tatera. There has been no
human interference in the reserve for several centuries,
and an old-growth evergreen broad-leaved forest is well
developed in it (Itow, 1991).

A 4-ha permanent plot (200� 200 m) was established
in this reserve in 1990. Tree censuses have been
conducted for all stems X5 cm in diameter at breast
height (d.b.h.) of all woody plant species, and the
vegetational features of the plot have been described by

Manabe et al. (2000). In 2000, a 1-ha core plot
(100� 100 m) was established in the center of the 4-ha
plot, and a census was performed within the 1-ha core
plot, in which 247 Q. salicina individuals X30 cm in
height and with a d.b.h. of o5 cm (defined as saplings in
this study) were observed and mapped. In 2003, the 4-ha
plot was expanded to 11.56 ha (340� 340 m) for a census
of Q. salicina, and 111 Q. salicina individuals were found
with a d.b.h. of X5 cm (Figure 1). Our previous field
observations of Q. salicina in the plot indicated that all
individuals with a d.b.h. of X5 cm can flower, but that
individuals with a d.b.h. of o5 cm are not yet ready to
flower. Thus, all the 111 individuals could be defined as
adult trees with the potential to act as parents. Leaf
samples from all 111 adults were collected in 1999 and
2003, and from all 247 saplings in 2000. The collected leaf
samples were transported to our laboratory and stored at
�30 1C until DNA extraction.

DNA extraction and microsatellite genotyping
The methods used for DNA extraction and microsatellite
genotyping in this study were the same as those used
in our previous study (Nakanishi et al., 2004). Genotype
data for all adults and saplings of Q. salicina were
collected for 10 microsatellite loci: QsalCT15 and
QsalCT33 developed for Q. salicina by T Kawahara of
Hokkaido Research Center, Forestry and Forest Products
Research Institute, Japan (Nakanishi et al., 2004),
QpZAG36 and QpZAG119 (Steinkellner et al., 1997),
MSQ4 (Dow et al., 1995), QrZAG7, QrZAG20, QrZAG25
and QrZAG101 (Kampfer et al., 1998), and QM69-2M1
(Isagi and Suhandono, 1997). The genotypes of the adults
at seven loci (QsalCT15, QsalCT33, QpZAG119, MSQ4,
QrZAG7, QrZAG101 and QM69-2M1) had already been
determined (Nakanishi et al., 2004). The genotypes of
adults at the remaining 3 loci, as well as the genotypes of
saplings at all 10 loci, were analyzed in this study.

Figure 1 Location of the 111 Quercus salicina adults (open circles)
in the 11.56-ha plot and 247 Q. salicina saplings (filled circles) in the
1-ha core plot located at the center of the 11.56-ha plot.
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Statistical data analyses
The genetic diversity of the Q. salicina adults and
saplings was estimated using standard population
genetic parameters calculated by Genepop version 3.4
(Raymond and Rousset, 1995). The number of alleles (A),
allelic richness (R), observed heterozygosity (HO), gene
diversity (HE) and fixation index (FIS) were calculated for
each locus and over all loci. The deviations from the
Hardy–Weinberg equilibrium (HWE) at each locus and
over all loci were tested by the Markov chain method.

Parentage analysis was performed by the maximum
likelihood method based on multilocus genotypes
(Meagher and Thompson, 1986) of all the adults and
saplings, using FaMoz (Gerber et al., 2003), following the
method by Gerber et al. (2000). The most likely parents
and parent pairs were determined by means of log of the
odds ratio (LOD) scores using the reference allele
frequencies, which were calculated in the adult popula-
tion within the 11.56 Ha plot. The test thresholds of LOD
scores for rejecting a candidate parent as a true parent
(TP), and for rejecting a candidate parent pair as the
true one (TC) were determined by the simulation
procedure (see details in Gerber et al., 2000, 2003). At
the same time as the simulation procedure, we also
calculated the probabilities of correct classification (the
most likely parent or parent pair being the true parent or
parent pair), and type I errors (erroneous rejection of the
null hypothesis that the parents are present inside the
plot) and type II errors (erroneous acceptance of the null
hypothesis) at the TP and TC. We incorporated an error
rate at genotyping of 0.1%, as used in previous studies
(Gerber et al., 2000; Sezen et al., 2005; Setsuko et al., 2007),
into both of the above-mentioned calculations of LOD
scores and simulations. If a candidate had an LOD score
exceeding TP, it was considered a true potential parent,
and if a parent pair had an LOD score greater than TC
and comprised two true potential parents, it was
considered a true potential parent pair (Meagher and
Thompson, 1986). If a sapling had no true potential
parent, it was regarded as having no parent within the
plot. If a sapling had only one true potential parent or
parent pair, the potential parent or parent pair was
regarded as its true parent or parent pair. If a sapling had
multiple potential parents or parent pairs, it was
regarded as having a parent or parent pair within the
plot, but its parentage could not be assigned.

To examine the spatial family structure of saplings
(spatial aggregation of half- and full-siblings), we
calculated the numbers of pairs of saplings at each
distance class, being full-, half- and non-siblings. The
distance classes were defined at continuous 5-m inter-
vals. The analysis was conducted among the saplings
that had unambiguously assigned parent pairs after the
parentage analysis.

The spatial genetic structure of saplings in the 1-ha
core plot was evaluated by calculating Fij (coancestry;
Loiselle et al., 1995) kinship coefficients. A kinship
coefficient is generally defined as the probability that
the compared genes are identical by descent (e.g. Ritland,
1996), but Fij actually estimates relative kinship, which
can be defined as the ratio of differences of probabilities
of identity in state (Rousset, 2002). In the case of two
individuals i and j, Fij between them can be defined as
Fij¼ (Qij�Qm)/(1�Qm), where Qij is the probability of
identity in state for random genes from i and j, and Qm is

the average probability of identity by state for genes
coming from random individuals from the sample (or
‘reference population’). When the reference population is
the parental generation, Fij values should theoretically be
identical to values predicted from pedigree information
and be 0.125 for half-siblings and 0.250 for full-siblings
(Hardy and Vekemans, 2002). For this analysis, we used
the parental generation composed of all 111 adult trees in
the 11.56-ha plot as the reference population (that is, the
‘reference allele frequencies’ used in the parentage
analysis mentioned earlier). The average Fij value was
calculated for each of 20 continuous distance classes at
5-m intervals from 0–5 to 95–100 m. The significance of
the average Fij values was then assessed by permutation
tests (with 1000 permutations), in which spatial distances
were permuted randomly among pairs of saplings. These
calculations were performed by SPAGeDi version 1.2
(Hardy and Vekemans, 2002), except that the permuta-
tion tests were conducted manually. We also calculated
the average Fij value between parents (seed parents or
pollen parents) and their respective saplings and those of
full-, half- and non-siblings among the saplings for
which parents offspring and sibling relationships could
be determined by parentage analysis, and compared the
observed values with the expected values (0.250, 0.250,
0.125 and 0.000 for the relationships of parents offspring,
full-, half- and non-siblings, respectively) to evaluate
the validity of the calculation using the reference allele
frequencies.

To determine the seed parents and pollen parents of
saplings, we adopted two assumptions by Dow and
Ashley (1996) and Bacles et al. (2006) as follows: (i) if a
sapling had only one parent within the 11.56-ha plot, this
parent was assumed to be the seed parent; and (ii) if a
sapling had a parent pair within the plot, the closer
parent was assumed to be the seed parent and the more
distant parent to be the pollen parent. These two
assumptions are based on the fact that seeds of the
Quercus species generally disperse over shorter distances
than the pollen because the seeds and pollen are
primarily dispersed by gravity and wind, respectively.
Therefore, seed parents should generally be closer to
their offspring than pollen parents. In addition, we
assumed that none of the parents within the plot had
died. After determining seed parents and pollen parents,
we compared the average values of the spatial distances
between saplings and their seed and pollen parents with
the pollination distance using the Mann–Whitney U-test
to roughly show the validity of the assumption that the
closest identified parent was the seed parent and
the more distant parent was the pollen parent. If the
assumption is valid, the average distance between
saplings and their more distant putative pollen parents
should not be different from the average pollination
distance, but that between saplings and their closest
putative seed parents should be shorter.

Following the methods published by Hardy et al.
(2004), we also examined spatial genetic structure among
haplotypes derived from seed and pollen parents,
separately, of saplings for which one parent or parent
pair had been unambiguously determined. The paternal
allele of each sapling was identified by subtracting the
maternal allele from the sapling genotype (Smouse et al.,
2001; Hardy et al., 2004), and then the maternal and
paternal haplotypes were expediently converted into
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diploid homozygous genotypes with the alleles to
calculate Fij values. In ambiguous cases, in which both
the offspring and its respective seed parent were
heterozygotes with the same alleles, the maternal and
paternal haplotypes were expediently converted into the
corresponding heterozygous genotypes. The spatial
genetic structure of the paternal and maternal haplo-
types of saplings was then examined in the same way
that the spatial genetic structure of the saplings’
genotypes was examined.

Results

Genetic diversity in adults and saplings
Genotypes of most individuals (108 of the 111 adults
within the 11.56-ha plot and 193 of the 247 saplings
within the 1-ha core plot) could be determined at all 10 of
the loci examined. Genotype data were missing regard-
ing 1, 2 or 3 loci for the other three adults, and thus 0.5%
of the 1110 genotypes at the 10 loci among the 111 adults
were missing in total. There were also missing genotype
data for saplings. In the following analyses, we used 226
saplings, the genotypes of which could be determined at
more than five loci. Of the 2260 genotypes, 96 over the 10
loci among the 226 saplings (4.2%) were missed.
However, both the FaMoz and SPAGeDi programs could
take account of the missing data.

The 10 loci were highly polymorphic in both adults
and saplings, with 7–39 and 4–42 alleles per locus and
mean HE values of 0.783 and 0.728, respectively (Table 1).
FIS values for each locus ranged from �0.117 to 0.087 and

�0.091 to 0.144, and FIS values for all the loci were 0.006
and �0.009 for adults and saplings, respectively. Devia-
tions from HWE were not significant at any of the loci in
adults, but there was significant deviation at the QrZag20
locus in saplings (Po0.001 after Bonferroni correction).

The total exclusion probabilities calculated for refer-
ence allele frequencies were 0.999 and 1.000 for single
parents and parent pairs, respectively, over the 10 loci.
For all the loci, frequencies of null alleles were lower
than 0.05.

Parentage and spatial family structure of saplings
From the results of the simulation procedure, we
determined TP and TC values to be 4.2 and 12.4,
respectively. Estimated probabilities of correct classifica-
tions were 95.8 and 99.5% for single parent and parent-pair
assignments, respectively. At the TP, the estimated
probabilities of type I and type II errors for single parent
assignments were o0.06 and o0.12, respectively, whereas
at the TC, the corresponding probabilities for parent-pair
assignments were o0.01 and 0.00, respectively.

Of the 226 saplings, 34 (15.0%) had no true potential
parent in the 11.56-ha plot. The other 192 (85.0%)
saplings had at least one true potential parent in the
plot and were defined as having at least one parent in it
(Table 2). Of the 192 saplings, 92 (47.9%) had at least one
true potential parent pair in the plot and were defined as
having both parents in the plot, whereas the other 100
(52.1%) had no true potential parent pair in it. Of these
100 saplings, 85 had only one true potential parent,
which could thus be defined as the true parent

Table 1 Genetic diversity at the 10 polymorphic microsatellite loci in adults in the 11.56-ha plot and saplings in the 1-ha core plot

Locus Adult Sapling

A R HO HE FIS A R HO HE FIS

QsalCT15 16 15.9 0.865 0.880 0.017 16 14.8 0.818 0.843 0.030
QsalCT33 9 8.7 0.577 0.599 0.037 8 6.8 0.531 0.492 �0.079
QpZAG36 8 8.0 0.798 0.819 0.026 8 7.7 0.855 0.784 �0.091
QpZAG119 25 24.3 0.766 0.839 0.087 25 20.6 0.768 0.837 0.082
QM69-2M1 7 6.7 0.441 0.418 �0.055 4 3.4 0.214 0.199 �0.075
QrZAG7 12 12.0 0.928 0.884 �0.050 13 12.1 0.873 0.815 �0.071
QrZAG20 13 12.9 0.791 0.825 0.041 13 12.0 0.693 0.810 0.144***
QrZAG25 39 38.2 0.907 0.906 �0.001 42 32.1 0.902 0.863 �0.045
QrZAG101 11 10.8 0.910 0.815 �0.117 12 10.6 0.844 0.819 �0.031
MSQ4 14 14.0 0.802 0.844 0.050 17 14.5 0.842 0.816 �0.032
Mean 15.4 15.2 0.779 0.783 0.006 15.8 13.5 0.734 0.728 �0.009
(s.e.) (3.1) (3.0) (0.049) (0.049) (3.4) (2.6) (0.067) (0.068)

Abbreviations: A, number of alleles detected; FIS, fixation index; HE, gene diversity; HO, observed heterozygosity; R, allelic richness, the
expected number of different alleles in a sample of 100 diploid individuals.
Deviations from the Hardy–Weinberg equilibrium at each locus were tested by the Markov chain method with Bonferroni correction.
***Po0.001.

Table 2 The numbers of saplings having a parent and parent pair within the 11.56-ha plot

Having a parent or parent pair Having no parent or parent pair

Total Unambiguous assignment Ambiguous assignment

Parent 192 (0.850) 168 24 34 (0.150)
Parent pair 92 (0.407) 83 9 134 (0.593)

Unambiguous assignment refers to saplings having only one true potential parent or parent pair. Ambiguous assignment refers to saplings
having multiple true potential parents or parent pairs.
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(unambiguous assignment for single parent), and 15 had
multiple true potential parents (ambiguous assignment
for single parent). Of the 92 saplings that had at least one
true potential parent pair, 83 had only one such pair,
which could thus be defined as the true parent pair
(unambiguous assignment for a parent pair), whereas 9
saplings had multiple true potential parent pairs
(ambiguous assignment for parent pair). Assuming that
no parents in the 11.56-ha plot had died, one or both
parents of 44.2% (100 saplings) and 15.0% (34) of the 226
saplings were located outside the 11.56 ha plot, respec-
tively. Thus, the rate of seed flow from outside the plot
should theoretically be 15.0%. Among the 192 saplings
that had at least one parent within the plot, 52.1% (100)
apparently had one parent outside the plot, and this
percentage should theoretically mirror the rate of pollen
flow from outside the plot. The analyses of the 226
saplings indicated that 43 (38.7%) of the 111 potential
parents within the plot were parents of at least one
sapling, with the numbers of offspring apparently
ranging from 1 to 59 (5.8±10.0 on average). Here and
elsewhere in the text, average and error values refer to
means±s.d.

The following results were derived from analyses of
the 83 saplings with unambiguously assigned parent
pairs. The average distance between saplings and their
closest parents (putative seed parents) was 16.8±17.0 m,
significantly shorter than the average pollination dis-
tance (69.2±52.5 m) (Mann–Whitney U-test, Po0.001),
but the average distance between saplings and their
more distant parents (putative pollen parents) was
74.4±45.8 m and did not differ significantly from the
average pollination distance (Mann–Whitney U-test).
The saplings appeared to be aggregated around their
closest parents, which were probably their seed parents
in most cases (Figure 2). Eleven and 33 different adults

within the plot were found to be the putative seed and
pollen parents of at least one sapling, respectively. The
number of offspring of each putative seed and pollen
parent ranged from 1 to 36 and 1 to 15, with averages
of 7.5±10.5 and 2.5±3.1, respectively. The average
distances between pairs of full-, half- and non-sibling
saplings were 15.5±9.6, 20.1±17.6 and 48.1±22.4 m,
respectively (Figure 3). The frequencies of pairs that were
full- and half-siblings were much higher in short distance
classes than in long distance classes; 114 (91.2%) and
668 (74.5%) of all the full- and half-sibling pairs were
detected in the 0–5 to 20–25 m classes, respectively. The
number of full-siblings decreased rapidly at 25–30 m and
fell to zero in the 40–45 m and longer distance classes
(except in the 70–75 m distance class), but the number
of half-siblings decreased gradually as the distance
increased, and did not fall to zero until the 90–95 m
distance class (Figure 3).

Spatial genetic structure of saplings
The following results were derived from the analyses
of all 226 saplings. Significantly positive Fij values were
obtained for the 0–5 to 20–25 m distance classes accord-
ing to the permutation test (Po0.05), and the value was
highest (0.0954) for the shortest distance class (Figure 4).
The Fij values decreased rapidly as distance increased
and were significantly lower than the 95% confidence
intervals (two-tailed) of Fij values in the 25–30 to 95–
100 m distance classes. For all the distance classes
analyzed, the Fij values were positive. The average Fij
value between parents and their respective saplings and

Figure 2 Location of saplings and their closer parents (putative
seed parents), which produced more than 10 saplings within the
1-ha core plot. Large letters represent the parents of the saplings
indicated by the same small letters. Large and small filled circles
represent the other adults within and around the 1-ha core plot and
saplings within the core plot, respectively.

Full-siblings

Half-siblings

Non-siblings

N = 125

N = 897

N = 2381

N
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Distance (m)

Figure 3 The numbers of pairs of saplings in each distance class
that were full-, half- and non-sibling among 83 saplings that had
unambiguously assigned parent pairs. Distance classes were
defined at continuous 5-m intervals from 0–5 to 105–110 m.

Effects of gene dispersal on genetic structure in saplings
A Nakanishi et al

186

Heredity



those of full-, half- and non-siblings were 0.233±0.056,
0.246±0.079, 0.115±0.078 and 0.015±0.063, respectively.
The observed average values were approximately
equivalent to the expected values.

Spatial genetic structure of maternal and paternal alleles

in saplings
The following results were derived from the analyses of
the 168 saplings that had unambiguously assigned
parents or parent pairs. Significantly positive Fij values
were detected in the 0–5 to 20–25 and 0–5 to 15–20
distance classes for maternal and paternal alleles,
respectively (Po0.05, according to the permutation test),
and the highest values for maternal and paternal alleles
were in the first and third distance classes, respectively
(0.275 and 0.046, respectively; Figure 5). The Fij values of
the maternal and paternal alleles decreased rapidly and
gradually as the distance classes increased, respectively,
but nevertheless were positive for almost all of the
distance classes. The Fij values for particularly short-
distance classes were much higher for the maternal
alleles than for the paternal alleles.

Discussion

Patterns of seed and pollen dispersal
Saplings appeared to be spatially aggregated around
their closest parents. Furthermore, the average distance
between saplings and their more distant putative parents
was not significantly different from the average pollina-
tion distance, but the average distance between saplings
and their closest putative parents was significantly
shorter. These findings are consistent with the assump-
tion that closer and more distant parents are seed and
pollen parents, respectively, especially because the
density of adults was low (9.6 ha�1) and they had a
scattered distribution in the study population. Dow and
Ashley (1996), who examined the seed dispersal of
another Quercus species, Quercus macrocarpa, under the
same assumptions as in this study, found clusters of half-
siblings around one of their respective parents and
concluded that the assumption seemed to be justified
because the clustering pattern of the saplings was easily
explained by limited seed dispersal, but it was difficult to
envision a scenario in which paternally related acorns

from different seed parents would come to be established
around a common pollen donor. Our findings provide
further empirical indications that the assumption is valid
in most cases.

If the assumption is valid, the distances between
saplings and their closest parents should correspond to
the distances of seed dispersal. The average distance of
seed dispersal in the study population of Q. salicina was
estimated to be 16.8±17.0 m, which was similar to the
corresponding distances for Q. macrocarpa (22.8±24.8 m)
and Quercus pyrenaica (14 m) reported by Dow and
Ashley (1996) and Valbuena-Carabana et al. (2005),
respectively. The proportion of seed flow from outside
the 11.56-ha plot was estimated to be 15.0%, and all
the saplings were located at least 120 m from any edge of
the 11.56-ha plot. Therefore, 15.0% of seed flow was
estimated to occur over a distance greater than 120 m.
Although most of the seed movements may occur over
short distances by gravity, long-distance seed flow by
animals may also occur with a low frequency. The result
in this study is approximately consistent with those from
studies of other Quercus species (Dow and Ashley, 1996;
Valbuena-Carabana et al., 2005). However, the seed
dispersal of Q. salicina was very limited when compared
with those of species with seeds dispersed by animals
(Sezen et al., 2005) and wind (Bacles et al., 2006).

As the proportion of pollen flow from outside the plot
was 52.1%, the average distance of the total pollen flow
should be greater than the estimated average distance
of pollen flow within the plot (69.2 m). Therefore,

Distance (m)

F
ij

Figure 4 Correlogram of average Fij values for saplings calculated
using the reference allele frequencies. Distance classes were defined
at continuous 5-m intervals from 0–5 to 95–100 m. The dashed lines
represent the 95% (two-tailed) confidence interval of the average Fij
distribution calculated by 1000 permutations of spatial distances
among pairs of saplings.

Maternal allele

Paternal allele

F
ij

Distance (m)

Figure 5 Correlograms of average Fij values for maternal and
paternal alleles of saplings calculated using the reference allele
frequencies. Distance classes were defined at continuous 5-m
intervals from 0–5 to 95–100 m. The dashed lines represent the
95% (two-tailed) confidence interval of average Fij distribution
calculated by 1000 permutations of spatial distances among pairs of
saplings.
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long-distance pollen flow by wind may occur in the
study population, as it does in other Quercus species
(Dow and Ashley, 1996, 1998; Streiff et al., 1999) and other
wind-pollinated species (Bittencourt and Sebbenn, 2007).
Moreover, seed dispersal appears to be highly limited
compared to pollen dispersal in Q. salicina, as reported
for other Quercus species (Ennos, 1994; Dow and Ashley,
1996). The average distance of pollen flow within the plot
(69.2±52.5 m) and proportion of pollen flow from out-
side the plot (52.1%), found in this study by parentage
analysis using saplings, were very similar to those
(66.7±40.0 m and 52.2%) found in our previous study
(Nakanishi et al., 2004) based on paternity analysis using
seeds of the same population at the same plot. The
previous study found that the average distance of pollen
flow within the plot was significantly shorter than that
expected under random mating, and the frequency of
pollination within the plot depended on the distance
between the parents, prompting the conclusion that
effective pollen dispersal in Q. salicina may be governed
by a combination of two processes: local dispersion and
long-distance transport, as advocated by Streiff et al.
(1999) following their study of Q. robur L. and Q. petraea.
The results in this study may reflect the pattern of pollen
flow deduced from our previous seed-stage analysis
(Nakanishi et al., 2004).

Spatial genetic structure and family structure of saplings
The correlogram of coancestry (Fij) between saplings
indicated that there was a strong genetic structure among
them. When adults in the 11.56 ha plot were used as the
reference population, the average Fij value in the shortest
distance class (0.0954) was high, and the numbers of
pairs of saplings that were full- and half-siblings were
relatively high in short-distance classes. These results
indicate that there is a strong maternal half-sibling family
structure among the saplings around seed parents,
probably generated by the limited seed dispersal and
small extent of overlapping seed shadows, owing to the
low density of adults (9.6 per ha) at this study site, which
is located in an old-growth evergreen broad-leaved
forest. The numbers of half-siblings decreased as the
distance increased, but did not fall to zero even in long-
distance classes, indicating that paternal half-siblings are
widely distributed, probably because of the correlated
paternity (offspring from a given mother being sired by
the same paternal parent) between different maternal
progeny arrays, mediated by extensive pollen flow. Of
all the full-sibling pairs, 114 (91.2%) were detected in
distance classes from 0–5 to 20–25 m, indicating that the
aggregates of maternal half-siblings around seed parents
were interspersed with full-siblings. Hardy et al. (2004)
reported that limited pollen dispersal was a major
contributory factor to correlated mating (correlated
paternity within maternal progeny arrays) in C. corymbo-
sa. Thus, the full-siblings in the aggregates of half-
siblings may be produced by correlated mating because
of the inverse relationship between pollination frequency
and the distance between parents at a local scale in
Q. salicina. The aggregation of full-siblings around seed
parents should strengthen the spatial genetic structure of
saplings.

To examine whether the observed spatial genetic
structure in the saplings is maintained until the adult

stage, we re-analyzed the spatial genetic structure among
the 111 adults based on Fij values estimated using the 10
loci (data not shown), as analyzed in this study. We
confirmed significant spatial genetic structure among the
adults, as observed in our previous study (Nakanishi
et al., 2004), indicating that the genetic structure among
the adults reflects that among the saplings. Our previous
paternity analysis using seeds of the same population at
the same plot (Nakanishi et al., 2004) suggests that the
genetic structure among adults and limited pollen
dispersal may produce biparental inbreeding (that is,
nearby adult trees tend to be genetically related to seed
parents because of the genetic structure, and may often
be pollinated by the seed parents because of the
short distance between them). The process may also
strengthen the spatial genetic structure of saplings and
partially explain the significant deviation from HWE for
the QrZAG20 locus in saplings.

Genetic structure of maternal and paternal alleles

in saplings
Unsurprisingly, a very strong genetic structure was
detected for maternal alleles. However, a significant
(albeit weak) genetic structure was also detected for
paternal alleles. The genetic structure of the paternal
alleles was probably because of correlated mating,
mediated by limited pollen dispersal, generating full-
siblings in the aggregates of half-siblings around the
respective seed parents. In the correlogram of paternal
alleles, the Fij values decreased more gradually as
distance increased than in the corresponding correlo-
gram of maternal alleles. The differences presumably
reflect the differences between seed- and pollen-
mediated gene dispersal resulting from the average
pollination distance being greater than the average seed
dispersal distance, and thus paternal half-siblings gen-
erally being more widely dispersed than maternal half-
siblings. The genetic structures of the maternal and
paternal alleles indicate that limited seed dispersal is
primarily responsible for generating strong genetic
structure among Q. salicina saplings, but limited pollen
dispersal strengthens it.

In summary, we evaluated the effects of gene dispersal
through seeds and pollen on genetic structure among
Q. salicina saplings by reconstructing the dispersal patterns
of the seed and pollen, and analyzing the consequent
spatial genetic structure and family structure of the
saplings as well as the genetic structure of their maternal
and paternal alleles. The results suggest that the limited
seed dispersal is primarily responsible for generating
strong genetic structure among these saplings, but pollen
flow contributes to it through correlated mating.
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