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Abstract
Prevailing directions of seed and pollen dispersal may induce anisotropy of the 
fine- scale spatial genetic structure (FSGS), particularly in wind- dispersed and wind- 
pollinated species. To examine the separate effects of directional seed and pollen 
dispersal on FSGS, we conducted a population genetics study for a dioecious, wind- 
pollinated, and wind- dispersed tree species, Cercidiphyllum japonicum Sieb. et Zucc, 
based on genotypes at five microsatellite loci of 281 adults of a population distrib-
uted over a ca. 80 ha along a stream and 755 current- year seedlings. A neighborhood 
model approach with exponential- power- von Mises functions indicated shorter seed 
dispersal (mean = 69.1 m) and much longer pollen dispersal (mean = 870.6 m), ef-
fects of dispersal directions on the frequencies of seed and pollen dispersal, and 
the directions with most frequent seed and pollen dispersal (prevailing directions). 
Furthermore, the distance of effective seed dispersal within the population was es-
timated to depend on the dispersal direction and be longest at the direction near the 
prevailing direction. Therefore, patterns of seed and pollen dispersal may be affected 
by effective wind directions during the period of respective dispersals. Isotropic 
FSGS and spatial sibling structure analyses indicated a significant FSGS among the 
seedlings generated by the limited seed dispersal, but anisotropic analysis for the 
seedlings indicated that the strength of the FSGS varied with directions between in-
dividuals and was weakest at a direction near the directions of the most frequent and 
longest seed dispersal but far from the prevailing direction of pollen dispersal. These 
results suggest that frequent and long- distance seed dispersal around the prevail-
ing direction weakens the FSGS around the prevailing direction. Therefore, spatially 
limited but directional seed dispersal would determine the existence and direction of 
FSGS among the seedlings.
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1  | INTRODUC TION

Gene dispersal via seeds and pollen largely affect fine- scale spatial 
genetic structure (FSGS) of plant populations, and the FSGS reflects 
Wright's neighborhood size (Wright, 1943, 1946); for example, the Sp 
statistic expressing the intensity of the FSGS estimates the inverse 
of the neighborhood size under certain assumptions (Vekemans & 
Hardy, 2004). Therefore, studies on gene dispersal and the conse-
quent effects on the FSGS are highly important to clarify the evolu-
tionary dynamics of plant populations. Although the FSGS of plant 
populations is a consequence of various ecological factors (Hamrick 
et al., 1993; Hardy et al., 2006; Ueno et al., 2006; Vekemans & 
Hardy, 2004), seed dispersal critically affects the shaping of the 
FSGS (Browne et al., 2018; Grivet et al., 2009; Nakanishi et al., 2009), 
as it transports both male and female gametes to determine the final 
locations of genotypes (Browne et al., 2018; Grivet et al., 2009), and 
it is more spatially restricted compared to pollen dispersal in many 
species (e.g., Browne et al., 2018; Nakanishi et al., 2009). Pollen 
dispersal, in contrast, could affect the extent of FSGS, in that, for 
example, distance- dependent pollination increases the proportion 
of full siblings in aggregates of maternal siblings around each seed 
parent (Nakanishi et al., 2009). Such separate effects of seed and 
pollen dispersal on the FSGS have not been fully elucidated (but 
see, e.g., Browne et al., 2018), whereas the combined effect of both 
seed and pollen dispersal, sometimes along with other ecologi-
cal factors, has been examined in many studies (Born et al., 2012; 
Hamrick et al., 1993; Hardy et al., 2006; Ueno et al., 2006; Vekemans 
& Hardy, 2004). Understanding such separate effects requires the 
elucidation of seed and pollen dispersal patterns and the consequent 
FSGS of dispersed and established individuals originated from the 
estimated gene- dispersals, simultaneously.

Much knowledge on distances of gene dispersal via seeds and 
pollen has been gained using highly polymorphic molecular markers 
(Hardy, 2009). However, only a limited number of studies have exam-
ined the direction of gene dispersal via pollen (Austerlitz et al., 2007; 
Burczyk et al., 1996, 2004; Burczyk & Prat, 1997), and the direction 
of gene dispersal via seeds has rarely been studied (but see García 
et al., 2007). In addition, the relationship between the distance and 
direction of effective gene dispersal has not been examined, to our 
knowledge, likely because the basic model (e.g., Tufto et al., 1997) 
assumed that the probability of dispersal direction is independent of 
dispersal distance. This kind of relationship would be important for 
the genetic dynamics of populations, because genetic isolation by 
distance would be reinforced or prevented in the direction of short-  
or long- distance gene dispersal, respectively (Born et al., 2012). 
Further, most studies of the FSGS, typically expressed as the rela-
tionship between kinship and the physical distance between individ-
uals (Vekemans & Hardy, 2004), have been conducted by isotropic 
spatial autocorrelation analyses (Born et al., 2012). Such analyses 
cannot elucidate the effects of the directionality of gene dispersal 
on the FSGS. In wind- dispersed and/or wind- pollinated species, 
wind direction affects the frequencies of seed dispersal (Bullock 
& Clarke, 2000) and/or pollen dispersal (Damialis et al., 2005; 

Silva Palacios et al., 2000) in particular directions. Further, Born 
et al. (2012) expected in their study on the anisotropy of the FSGS 
that the strength of FSGS varied depending on directions and was 
weakest and strongest at the directions aligned with and orthogonal 
to the prevailing wind direction, respectively, in the wind- pollinated 
and wind- dispersed species. For such species, long- distance gene 
dispersal would occur at the effective wind direction, that is, the 
distance of gene dispersal would depend on the dispersal direction, 
and consequently, the FSGS in that direction is considered weak due 
to overlapping gene shadows (Born et al., 2012). However, such sep-
arate effects of directionalities of seed or pollen dispersal on FSGS 
have not been elucidated.

For populations distributed relatively long but narrow, often 
seen in the riparian forest along a stream, the directions of poten-
tial seed and pollen dispersal against the population's long axis (i.e., 
population direction) might affect the respective effective disper-
sals within the population because the effective dispersals depend 
on the primary dispersal patterns (reflected as dispersal kernel) and 
spatial arrangements of suitable habitats (for seed) or conspecific 
female individuals (for pollen) (Hardy, 2009). If the dispersal is po-
tentially long, the frequency and mean distance of the effective 
dispersal within such population might increase with the prevailing 
dispersal direction nearing the population direction and be highest 
and longest, respectively, when the prevailing dispersal direction is 
along the population direction. In an opposite way, the frequency 
and mean distance of the effective dispersals within the population 
might be the lowest and shortest, respectively, and the immigration 
rate might be highest when the prevailing dispersal direction is or-
thogonal to the population direction. Such a process might affect 
the genetic isolation by distance within the population and thus be 
reflected as anisotropy of the FSGS. Furthermore, as isotropic FSGS, 
the anisotropy of the FSGS would be affected by seed and pollen 
dispersal in different ways and be largely affected by seed disper-
sal. Riparian forests have important ecological functions (Naiman & 
Decamps, 1997), and the conservation of the forest has been advo-
cated (Rodewald & Bakermans, 2006). Although past genetic studies 
on tree species of such forest have indicated useful knowledge for 
genetic conservation (Goto et al., 2006; Kikuchi et al., 2011; Saeki 
et al., 2018; Sato et al., 2006), the detailed effects of directionality in 
separate gene dispersal via seeds and pollen should be taken into ac-
count for the clarification of the genetic dynamics and conservation 
of the genetic diversity.

Cercidiphyllum japonicum Sieb. et Zucc. is a dioecious, wind- 
pollinated, and wind- dispersed tree species (Katsuta et al., 1998) that 
shapes a long and low- density population along a stream and fea-
tures riparian forests in Japan together with other tree species (Isagi 
et al., 2005). This species should be suitable for exploring separate pat-
terns of gene dispersal via seeds and pollen on a large scale. Examined 
contributions of reproductive individuals even to dispersed offspring 
can be unambiguously divided into those as seed parent or pollen par-
ent owing to dioecism of the species, which should raise the precision 
of direct and indirect analyses on gene dispersal. Further, the direction-
ality of gene dispersal via seeds and pollen due to wind direction and 
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their effects on FSGS could be examined using this species. A previous 
study (Sato et al., 2006) reported the long- distance gene dispersal of 
C. japonicum, with a mean of 129 m and a maximum of 666 m for pol-
len dispersal and a maximum of 302 m for seed dispersal, as well as a 
nonsignificant FSGS among adults within the study site. However, the 
study could not define the accurate pattern of effective seed dispersal 
due to the seedling sampling sites limited to areas around female trees 
of C. japonicum. Further, the FSGS of adults would reflect the effects 
of overlapping generations and other demographic dynamics among 
individuals over a long period, which would make it more difficult to 
detect the genetic effects of single- season seed and pollen dispersal. 
The clarification of a more uncomplicated process, in which the single- 
year current gene dispersal affects the consequent FSGS, would require 
examining dispersed current- year offspring that have just established.

In this study, we examined patterns of directional seed and pol-
len dispersal and their separate effects on anisotropy of FSGS among 
current- year seedlings of C. japonicum. The study used the following 
steps: (a) examination of a maximum likelihood model to estimate seed 
and pollen dispersal kernels, taking account of the effects of seed and 
pollen dispersal directions and sizes of adults using a neighborhood 
model approach; (b) regression analyses of effective seed and pollen 
dispersal distances within the population against their respective dis-
persal directions based on the reconstructed parentage estimated by 
the maximum likelihood model; (c) isotropic and anisotropic analyses on 
FSGS among the seedlings; and (d) comparisons between the direction 
of the weakest FSGS of the seedlings and directions with the most fre-
quent or longest seed dispersal and the most frequent pollen dispersal.

2  | MATERIAL S AND METHODS

2.1 | Study species

Cercidiphyllum japonicum Sieb. et Zucc. (Figure 1, family Cercidiphy-
llaceae) is a deciduous broadleaved tree species that can grow up to 30 m 
in height and 2 m in diameter (Isagi et al., 2005). The density of adult trees 
is a few trees per hectare (e.g., 2.5 ha−1 in Sato et al., 2006). Its seed has 
a wing and is about 6 mm long, including the wing, and 2 mm wide (Kubo 
et al., 2000). The species flowers from April to May, and seeds mature 
from September (Katsuta et al., 1998). Seed dispersal most frequently 
occurs in October and November and continues even during winter 
(Goto, unpublished).

2.2 | Study site and field methods

Our study was conducted in a riparian forest located in Iwanazawa 
Forest Reserve (43°13′N, 142°34′E), University of Tokyo Hokkaido 
Forest, in central Hokkaido, Japan. The forest consists of broad-
leaved trees, such as C. japonicum, Fraxinus mandshurica, Acer mono, 
Alnus hirsute, and Ulmus davidiana, and conifers, Abies sachalinensis 
and Picea jezoensis. In this forest, genotypes of C. japonicum trees 
within a ca. 10 ha area were already surveyed to study the genetic 

differentiation among populations throughout the distribution of 
the species in Japan (Sato et al., 2006). The area was expanded for 
this study to a width of ca. 200– 300 m and a length of ca. 3,200 m 
(ca. 80 ha) along a stream to encompass the C. japonicum popula-
tion. In the expanded area, C. japonicum adult trees are spatially ag-
gregated along the stream. We regard this spatial aggregation of C. 
japonicum adult trees as a population. All stems of C. japonicum with 
≥5 cm in diameter at breast height (d.b.h.) within the populations 
were measured in June 2005. In May 2006, sex expressions of all 
the individuals in the population with stems having d.b.h. of ≥5 cm 
were observed by inspecting inflorescences with binoculars, and 
131 male and 150 female adult trees were identified and mapped 
(Figure 2). We sampled leaves from all of the 281 adults in this popu-
lation. Unsampled C. japonicum adult trees outside of and around 
this population were located more than 100 m away from this popu-
lation and were scattered at low density. For seedlings, we designed 
24 sampling sites in June 2005, the area of which were circular with 
the radius of about 3 m. The sampling sites were randomly selected 
from seedling establishment sites, where seedlings could frequently 
establish, in the middle of the population (Figure 2). The sampling 
sites were categorized into mounds (8 sites), deer trail (8 sites), fallen 
logs (3 sites), swamp (3 sites), and others (2 sites). Thirty- two current- 
year seedlings were randomly sampled from each of the 24 sites (768 
seedlings in total) in May 2006. The spatial location of each sampling 
site was regarded as spatial locations of seedlings within the site.

To compare the directions of seed and pollen dispersal to the 
population direction later, the population direction was calculated as 
a regression line of model II linear regression (major axis regression) 
of the y- coordinate values against the x- coordinate values of the 
adult locations under the condition that the direction of the positive 

F I G U R E  1   Photograph of Cercidiphyllum japonicum tree in the 
study population
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y- axis is the north using the lmodel2 function in lmodel2 package 
of R version 3.6.3 (R Core Team, 2020). All kinds of estimated di-
rections (i.e., population direction, directions of seed and pollen dis-
persal, and directions of the FSGS) were expressed by the unit of 
“2π- rad” (unit for the ratio of a direction to 2π radian; e.g., 0.5 2π- rad 
is the π radian or 180°) clockwise from the north (e.g., 0 2π- rad is 
the north and 0.5 2π- rad is the south) in this study. Consequently, 
the population direction was 0.016 2π- rad for the direction from the 
lower to the upper reaches of the stream, along which the popula-
tion extends, or 0.516 2π- rad (0.016 + 0.5 2π- rad) for the reverse 
direction (from the upper to lower reaches of the stream).

2.3 | DNA extraction and microsatellite genotyping

DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, Hilden, 
Germany) or CTAB method (Murray & Thompson, 1980) with modifica-
tions. The genotype of each DNA sample was determined by five micro-
satellite loci developed for C. japonicum (MSCJ35, MSCJ86, MSCJ92, 
MSCJ93, and MSCJ95 [Isagi et al., 2005]). There was no evidence for 

linkage disequilibrium between loci (Isagi et al., 2005). Polymerase chain 
reaction (PCR) amplification used the following conditions: initial de-
naturation at 95°C for 15 min; then 33 cycles of denaturation at 94°C 
for 30 s, annealing at primer- specific temperature for 1 min and 30 s, 
and extension at 72°C for 1 min; final extension at 60°C for 30 min. 
The sizes of PCR products were determined by capillary electrophoresis 
using an ABI 3100 Genetic Analyzer and GeneScan software (Applied 
Biosystems, California, USA). Based on the results of genotyping, the 
number of individuals that could not be genotyped at each locus (Mi, 
the number for the ith locus), the sum of Mi over the five loci (Mt), and 
the rate of missing genotypes, which equals to Mt divided by the total 
number of loci (i.e., 5) multiplied by the total number of examined indi-
viduals, were calculated for adults and seedling.

2.4 | Estimation of genetic diversity for 
adults and seedlings

Genetic diversity of adults and seedlings across the five loci were 
estimated using standard population genetic parameters— numbers 

F I G U R E  2   Locations of the female 
and male adults surveyed, sampling 
sites for the seedlings, and seed and 
pollen dispersal estimated by parentage 
reconstruction with the probability higher 
than 90%. Red and blue dots indicate 
the female and male adults, respectively. 
Black open circles indicate the sampling 
sites for seedlings. Segments indicate the 
detected dispersals and the thickness of 
each segment increases with increasing 
frequency of dispersal
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of different alleles (A), observed heterozygosity (Ho), gene diversity 
(He), and inbreeding coefficient (Fis) for each locus and across all loci 
using Cervus version 3.0.7 (Kalinowski et al., 2007). The frequency 
of null alleles at each locus for the adult trees was also calculated 
using Cervus version 3.0.7. Deviation from Hardy– Weinberg equilib-
rium at each locus for the adults was tested using Genepop ver. 4.2 
(Raymond & Rousset, 1995; Rousset, 2008).

2.5 | Neighborhood model approach for seedlings

Dispersal kernels of seed and pollen dispersal, from which the seed-
lings originated, were examined simultaneously using a neighborhood 
model approach based on multilocus genotypes of adults and seed-
lings (Burczyk et al., 2006) by the NMπ software (Chybicki, 2018). 
The software implements the following function as dispersal kernel:

where P(r, θ) is the probability of dispersal with distance r and direction 
θ, fR(r) is the probability of dispersal in radius r (in all directions), and 
fΘ(θ) is the probability of dispersal in direction θ (Tufto et al., 1997). The 
following exponential power function for fR(r) was selected:

where Γ is the gamma function, a is the scale parameter, and b is the 
shape parameter that affects the “fatness” of the tail of dispersal distri-
bution (Austerlitz et al., 2004). For fΘ(θ), the software uses von Mises 
distribution expressed as

where κ is the rate parameter, that is, the intensity of directionality 
in dispersal (Chybicki, 2018), θ0 is the prevailing direction of dispersal 
(Chybicki & Burczyk, 2010), and I0() is the modified Bessel function of 
the first kind and order zero. Therefore, the exponential- power- von 
Mises function was used as the dispersal kernels. Treating all 281 
adults surveyed as neighbors, we estimated maximum likelihood pa-
rameters, that is, frequency of immigration (m), mean distance (d), b, 
κ, θ0, and selection gradient (effect of standardized basal area of an 
adult on the reproductive success, g) for seed and pollen dispersal, and 
rates of genotyping errors (Chybicki, 2018; Chybicki & Burczyk, 2010). 
Because C. japonicum is dioecious, the selfing rate should be 0. The 
parentage of seedlings was reconstructed by the maximum likelihood 
model estimated above (Chybicki, 2018). The NMπ software calculates 
posterior probabilities of most likely parent pairs based on the maxi-
mum likelihood model, each of which is either a pair of (a) both candi-
dates within the population, (b) a candidate within the population and 
an unknown candidate outside the population, or (c) both unknown 
candidates outside the population. We determined these three types 
of parent pairs, and a parent or parent pair within the population of 
each seedling by posterior probabilities higher than 90% based on the 

maximum likelihood model. To examine the effect of threshold (i.e., the 
posterior probability for the parent pair of seedlings) on the rates of 
parentage determination (proportion of categorizing the parent pairs 
into the above three types of parentages) and estimated rates of seed 
and pollen immigration from outside of the population, the parentage 
reconstructions with the other different thresholds of 75%, 50%, and 
0% were conducted.

2.6 | Regression analyses for the 
distances of effective seed and pollen dispersal 
within the population against the respective 
dispersal directions

To examine whether the distances of effective seed and pollen dis-
persal within the population depend on the respective dispersal 
directions and estimate the directions with the longest seed and pol-
len dispersal, the following regression analyses were conducted for 
seed and pollen dispersal detected within the population by parent-
age reconstruction with the posterior probability higher than 90%. 
To conduct more robust examination, the following two models ex-
pressed by functions with different shapes were used:

where D is dispersal distance, and θ is the dispersal direction. The es-
timated parameter β4 must not be lower than 0 because D must not 
be lower than 0. The estimated parameters of β2 and β6 are assumed 
to be equal to or higher than 0 and lower than 2π- rad. D is assumed 
to be linear and exponential functions of the cosine of the difference 
between parameter and dispersal directions in models 1 and 2, respec-
tively. When β1 and β5 are significantly higher than 0, dispersal direction 
affects dispersal distance and dispersal distance should be longest at 
directions of β2 and β6, respectively. These analyses were conducted 
treating directions of explanatory variables and estimated parameters 
as clockwise directions from the north by nls function of R ver. 3.6.3 
(R Core Team, 2020).

To examine whether the detected regression for seed dispersal 
would be due to the spatial arrangement of the seed parents and 
sampling locations (i.e., the population shape), the following simu-
lation was conducted. First, ns seed dispersals were randomly ex-
tracted from 3,600 potential seed dispersals (all the seed dispersals 
from the 150 females to the 24 sampling sites) with the probability 
(P), calculated by the following function of only distance (r) assuming 
isotropic dispersal:

where the parameters were estimated by the neighborhood model ap-
proach described previously. ns is the number of effective seed disper-
sals within the population detected by parentage reconstruction with 

P (r, �) = fR (r) fΘ (�) ∕r,

fR (r) = rbexp
[

− (r∕a)b
]

∕
[

a2Γ (2∕b)
]

,

fΘ (�) = exp
[

�cos
(

� − �0
)]

∕
[

2�I0 (�)
]

,

D = �1cos (� − �2) + �3 (model 1) ,

D = �4exp
[

�5cos
(

� − �6
)]

(model 2) ,

P (r) = bexp
[

− (r∕a)b
]

∕
[

2�a2Γ (2∕b)
]

,
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the probability higher than 90%. Second, the mean distance of the sim-
ulated seed dispersal was calculated for each of eight dispersal direc-
tion classes, from 0.000– 0.125 2π- rad to 0.875– 1.000 2π- rad. Third, 
the process was repeated 2,000 times, and the actual mean within the 
population, estimated by the parentage reconstruction, was compared 
to the simulated means at each direction class.

2.7 | Isotropic analyses of the FSGS and 
analysis of the spatial sibling structure

The overall FSGS among adults and seedlings were examined by 
regressions of kinship coefficient, Fij (Loiselle et al., 1995), against 
the natural logarithm of the spatial distance between individuals 
(Vekemans & Hardy, 2004). Fij values were calculated by SPAGeDi 
ver. 1.5a (Hardy & Vekemans, 2002). Estimation of regression slopes 
(bF, Vekemans & Hardy, 2004) for both adults and seedlings were 
based on the regression over the whole range of spatial distances 
among individuals, assuming natural logarithm of the distance be-
tween seedlings within sampling sites to be 0. Estimations and 
significance tests of bF used R ver. 3.6.3 (R Core Team, 2020). We 
calculated Sp (Vekemans & Hardy, 2004) to evaluate the intensity of 
FSGS among adults and seedlings using the formula Sp = bF/(F1−1), 
where F1 is the mean kinship coefficient between pairs of individu-
als with distances of 0– 50 m. Further, the mean Fij for seedlings was 
calculated for each of the 10 continuous distance classes at 50 m in-
tervals from 0– 50 to 450– 500 m between sampling sites and within 
sampling sites (zero distance class). Significances of mean Fij values 
were tested by 1,000 times permutations, in which spatial distances 
of pairs were permuted randomly among individuals (Hardy & 
Vekemans, 2002). This analysis for the correlogram of Fij was per-
formed using SPAGeDi version 1.5a (Hardy & Vekemans, 2002).

To examine the spatial sibling structure (i.e., spatial aggregations 
of siblings generated by seed and/or pollen dispersal), the following 
analyses were conducted based on the seedlings both parents of 
which could be determined within the population by the parentage 
reconstruction with the probability higher than 90%. The number s of 
pairs for each sibling relationship (i.e., full- sibling, maternal half- sibling, 
paternal half- sibling, and non- sibling) at the same distance classes as 
the F ij correlogram were calculated, and the probability of each sibling 
relationship at each distance class was then calculated by the number 
of the corresponding sibling pairs divided by the total number of exam-
ined pairs at each distance class. The mean F ij between the pairs for 
each sibling relationship was also calculated for the seedlings.

2.8 | Anisotropic analyses of the FSGS

We examined an anisotropy of FSGS for the adults and seedlings using 
modified method of Born et al. (2012) based on the bearing analysis 
method (Falsetti & Sokal, 1993). Born et al. (2012) examined the cor-
relation between kinship coefficient (Fij) between two individuals and 
the weighted natural logarithm of spatial distance between individuals 

(LnDij), but we examined the slope (bF) of regression of Fij against the 
weighted LnDij, because a decrease in Fij with an increase of spatial 
distance between the individuals (isolation by distance) should charac-
terize the FSGS (Vekemans & Hardy, 2004), not vice versa. The method 
using regression should assume that the effect of distance between a 
pair of two individuals on Fij is weighted by the similarity between the 
direction of the pair and the tested direction. The analysis is described 
below. Natural logarithm of the distance between individuals i and 
j (LnDij) was transformed by weighting the LnDij by the squared co-
sine of the direction αij (Born et al., 2012). αij is the direction between 
the direction from i to j (θij) and fixed direction (θk) (Born et al., 2012; 
Falsetti & Sokal, 1993), and θk ranges from 0 to 0.45 2π- rad from the 
north at intervals of 0.05 2π- rad in this study. A direction (θ) and its 
reverse direction (θ + 0.5 2π- rad) were treated as the same in this 
analysis. We assumed LnDij of seedlings within the sampling sites to 
be 0 to deal with the absence of θij of seedlings within sampling sites 
(i.e., treated Dij as 1 m) and treated the weighted LnDij as 0 excluding 
the effect of θij. Slope coefficient (bF) for regression of Fij between two 
individuals against the weighted natural logarithm of spatial distance 
between the individuals for each θk was tested by R ver. 3.6.3 (R Core 
Team, 2020) with Bonferroni correction for the number of tests (10). 
The analyses were conducted for adult pairs between which the dis-
tances were shorter than 200 m, and seedling pairs between which the 
distances were shorter than 100 m, because the maximum distance 
between pairs varied among directions between the pairs and were 
limited to about 200 m for adults and about 100 m for seedlings at an 
approximately east– west direction. Slope coefficients for regressions 
were plotted against fixed directions (θk). We detected the directions 
of the strongest (θMAX) and weakest (θMIN) FSGS (Born et al., 2012) by 
negative lowest and highest slope coefficients, respectively.

3  | RESULTS

3.1 | Genetic diversity of adults and seedlings

All 281 adults surveyed and 755 of 768 seedlings sampled were 
genotyped at five loci with 0.2% and 0.6% of missing genotypes, re-
spectively. The estimated mean ± standard error (SE) numbers of 
different alleles (A) over the five loci were 19.0 ± 0.7 for the adults 
and 20.4 ± 0.5 for the seedlings (Table 1). The estimated mean ± SE 
values of observed heterozygosity (Ho) were 0.830 ± 0.014 for the 
adults and 0.796 ± 0.022 for the seedlings, and those of gene diver-
sity (He) were 0.847 ± 0.014 for the adults and 0.825 ± 0.019 for 
the seedlings. Inbreeding coefficients (Fis) over all loci for the adults 
and seedlings were 0.020 and 0.035, respectively. The frequency of 
null alleles at each locus for the adults ranged from 0.006 to 0.018. 
Deviations from Hardy– Weinberg equilibrium for the adults were 
not significant for any loci after Bonferroni correction. Although 
the number of loci used in this study was somewhat less than other 
genetic studies, each of the loci showed allelic diversity and low fre-
quency of null alleles, which made these loci adequate for the ge-
netic analyses in this study.
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3.2 | Potential seed and pollen dispersal estimated 
by neighborhood model approach

According to the neighborhood model approach using exponential- 
power- von Mises functions as dispersal kernels for both seed and pol-
len dispersal, the frequency of seed immigration was 0.071 ± 0.013 
(SE), the mean distance of seed dispersal was 69.1 m, and the prevail-
ing direction of seed dispersal was 0.605 ± 0.023 (SE) 2π- rad (unit 
for the ratio of a direction to 2π radian, e.g., 0.5 2π- rad is π radian 
or 180°, clockwise from the north; Table 2). The frequency of pol-
len immigration was 0.368 ± 0.023 (SE), the mean distance of pollen 
dispersal was 870.6 m, and the prevailing direction of pollen disper-
sal was 0.765 ± 0.038 (SE) 2π- rad. The 95% confidence intervals of 
shape parameters (b), rate parameters (κ), and selection gradients (g) 
for both seed and pollen dispersal were higher than zero. The esti-
mated rates of genotyping errors at each locus ranged from 0.001 
to 0.256. The prevailing direction (θ0: 0.765 2π- rad) of potential pol-
len dispersal and population direction (DirPop: 0.016 or 0.516 2π- rad) 

were approximately orthogonal to each other (the difference of 0.25 
2π- rad means π/2 radian or 90 degrees).

3.3 | The parentage of seedlings and effective 
seed and pollen dispersal reconstructed by the 
maximum likelihood model

As the result of parentage reconstruction for 755 seedlings based 
on the maximum likelihood model, the three types of parent pairs 
(see Section 2) for 306 seedlings were determined with posterior 
probabilities higher than 90% (Table 3). The parent pairs of the re-
maining 449 seedings could not be categorized into the three types 
of parentage with the threshold. In other words, whether each of 
the parents was located within or outside the population could not 
be determined for the 449 seedlings with the threshold. These 449 
seedings were discarded in the subsequent analyses on effective 
dispersals within the population to increase the accuracy of the anal-
yses, and only the data of the remaining seedlings were used for the 
analyses. Of the remaining 306 seedlings with the probability higher 
than 90%, 17 (5.6%) were estimated to have both parents outside 
and 289 (94.4%) were estimated to have at least a seed parent within 
the population. Thus, the estimated seed immigration rate was 5.6%. 
Of the 289 seedlings, 89 (30.8%) were estimated to have pollen par-
ents outside and 200 (69.2%) were estimated to have pollen parents 
within the population. Thus, the estimated pollen immigration rate 
was 30.8%. Twenty- seven female adult trees were estimated to have 
contributed to the 289 seedlings as seed parents, and 30 male adult 
trees were estimated to have contributed to the 200 seedlings as 
pollen parents (Figure 2). The mean ± standard deviation (SD) dis-
tance of seed dispersals within the population calculated for the 289 
seedlings was 50.9 ± 37.4 m and that of pollen dispersal calculated 
for the 200 seedlings was 86.3 ± 118.4 m. The longest distance of 
seed dispersal within the population was 250.9 m, whereas that of 
pollen dispersal was 1,234.7 m.

As a result of parentage reconstructions with different thresh-
olds of probabilities (90%, 75%, 50%, and 0%; Table 3), the proportion 

TA B L E  1   Genetic diversity estimates at each microsatellite locus, and means and standard errors (SE) over the five loci among adults and 
seedlings

Locus

Adult Seedling

N A Ho He Fis N A Ho He Fis

MSCJ35 281 21 0.786 0.802 0.020 749 22 0.744 0.769 0.033

MSCJ86 279 16 0.832 0.862 0.035 751 19 0.732 0.819 0.106

MSCJ92 281 19 0.854 0.867 0.015 753 20 0.833 0.890 0.064

MSCJ93 281 20 0.808 0.822 0.017 752 21 0.818 0.796 −0.028

MSCJ95 280 19 0.871 0.883 0.014 749 20 0.853 0.851 −0.002

Mean 19.0 0.830 0.847 0.020 20.4 0.796 0.825 0.035

SE 0.7 0.014 0.014 0.5 0.022 0.019

Abbreviations: A, number of different alleles; Fis, inbreeding coefficient; He, gene diversity; Ho, observed heterozygosity; N, number of analyzed 
individuals.

TA B L E  2   Parameters and standard errors (SE) for seed and 
pollen dispersal estimated by the neighborhood model approach 
using exponential- power- von Mises functions

Parameter Seed dispersal Pollen dispersal

m 0.071 (0.013) 0.368 (0.023)

1/d 0.01446 (0.00099) 0.00115 (0.00064)

d 69.1 870.6

b 0.603 (0.066) 0.256 (0.061)

κ 0.513 (0.073) 0.329 (0.115)

θ0 0.605 (0.023) 0.765 (0.038)

g 0.469 (0.042) 0.503 (0.040)

Abbreviations: b, shape parameter of dispersal kernel; d, mean distance 
(m); g, selection gradient (effect of basal area on reproductive success); 
m, frequency of immigration; θ0, prevailing direction (dominant angle 
of von Misses distribution) clockwise from the north of dispersal 
(2π- rad, unit for the ratio of a direction to 2π radian); κ, intensity rate of 
directionality in dispersal (rate parameter of von Misses distribution).
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of seedlings (40.5%– 100%) the parent pair types of which could be 
determined increased with decreasing probability of the threshold. 
Although the rate of indetermination of parent pair types depended 
on the threshold, the rates of seed immigration (5.6%– 6.9%) and 
pollen immigration (30.8%– 36.2%) estimated by parentage recon-
struction were similar among the different thresholds and near the 
respective rates estimated by the neighborhood model approach.

3.4 | Effects of dispersal directions on the 
distances of effective seed and pollen dispersal 
within the population

According to regressions of effective seed dispersal distance against 
the dispersal direction by two models based on the reconstructed 
parentage of the 289 seedlings, of which seed parents could be de-
termined within the population with the probability higher than 90%, 
the effects of the direction were detected in both models [p < .05 
for β1 (t = 2.583) and β5 (t = 2.519); Figure 3], and the dispersal dis-
tance should be longest at the direction of β2 [0.643 ± 0.065 (SE) 
2π- rad clockwise from the north] in model 1 and β6 [0.627 ± 0.071 
(SE) 2π- rad] in model 2. According to regressions of effective pollen 
dispersal distance against the dispersal direction by the two models 
based on the reconstructed parentage of the 200 seedlings, of which 
both parents could be determined within the population, any signifi-
cant effect of the direction was not detected.

According to the simulation (578,000 extracted seed dispersals; 
i.e., extracting 289 seed dispersals at 2,000 times) for effective seed 
dispersal within the population, the actual mean distance (58.4 m) 
of the seed dispersals was significantly longer than those of the 
simulated dispersals (16.3– 48.6 m) at the 0.625– 0.750 2π- rad di-
rection class (p < .001). The direction class was consistent with the 

TA B L E  3   Numbers of seedlings categorized into three types of parentages and seed and pollen immigration rates, estimated by 
parentage reconstructions with the different thresholds of probabilities

Threshold 90% 75% 50% 0%

Categorized 306 (40.5%) 434 (57.5%) 621 (82.3%) 755 (100.0%)

Having at least a seed parent within the 
population

289 404 578 705

1Having a parent pair within the population 200 263 369 451
2Having a pollen parent outside the 

population
89 141 209 254

3Having a parent pair outside the population 17 30 43 50

Not categorized 449 (59.5%) 321 (42.5%) 134 (17.7%) 0 (0.0%)

Rate of immigration from outside of the population
4Seed dispersal 5.6% 6.9% 6.9% 6.6%
5Pollen dispersal 30.8% 34.9% 36.2% 36.0%

Note: 1, 2, and 3The three types of parent pairs.
4The number of seedlings having a parent pair outside the population divided by the number of categorized seedlings.
5The number of seedlings having a seed parent within the population but a pollen parent outside divided by the number of seedlings having at least 
a seed parent within the population. The proportions of seedlings having categorized or noncategorized parent pairs to the total of 755 seedlings 
analyzed were indicated in parentheses.

F I G U R E  3   Mean distances of seed dispersal within the 
population estimated by parentage reconstruction with the 
probability higher than 90% and the 2,000 times simulations with 
the isotropic dispersal kernel at direction classes. The direction 
is clockwise from the north and indicated by the unit of 2π- rad 
(unit for the ratio of a direction to 2π radian; e.g., 0.5 2π- rad is π 
radian or 180°). At each direction class, a black circle indicates the 
mean estimated by parentage reconstruction and a vertical bar 
indicates the entire range of 2,000 simulated means. The solid 
curve represents the dispersal distance (D) as the linear function of 
the cosine of the difference between the parameter direction and 
dispersal direction (θ) in model 1 fitted to the data estimated by the 
parentage reconstruction. The dashed curve represents the D as 
the exponential function of the cosine of the difference between 
the parameter direction and θ in model 2. N, E, S, and W below the 
horizontal coordinate values indicate the north, east, south, and 
west directions, respectively, corresponding to the positions of the 
coordinate values
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directions with the longest dispersal estimated by the abovemen-
tioned regressions of model 1 (0.643 2π- rad) and 2 (0.627 2π- rad).

3.5 | Overall trends in the FSGS and spatial 
sibling structure

Isotropic analyses of FSGS among all 281 adults and 755 seedlings 
showed significantly negative bF values, slopes for regressions of 
kinship coefficients (Fij) against natural logarithm of the spatial dis-
tances between individuals, for both adults (bF = −0.011, t = −23.88, 
p < .001) and seedlings (bF = −0.009, t = −58.19, p < .001). The Sp 
of adults and seedlings were 0.012 and 0.009, respectively. The Fij 
correlogram of seedlings showed significantly high mean Fij values 
within sampling sites and for 0– 50 to 50– 100 m distance classes be-
tween sampling sites (permutation test, p < .05; Figure 4), and the 
value within the sites was highest (0.042). The Fij value decreased 
as distance increased and was significantly low for the 300– 350 m 
distance class.

As the result of sibling analyses based on the 200 seedlings 
(19,900 pairs), of which both parents could be determined within 
the population by the parentage reconstruction with the probabil-
ity higher than 90%, the probabilities between the seedling pairs of 
full- sibling, maternal half- sibling, and paternal half- sibling were high-
est within the sampling sites (0.160, 0.283, and 0.149, respectively; 
Figure 5). These probabilities between sampling sites decreased as 
the distance class increased. Although the probabilities of full- sibling 
and maternal half- sibling decreased more rapidly and reached zero 
at distance classes of 250– 300 and 350– 400 m, respectively, that 
of paternal half- sibling decreased more gradually and higher than 
zero (0.013) even at the longest distance class (450– 500 m). The 
mean ± SE of Fij values between pairs were 0.219 ± 0.006 for full- 
sibling, 0.114 ± 0.003 for maternal half- sibling, 0.098 ± 0.002 for 
paternal half- sibling, and −0.010 ± 0.001 for non- sibling.

3.6 | Anisotropy of the FSGS

As a result of anisotropic analysis of FSGS among seedlings, slopes 
(bF) for regressions of kinship coefficient (Fij) values against weighted 
natural logarithms of spatial distances between individuals varied 
with tested directions (Figure 6). The bF values for the seedlings 
were significantly negative (p < .01 after Bonferroni correction) 
at all tested directions (θk = 0.00– 0.45 2π- rad clockwise from the 
north) and lowest at the direction of 0.3 2π- rad (θMAX: the direction 
at which bF was lowest). The bF value was negative but highest in the 
direction of 0.05 2π- rad (θMIN: the direction at which bF was highest), 
which was orthogonal to θMAX (The difference of 0.25 2π- rad means 
π/2 radian or 90 degrees). Because a direction (e.g., θ 2π- rad) and its 
reverse direction ([θ + 0.5] 2π- rad) were treated as the same in this 
analysis, FSGS among seedlings was strongest at the direction (θMAX) 
of 0.3 or 0.8 2π- rad, and weakest at the direction (θMIN) of 0.05 or 
0.55 2π- rad. In contrast, the bF values for the adult trees were signifi-
cantly negative (p < .05 after Bonferroni correction) only at the four 
directions (θk = 0.10– 0.25 2π- rad) and lowest at the direction (θMAX) 
of 0.20 2π- rad. The lowest bF (i.e., bF at θMAX) was much less nega-
tive (much higher) for adults (−0.003 ± 0.001 SE) than for seedlings 
(−0.007 ± 0.000 SE).

4  | DISCUSSION

4.1 | Patterns of potential seed and pollen dispersal

The results from the neighborhood model approach indicated that 
the frequencies of potential seed and pollen dispersal increased with 
the dispersal directions nearing the respective prevailing directions 

F I G U R E  4   Mean Fij values between pairwise seedlings against 
spatial distances between the pairs. The mean value at distance 
class zero corresponds to the mean value of the pairs within 
sampling sites. The dashed lines indicate the 95% confidence 
intervals generated by 1,000 times permutations. Filled and 
unfilled circles indicate the significant and nonsignificant values at a 
probability of .05, respectively

F I G U R E  5   Probabilities of full- sibling, maternal half- sibling, 
and paternal half- sibling between seedling pairs against the spatial 
distance between the pairs among 200 seedlings, of which both 
parents could be determined within the population by parentage 
reconstruction with the probability higher than 90%. The 
probabilities at distance class zero correspond to the probabilities 
of the pairs within sampling sites. Filled circle, unfilled triangle, and 
unfilled square represent the probabilities of maternal half- sibling, 
paternal half- sibling, and full- sibling, respectively
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(direction with the most frequent dispersal) and that a female or 
male adult having a larger size was more likely to be seed parent or 
pollen parent of seedlings, respectively. Results from the neighbor-
hood model approach also indicated a mean distance of potential 
pollen dispersal (870.6 m), over ten times longer than that of seed 
dispersal (69.1 m), and the frequency (36.8%) of immigration from 
outside of the neighborhood (the surveyed population) for pollen 
dispersal, over five times higher than that (7.1%) for seed dispersal. 
These results would indicate that potential seed dispersal was much 
more spatially limited compared to pollen dispersal.

We compared mean distances of seed and pollen dispersal by 
the wind of C. japonicum in this study with those of other studies on 
forest tree species using dispersal kernels. Mean distance of seed 
dispersal in this study (69.1 m) is longer than species with primar-
ily gravity- dispersed seeds (18.0 m [Nakanishi et al., 2015]) and is 
in reported range of wind- dispersed species (31– 127 m [Guidugli 
et al., 2016; Kitamura et al., 2018]), but shorter than that with 
animal- dispersed seeds (98– 135 m [Browne et al., 2018; Oddou- 
Muratorio & Klein, 2008]). Mean distance of pollen dispersal in 
this study (870.6 m) is much longer than other wind- pollinated spe-
cies (60– 417 m [Inanaga et al., 2014; Kassa et al., 2018; Kitamura 
et al., 2018]) and is in reported range of animal- pollinated species 
with mobile- pollinators (227– 1487 m [Breed et al., 2015; Browne 
et al., 2018; Guidugli et al., 2016; Nakanishi et al., 2020]). Therefore, 

although the distance of the potential seed dispersal of C. japonicum 
would be moderate among wind- dispersed tree species, that of po-
tential pollen dispersal would be extensive among wind- pollinated 
tree species.

4.2 | Overall trends in the FSGS and spatial 
sibling structure

There was a significant FSGS among C. japonicum adults in this 
population. The Sp (0.012) for adults was approximately interme-
diate in the reported range (0.0102 ± 0.0096 SD) of tree species 
(Vekemans & Hardy, 2004), but relatively high in wind- pollinated 
and wind- dispersed tree species (0.00196– 0.01076 [Vekemans 
& Hardy, 2004]; 0.00332 [Lian et al., 2008]; and 0.001 [Kitamura 
et al., 2018]). The intensity of FSGS decreases with both increas-
ing gene dispersal distance and reproductive individual density, 
through an increasing degree of overlap between individual “gene 
shadows” (Oddou- Muratorio & Klein, 2008). Therefore, although 
wind seed dispersal and wind pollination may induce long- distance 
gene dispersal that weakens FSGS, low density of parents that 
produce examined individuals might strengthen FSGS. A previous 
study by Sato et al. (2006) showed nonsignificant FSGS among C. 
japonicum adults within the other population. Although the differ-
ence of FSGS between studies of C. japonicum might be due to dif-
ferences of statistical approaches, numbers of examined individuals, 
or examined scales, lower density of the previous generation in this 
population might induce the significant and relatively strong FSGS. 
Further, Born et al. (2012) suggested variation of dispersal distance 
within species, especially with wind dispersal. Thus, the distance 
of seed and/or pollen dispersal in this study population might be 
shorter than the study by Sato et al. (2006) due to the wind pat-
tern in this population. There was also a significant FSGS among the 
current- year seedlings. The Sp (0.009) of seedlings in this study was 
in the reported range for seedlings (current and 2- year- old) of other 
wind- pollinated and wind- dispersed tree species (0.00435 [Lian 
et al., 2008]; and 0.012 [Kitamura et al., 2018]).

Because the mean Fij between seedling pairs of maternal half- 
sibling, paternal half- sibling, and full- sibling were much higher than 
non- sibling, the spatial aggregation of such sibling can heighten the 
mean Fij at short distance classes. However, the rapid decrease pat-
tern of Fij against the distance for seedlings (Fij correlogram) was 
much more similar to probabilities of the full-sibling and maternal 
half- sibling than the paternal half- sibling. Therefore, the decrease 
pattern, which would indicate the existence and intensity of FSGS, 
would reflect the aggregations of maternal siblings, including full 
siblings around seed parents. The significances of the Fij values only 
at short distance classes (0– 100 m) in the correlogram would also 
reflect the aggregations of maternal siblings, considering the mean 
distance of potential seed (69.1 m) and pollen dispersal (870.6 m). 
However, because the distance- dependent pollen dispersal would 
produce full- siblings within the maternal siblings aggregated around 
seed parents and consequently heighten the Fij within sampling 

F I G U R E  6   Slope coefficients for regressions of kinship 
coefficients of adult pairs and seedling pairs against the weighted 
natural logarithm of spatial distances between the pairs plotted 
against the tested directions. The adult pairs and seedling pairs 
with spatial distances shorter than 200 and 100 m, respectively, 
were chosen for the calculations. The estimated values for adults 
and seedlings are shown as red and blue circles, respectively. Filled 
and unfilled circles indicate the significant and nonsignificant values 
at a probability of .05 after Bonferroni correction, respectively. 
Error bars indicate standard errors. The tested direction is 
clockwise from the north and indicated by the unit of 2π- rad (unit 
for the ratio of a direction to 2π radian; e.g., 0.5 2π- rad is π radian 
or 180°). The tested direction ranged from 0 to 0.45 2π- rad, and 
direction from i to j (θ) and the reverse direction (direction from j 
to i, θ + 0.5) were treated as the same in this analysis. S- N and E- W 
above the horizontal coordinate values indicate dual directions of 
south- north and east- west, respectively, corresponding to positions 
of the coordinate values
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sites and between sampling sites at short distance classes, pol-
len dispersal would also strengthen the FSGS. Such a process has 
been indicated by another study (Nakanishi et al., 2009). Therefore, 
seed dispersal critically affects shaping the FSGS as in other stud-
ies (Browne et al., 2018; Grivet et al., 2009; Nakanishi et al., 2009). 
This result is expected because seed dispersal transports both male 
and female gametes and determines the final locations of genotypes 
(Browne et al., 2018; Grivet et al., 2009). Pollen dispersal may fre-
quently exceed the examined scale for seedlings, as indicated by the 
mean distance (870.6 m).

4.3 | Directionalities of seed and pollen 
dispersal and their separate effects on 
anisotropy of FSGS

The frequencies of potential seed and pollen dispersal were esti-
mated to increase with the dispersal directions nearing the respec-
tive prevailing directions (direction of the most frequent dispersal). 
High wind speed and/or long persistence time at particular directions 
would heighten frequencies of physical seed (Bullock & Clarke, 2000) 
and pollen dispersal (Damialis et al., 2005; Silva Palacios et al., 2000) 
via wind. Thus, estimated prevailing directions of potential seed and 
pollen dispersal in this population may be approximately consistent 
with wind directions with the highest wind speed and/or longest 
persistence time, that is, the most effective wind directions, during 
their respective dispersals. Further, the distance of effective seed 
dispersal within the population was estimated to depend on disper-
sal direction and be longest near the prevailing direction of seed 
dispersal (Figure 7). The simulation analysis for seed dispersal also 
suggested the effect of the directionality in seed dispersal on the 
dispersal distance rather than the effect of the spatial arrangement 
of seed parents and sampling sites for seedlings (i.e., effect of popu-
lation shape or direction). Effective seed dispersal would occur over 
longer distances near the most effective wind direction. However, 
the difference of the prevailing directions between seed and pol-
len dispersal might indicate the temporal fluctuation of the wind 
direction between the periods of seed dispersal (most frequently 
occurs in October and November and continues even during win-
ter) and pollen dispersal (from April to May). Furthermore, although 
prevailing wind would induce long- distance gene dispersal (Born 
et al., 2012), turbulence may affect wind direction (Born et al., 2012) 
and induce long- distance seed dispersal (Bullock & Clarke, 2000). 
However, unfortunately, neither the prevailing wind direction nor 
turbulence during the seed and pollen dispersal, from which the ex-
amined seedlings originated, at the population has been measured.

The relationship between the population direction and the dis-
persal direction should affect the effective seed and pollen dispersal 
in the long and relatively narrow studied population. The studied 
population was comparatively long (ca. 3,200 m) to cover the dis-
persal along the population direction but much narrower (ca. 200– 
300 m) to cover the dispersal orthogonal to the population direction, 
and the pollen dispersal was potentially long (mean = 870.6 m), but 

the prevailing direction of the dispersal was almost orthogonal to the 
population direction (Figure 7). Such condition may mostly reduce 
the frequency and mean distance within the population and increase 
the immigration rate (36.8%). The mean distance of all effective pol-
len dispersals, including immigration, which may frequently occur in 
the prevailing direction, should be much longer than that estimated 
within the population. In contrast, because the potential seed dis-
persal was spatially limited and the population direction was nearer 
the prevailing direction of seed dispersal than that of pollen disper-
sal, the surveyed range could cover a large part of effective seed 
dispersal at any directions, as indicated by low frequent seed im-
migration (7.1%), although there might be a possibility that the low 
frequent but long- distance seed immigration occur.

The FSGS among the seedlings within 100 m varied with direc-
tions between individuals and was strongest at the θMAX and weak-
est at the θMIN, which is orthogonal to the θMAX. Born et al. (2012) 
showed a direction (θMIN) of the weakest FSGS perfectly aligned with 
the prevailing wind direction, at which gene dispersal may occur over 
a long distance, at a site. In this study, the directions of the most 
frequent and longest seed dispersal were near each other and to the 
θMIN of seedlings, although the prevailing direction of pollen disper-
sal was more different from the θMIN (Figure 7). These results sug-
gest that high- frequency and long- distance seed dispersal around 
the prevailing direction weakens the FSGS near the direction by 

F I G U R E  7   Directions of the population and the weakest spatial 
genetic structure among the seedlings, prevailing directions of the 
potential seed and pollen dispersal, and directions of the longest 
seed dispersal within the population estimated by the two models. 
The directions of the population (Pop) and the weakest spatial 
genetic structure among the seedlings (WSGS_sl) are indicated by 
thick solid and dashed lines, respectively. Prevailing directions of 
the potential pollen (Pr_p) and seed dispersal (Pr_s), and directions 
of the longest seed dispersal within the population estimated by 
the model 1 (Long_s1) and 2 (Long_s2), are indicated by arrows
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increasing the overlaps of seed shadows. Therefore, directional seed 
dispersal would mainly affect the direction of FSGS among the seed-
lings. Although extensive pollen dispersal might weaken FSGS (Ueno 
et al., 2000), such effect of directional pollen dispersal within a pop-
ulation might depend on the prevailing dispersal direction against 
the population direction in a long and narrow population. In this 
study, although the pollen dispersal was potentially long, the prevail-
ing dispersal direction orthogonal to the population direction might 
have caused restricted distance of effective pollen dispersal within 
the population and thus limited the consequent effect of weakening 
FSGS. This process might partly explain the difference between the 
prevailing direction of pollen dispersal and θMIN of the seedlings.

However, the anisotropy of the FSGS was much weaker for the 
adults than seedlings, probably because the examined adults estab-
lished more extensively (over all the population) and during a much 
longer period than the seedlings. The spatial and/or yearly varia-
tions in the prevailing directions of the dispersals which generated 
the adults might weaken the anisotropy of FSGS among adults, and 
the prevailing direction of the dispersals estimated for the seedlings 
might be local and/or yearly fluctuate.

5  | CONCLUSIONS

The potential seed and pollen dispersal estimated in C. japonicum oc-
curred over shorter and much longer distances, respectively, but es-
timated frequencies of both dispersals and estimated distance of the 
effective seed dispersal within the population depended on disper-
sal directions, probably due to the effective wind directions. Further, 
our results suggest that spatially limited seed dispersal should gen-
erate significant FSGS among the seedlings by the aggregation of 
maternal siblings, but long- distance and frequent seed dispersal at 
around the prevailing direction of dispersal weakens the FSGS at 
near the direction, although such effect of pollen dispersal could 
not be detected. Therefore, spatially limited but directional seed dis-
persal would determine the existence and direction of FSGS among 
the seedlings. Extensive pollen dispersal might weaken FSGS, thus 
it might prevent local genetic differentiation within populations. 
However, in this study, although the pollen dispersal was potentially 
long, the prevailing dispersal direction orthogonal to the population 
direction might have caused restricted distance of effective pollen 
dispersal within the population and thus limited the consequent ef-
fect of weakening FSGS. In this way, dispersal directionality might 
affect distance of pollination within a population and the consequent 
genetic effect in a long but narrow population of wind- pollinated 
tree species in riparian forests. Therefore, the directionality of pol-
len dispersal should be taken into account for studies on the genetic 
dynamics and genetic conservation of such populations.
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