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Abstract 

To achieve gene preservation in tree populations when planting seedlings to regenerate forests, 

specific and practical guidelines and criteria for seed collection are needed to ensure reliable 

coverage and effective capture of the current genetic variation. We examined the genetic 

variation of adult trees (524 trees) and seed pools (1,618 seeds) collected from 70 mother trees 

in an old planted population of Pinus thunbergii in Japan using seven nuclear microsatellite 5 

markers. To consider a suitable seed collection strategy, we monitored changes in allelic 

diversity of seed pools with an increasing number of mother trees and examined the required 

number of mother trees. We found significantly higher allelic diversity statistics in seed pools 

of mother trees with smaller diameter at breast height. Spatial genetic autocorrelation analysis 

showed significantly positive kinship coefficients between both pairs of adult trees and seeds 10 

collected from mother trees for up to 100 m distance classes. Based on the rarefaction curve, 

seed pools obtained from approximately up to 30 mother trees could cover and saturate most of 

the genetic diversity and composition of the adult tree population and the potential overall seed 

pools, particularly for statistics that are less likely affected by rare alleles. Indications from the 

mother tree number, together with considerations for the size or spatial distribution of mother 15 

trees, are expected to contribute not only to guidelines for in situ genetic management of local 

planted populations, but also to the development of strategies for ex situ gene preservation of 

populations as genetic resources. 

 

Keywords: gene preservation; genetic diversity; mother tree; Pinus thunbergii; rarefaction 20 

curve; seed pool 
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Introduction 

Preservation of regional genetic variation in forest tree populations is important not 

only to maintain the potential for adaptation to local environments, but also to sustain public 25 

functions as well as the historical, economic, social, and cultural values from which local 

peoples have benefited (Hosius et al. 2006; Iwasaki et al. 2019; see also Iwaizumi et al. 2018). 

Many gene flow studies, primarily in natural populations, have been based on parentage 

analysis or indirect estimators to monitor levels of genetic connectivity within or among (sub-) 

populations (e.g., Dow and Ashley 1996; Robledo-Arnuncio et al. 2004; Goto et al. 2006; 30 

Iwaizumi et al. 2013, 2022). These insights have been used to consider guidelines for achieving 

self-sustainable genetic maintenance of populations, such as appropriate population sizes, 

numbers, or necessary areas of preservation stand needed to cover the local genetic variation. 

However, in some major species, natural populations have become almost extinct, and the main 

reserve of genetic variation is in planted forests. In these cases, gene preservation within the 35 

populations cannot be achieved without artificial maintenance, such as through seed collection 

and replanting of seedlings. These efforts cannot be guided solely by monitoring genetic 

dynamics as for natural populations, but also require the development of new strategies for 

preserving current genetic variation in managed populations. 

The conifer species Pinus thunbergii Parl. (Japanese black pine) is widely distributed 40 

throughout Honshu, Shikoku, and Kyushu (including Yaku Island) in Japan and the southern 

edge of the Korean Peninsula. Natural forests of the species were previously found in coastal 

areas, and the species has also been planted in coastal areas to prevent land erosion and to 

protect these areas from wind-blown sand and tidal waves, which contributed to the expansion 

of agriculture on inland plains. P. thunbergii forests also have socially and culturally important 45 

functions; old planted forests in many areas of Japan, which have been maintained and 

replanted by local residents, are places with traditional picturesque or relaxing scenery and 
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constitute an important part of Japanese historical coastal landscapes. However, arrival of the 

invasive pine wood nematode (Bursaphelenchus xylophilus) from North America resulted in a 

marked irreversible decline of most P. thunbergii forests in Japan over the past 40–50 years 50 

(Mamiya 1988), and, currently, P. thunbergii resources are limited primarily to the planted 

populations that have been strictly protected. Recent examination of genetic variation of these 

old planted populations of P. thunbergii throughout Japan using nuclear microsatellite (also 

known as simple sequence repeat or SSR) markers showed a general geographical cline in the 

genetic structure from southwestern to northeastern Japan (Iwaizumi et al. 2018), which is 55 

similar to the variation in historical natural populations previously analyzed using allozyme 

markers (Miyata and Ubukata 1993). The managed planting of P. thunbergii will continue in 

the future owing to its functions described above and consequently due to the great demand by 

local residents to preserve local pines. There is a need to consider strategies to conserve the 

genetic variation at the individual population level using seedlings collected from current 60 

populations in which the original genetic variation of the species is thought to be preserved. 

To achieve gene preservation when replanting seedlings to regenerate populations, it is 

necessary to collect seeds that cover the genetic variation of the currently established adult tree 

population. Previous studies have evaluated genetic variation of seed pools collected from 

different mother trees or seed traps and, in particular, seed pools derived from smaller numbers 65 

of mother or paternal trees tended to show lower allelic diversities and also skewed genetic 

compositions (e.g., Irwin et al. 2003; Nakanishi et al. 2005; Iwaizumi et al. 2013). To enrich 

the genetic diversity of seed pools, it is important to select different mother trees that have seed 

pools with high genetic diversity or different genetic compositions, and also to collect seed 

pools from as many mother trees as possible. An empirical and conventional guideline, 70 

regarding the number of mother trees that should be targeted for seed collection when the 

forest is cut and replanted, has been set by a forestry agency in Japan (see Furukoshi 1991). 

However, specific and practical guidelines and criteria from a conservation genetics 
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perspective that are based on molecular marker tools are needed to examine whether previous 

guidelines are appropriate in order to ensure reliable coverage and effective capture of genetic 75 

variation in adult tree populations. 

Therefore, in the present study, we considered a seed collection strategy that achieves 

gene preservation necessary to conserve genetic variation, with a focus on an old planted 

population of P. thunbergii in Japan. We examined genetic diversity and structure in the 

currently established adult tree population and seed pools collected from the adult trees using 80 

nuclear SSR markers. We then examined differences in the genetic diversity of seed pools 

among the mother trees and possible factors causing differences that affect this diversity. We 

also evaluated the increase in genetic diversity of seed pools and the decrease in genetic 

differentiation between seed pools and adult trees as a function of increasing the number of 

mother trees. Thus, we propose revised seed collection guidelines for the appropriate selection 85 

of mother trees or the required number of mother trees, based on previous seed collection 

guidelines and these study results. 

 

Materials and methods 

Study site, field survey, and sample collection 90 

The study site was an old planted coastal population of Pinus thunbergii managed by 

the experimental station of Kyushu University in Fukuoka, Kyushu, southwestern Japan 

(3358´N, 13030´E; Fig. 1). This population has been the subject of our previous studies on 

genetic variation based on nuclear SSR markers (48 trees) and morphological variation based 

on spherical fruit characteristics (20 of the 48 trees) in this species throughout Japan (Iwaizumi 95 

et al. 2018, 2021b, respectively). The forested study site was about 1.9 km long and a 

maximum of 0.2 km wide for an area of about 25 ha; the coastal side was P. thunbergii only, 

whereas the percentage of evergreen broad-leaved climax tree species was higher on the inland 
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 6 

side. More than 90% of P. thunbergii trees in this forest had a diameter at breast height (DBH) 

of less than 50 cm, and some larger trees with DBH > 60 cm were distributed randomly. In our 100 

recent study (Mukasyaf et al., 2021), tree age in this population was estimated to be 12-36 

years for the DBH class of 10-30 cm, 32-190 years for the DBH class of 30-60 cm, and 170-

195 years for the DBH class of 60-90 cm. 

To investigate genetic diversity and structure of the adult tree population, from 2017 to 

2020, we randomly selected 524 trees with DBH > 5 cm over the entire spatial distribution of 105 

this P. thunbergii population, keeping at least 10 m between trees. We measured the spatial 

location of each tree using a GPSMAP 64 (Garmin Inc.) and sampled fresh needles for DNA 

extraction. In October 2017, in which year there was a moderate cone production in the 

population, we selected 70 mother trees of various size ranges measured by height (range, 6.3 

to 23.1 m; mean, 13.4 m) and DBH (range, 18.5 to 87.5 cm; mean, 44.0 cm) from the 524 adult 110 

trees to investigate the genetic diversity and structure of seed pools within the population. We 

sampled 5-10 mature cones from the upper crown of each mother tree. The sampled cones from 

each mother tree were dried separately in the drying room, and mature seeds were extracted 

and discriminated from empty and immature seeds. Needle and seed samples were stored at –

25 °C prior to DNA extraction. 115 

 

DNA analysis 

In accordance with previous studies in Pinus and other tree populations (e.g., Robledo-

Arnuncio et al. 2004; Miyamoto et al. 2008; Kim et al. 2015; Iwaizumi et al. 2021c), a 

maximum of 24 seeds per mother tree were randomly selected in order to evaluate genetic 120 

variation of seed pools at the family level as well as to compare among mother trees. Embryo 

tissue was extracted from each seed. Total DNA were extracted from needle samples of adult 

trees and tissue samples of seed pools using a modified cetyl trimethyl ammonium bromide 

(CTAB) method (Shiraishi and Watanabe 1995). Genotypes of the trees and seeds were 
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determined by seven polymorphic nuclear SSR markers: bcpt834 (Iwaizumi et al. 2013) and 125 

bcpt1075, bcpt1549, bcpt1671, bcpt1823, and bcpt2532 (Iwaizumi et al. 2018) of P. thunbergii, 

and bcpd119 (Iwaizumi et al. 2018) of the related Japanese pine species Pinus densiflora. This 

set of the seven markers was the same as the set used in our previous study of genetic variation 

of the species throughout Japan (Iwaizumi et al., 2018). PCR was performed using the 

GeneAmp PCR System 9700 version 3.05 (Applied Biosystems Inc.) with a Multiplex PCR kit 130 

(Qiagen Inc.) following the procedures described by Iwaizumi et al. (2010). The amplified 

fragment size was determined by the automated DNA sequencer ABI PRISM 3730 Genetic 

Analyzer (Applied Biosystems Inc.). The sizes of the amplified fragments were standardized 

with a GeneScan 500 LIZ Size Standard (Applied Biosystems Inc.). These seven loci were then 

genotyped using GeneMapper 5.0 software (Applied Biosystems Inc.). The number of seeds 135 

analyzed was planned to be 1,680 based on 24 seeds from 70 mother trees, but because fewer 

than 24 seeds were collected from some mother trees and PCR amplification failed for DNA 

extracted from some seeds due to immaturity or damage, multilocus genotypes of the seed 

pools were obtained from a total of 1,618 seeds (11-24 seeds per mother tree). 

 140 

Data analysis 

Genetic diversity and structure of adult tree population and seed pools 

To assess allelic diversity within the adult tree population and seed pools, the number of 

detected alleles (na), the effective number of alleles (ne), allelic richness (AR; El Mousadik and 

Petit 1996), and gene diversity (HS) were calculated at each locus in each generation using 145 

FSTAT version 2.9.3.2 software (Goudet 2002). Statistics of seed pools were calculated 

individually for the 70 mother trees and for all analyzed seeds. AR was calculated based on the 

smallest set of genotype data for 11 individuals (22 gene copies (‘AR[22]’); El Mousadik and 

Petit 1996). To indirectly estimate the diversity of paternal parents contributing the seed pools 

for each of the mother trees, the effective number of pollen donors (Nep) was calculated using 150 
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POLDISP version 1.0 software (Robledo-Arnuncio et al. 2007). To assess the level of 

outcrossing as a factor related to the genetic diversity of seed pools of mother trees, the multi-

locus outcrossing rate (tm) was estimated using MLTR version 3.4 software (Ritland 2002). To 

evaluate the levels of genetic differentiation of seed pools among mother trees, FST based on 

Weir and Cockerham (1984) was calculated over all loci using FSTAT. The significance of 155 

deviation of FST from zero was evaluated over 1,000 permutations. Confidence intervals (95% 

and 99%) of this value were determined based on 1,000 bootstrapping replications. In addition, 

to estimate the levels of genetic differentiation of paternal gamete pools [n] among mother 

trees, FT (Smouse et al. 2001; Austerlitz and Smouse 2001) also was calculated using 

POLDISP. 160 

To examine the relationships between tree size of mother trees and genetic statistics of 

their seed pools, Kendall’s rank-correlation coefficients () between the height and DBH and 

the mean na, ne, AR, HS, Nep, and tm values of the seven loci were calculated using R version 

3.5.0 (R Development Core Team 2011) with EZR version 1.40, R-commander software 

(Kanda 2013). 165 

To assess the spatial genetic structure within the adult tree population and among seed 

pools of mother trees, the Sp statistic (Vekemans and Hardy 2004) was calculated because it 

allows for comparisons of the magnitude of the genetic structure of a species among different 

years or life stages (Troupin et al. 2006; Iwaizumi et al. 2021a). The Sp statistic was manually 

computed using the following equation: 170 

Sp = -b / [1 − f(1)] 

where f(1) is the individual-based kinship coefficient (fij: Loicelle et al. 1995) for the first 

distance class, and b is the regression slope based on the natural logarithm of spatial distance. 

The f(1) and b values were calculated using SPAGeDi version 1.2 software (Hardy and 

Vekemans 2002). The distance class for f(1) was set to 0–50 m for both adult trees and seed 175 
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pools. The significance of spatial genetic structure was estimated based on deviation of the b 

value from zero over 1000 permutations. To compare the degree of spatial autocorrelation in 

the genetic composition between adult trees and seed pools, fij was calculated using SPAGeDi 

software. The pairwise distance class between individual adult trees (for adults) and mother 

trees (for seed pools) was set up to 400 m at 50 m intervals and the significance of the 180 

deviation of fij values from zero was estimated over 1000 permutations. 

 

Relationship between the number of mother trees and genetic diversity of seed pools 

Using genotype data of the adult tree population and the seed pools of 70 mother trees, 

changes in the allelic diversity statistics of seed pools with an increasing number of mother 185 

trees were examined and compared with statistics of adult trees. Programs that (i) extract 

genotype data of seed pools of the specified numbers of mother trees randomly and then (ii) 

calculate the statistics (na, ne, AR, HS) were constructed using R, and (iii) the calculation trials 

of (i) and (ii) were performed 100 times per number of mother trees specified. Similarly, to 

examine the change in the level of genetic differentiation between adult trees and seed pools 190 

with an increasing number of mother trees, similar calculation trials were performed by 

constructing a program to calculate FST between adult trees and the extracted pools of seed 

genotypes. At that time, extractions of seed pools were performed at the mother-tree level 

(fixing genotype data of seed pools within mother trees). We calculated the mean values and 

their 95% confidence intervals of the statistics of 100 trials and evaluated the changes with an 195 

increasing number of mother trees by drawing ‘rarefaction curves’, a biostatistics tool for 

diversity assessments (e.g., Li et al. 2015). 

Based on these examinations, for each diversity statistic (na, ne, AR, HS), we evaluated 

the number of mother trees at which their seed pools can cover genetic variation of the adult 

tree population. We calculated the percentages of the diversities of seed pools from two 200 

viewpoints: namely, the percentages of statistical values calculated for the seed pools at the 
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 10 

specified number of mother trees against (1) statistical values of adult trees (524 trees), and (2) 

those of all sampled seed pools (a total of 1,618 seeds from 70 mother trees). We considered 

(1) as a ‘coverage-based’ viewpoint, or the number of mother trees at which seed pools exceed 

the particular percentages of statistical values of adult trees; and (2) as a ‘saturation-based’ 205 

viewpoint, or the number of mother trees at which the collected seed pools cover the particular 

percentages of the potential gene pool of the next generation within the population (i.e., the 

statistical values of seed pools at which the diversity statistics would not be increased any 

further). 

 210 

Results 

Genetic diversity and structure of adult trees and seed pools 

Among the seven loci analyzed, the mean values of na, ne, AR[22], and HS of the adult 

tree population (524 trees) were 17.57, 5.04, 6.35, and 0.771, respectively (see also 

Supplementary Table 1). The corresponding values for all seed pools (of 1,618 seeds from 70 215 

mother trees) were 18.57, 5.46, 6.56, and 0.786, respectively, and these values were all higher 

than the corresponding values for adult trees. 

The values of allelic diversity and mating pattern statistics of seed pools among loci at 

the mother tree level ranged 3.86 to 7.71 (mean 6.38) for na, 1.81 to 3.86 (mean 2.98) for ne, 

2.68 to 5.46 (mean 4.65) for AR[22], 0.386 to 0.741 (mean 0.640) for HS, 1.06 to 177.31 (mean 220 

25.39) for Nep, and 0.727 to 1.000 (mean 0.991) for tm. Kendall’s rank-correlation tests showed 

that none of these six statistics correlated significantly with the tree height of the mother trees 

(Table 1). For mother tree DBH, ne and HS values showed significantly negative relationships 

with DBH (see also Supplementary Fig. 1 for DBH vs. ne); that is, seed pools collected from 

mother trees with smaller diameter had higher effective numbers of alleles and gene diversities. 225 
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 11 

The Sp statistic for seed pools (0.0019), calculated from the b value, was higher than 

that for adult trees (0.0013). These values for both generations were low but deviated 

significantly from zero (permutation test, P < 0.05). Spatial genetic autocorrelation analysis 

showed significantly positive kinship coefficient (fij) between pairs of adult trees at the 50 m 

distance class (permutation test, P < 0.05; Supplementary Fig. 2). The fij values between pairs 230 

of seeds collected from mother trees were significantly positive up to the 100 m distance 

classes. Values for both generations decreased with an increase in distance class, and those in 

longer distance classes did not deviate significantly from zero. 

The overall value of the statistics for genetic differentiation (FST) between adult trees 

and all seed pools was 0.0026, which was significantly higher than zero at the 95% confidence 235 

interval (P < 0.05) but not at the 99% confidence interval (P > 0.01). The overall FST value of 

seed pools among the 70 mother trees was 0.190, which was significantly higher than zero at 

the 99% confidence interval (P < 0.01). The overall FT value for the 70 seed pools was 

estimated to be 0.063. 

 240 

Relationship between the number of mother trees and genetic diversity of seed pools 

The percentages of the allelic diversity statistics of all seed pools against those of adult 

trees were 105.7%, 108.4%, 103.2%, and 102.0% for na, ne, AR[22], and HS, respectively. The 

mean coverage-based percentage (vs. adult trees) of na of seed pools for 100 trials exceeded 

95% and 100% at 39 and 51 mother trees, respectively, and mother tree numbers required were 245 

the largest for na among the four statistics (Table 2 and Fig. 2). The corresponding numbers for 

AR were the second largest (exceeding 95% and 100% at 6 and 17 mother trees, respectively), 

and the numbers were smallest for HS (exceeding 95% and 100% at 3 and 9 mother trees, 

respectively). The mean saturation-based percentage (vs. all seed pools) of na of seed pools for 

100 trials exceeded 94% and 98% at 50 and 62 mother trees, respectively, and the increase in 250 

the percentage was greater with increasing number of mother trees to 70 mother trees. The 
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 12 

corresponding mother tree numbers for ne were the second largest at 11 and 28 mother trees 

(exceeding 94% and 98%, respectively), and at around 28 mother trees, the increase of the 

percentage with increasing number of mother trees was almost saturated. The corresponding 

numbers for HS were the smallest among the four statistics (at 3 and 9 mother trees exceeding 255 

94% and 98%, respectively). 

The mean value of the 100 trials of the multi-locus genetic differentiation (FST) between 

adult trees and seed pools decreased below 0.01 and 0.005 at 12 and 25 mother trees, 

respectively (Fig. 3). At around more than 25 mother trees, the decrease of FST with an 

increasing number of mother trees almost converged. 260 

 

Discussion 

Differences in genetic diversities of seed pools among mother trees 

We found variations in allelic diversity statistics of seed pools among mother trees in 

the old planted population of Pinus thunbergii. We found significantly negative relationships 265 

between DBH of mother trees and ne and HS (Table 2 and Supplementary Fig. 1), indicating 

that mother trees with smaller DBHs tend to be pollinated by the genetically diverse paternal 

gamete pools. Although the present study examined seed pools of one moderate year, the 

tendency based on the analysis of more than 1,600 seedlings from as many as 70 mother trees 

would be relatively similar over years, considering the low genetic differentiation in paternal 270 

gametes among years in Pinus (Iwaizumi et al. 2010; 2013) due to the small year-to-year 

fluctuation in male reproductive amount (Nakayama and Kobayashi 1981). 

The lower genetic diversity of seed pools in the larger mother trees in our study 

population could firstly be considered to be the result of a higher percentage of self-pollinated 

seeds. Some conifer studies of mating parameters in natural populations and seed orchards 275 

have shown differences in the outcrossing rate of seed pools among mother trees, for example, 
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Pinus (Robledo-Arnuncio et al., 2004), Abies (Arista and Talavera 1997), Picea (Morgante et 

al. 1991), and Tsuga (El-Kassaby et al. 2003). However, the multi-locus outcrossing rate (tm) of 

seed pools were estimated to be almost 1.0 for many mother trees and did not correlate 

significantly with DBH (Table 1). The more possible reason would be that larger mother trees 280 

tend to be pollinated by lower percentages or narrow variety of outcrossing male gametes, 

because of their higher relative reproductive effort put into male flowers compared to female 

ones (e.g., in Abies: Kohyama 1982; Iwaizumi et al. 2021c). Arista and Talavera (1997) 

reported that a positive size-dependency in reproductive investment of A. pinsapo trees in a 

natural population was more apparent in male reproduction than in female reproduction. 285 

The significantly negative relationship between the mother tree size and genetic 

diversity of seed pools could also be a result of differences in stand structures around mother 

trees such as size distribution or tree density. In conifers, studies have shown that mother trees 

with higher tree density have higher genetic diversity of seed pools (e.g., Morgante et al. 1991; 

El-Kassaby et al. 2003; Robledo-Arnuncio et al. 2004). Regarding this possibility, a plot-based 290 

census of stand structure, including some mother trees, has been conducted in some areas of 

the study population (A.A. Mukasyaf, unpublished data). However, parameters of stand 

structure around the mother trees (i.e., the number of trees (# trees), total basal area (BA) with 

more than 5 cm in DBH, and the mean DBH, within the 25 m  25 m-square plot of each 

mother tree) did not show any significant relationships with genetic diversity of the seed pools 295 

(N = 19;  = 0.135 for # trees vs. ne;  = 0.035 for BA vs. ne;  = -0.246 for mean DBH vs. ne; 

all ns). Although the slightly negative correlation between mean DBH vs. ne may also imply 

low allelic diversity of seed pools in an area of large surrounding trees, due to the size-

dependency in reproductive investment supposed as above, the level of influence of stand 

structure would differ among different species or populations. 300 
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Relationship between number of mother trees and genetic diversity of seed pools 

By constructing calculation programs with randomly extracted seed pools at the mother 

tree level, we examined the percentage of genetic diversity of seed pools at specific numbers of 

mother trees against that of adult trees and the overall seed pool based on several diversity 305 

statistics. Based on ne, AR, HS, and FST, seed pools obtained from approximately up to 30 

mother trees could account for most of the genetic diversity and composition of adult tree 

populations (coverage-based viewpoint) and also the potential overall seed pools (saturation-

based viewpoint; Table 2, Figs. 2 and 3). 

Among the four allelic diversity statistics (na, ne, AR, and HS), there were differences in 310 

the increasing patterns of the diversity of seed pools as an increasing numbers of mother trees. 

Of these, HS covered most of the genetic diversity of both adult trees and the overall seed pool 

while requiring the smallest number of mother trees (i.e., over 100% and 98% at 9 mother trees 

in the coverage-based and saturation-based viewpoints, respectively), and ne and AR tended to 

cover the second smallest number of mother trees (Table 2; Figs. 2 and 3). Theoretical 315 

population genetics studies suggest that reduction in the genetic diversity of populations 

accompanied by reduction in population size appeared later for statistics based on the skewness 

of allele frequencies (such as ne and HS) than those based on allele counts (like na: Cornuet et 

al. 1996). Thus, findings of previous studies do not contradict our study results for the smallest 

number of mother trees required for the HS-diversity coverage. On the other hand, genetic 320 

diversity of seed pools based on na did not saturate with an increasing number of mother trees, 

probably due to continuous capture of new rare alleles with increasing sample numbers. 

Further discussion based on theoretical or practical examinations may be required to 

understand to what extent we should consider covering such rare alleles. However, considering 

the theoretical mutation rates suggested for nuclear SSR markers (10-3 to 10-4: Guichoux et al. 325 

2011) and the long-distance immigrant gene flow from outside of the population assumed to be 

frequent in Pinus (e.g., Nathan et al. 2002; Iwaizumi et al. 2010; 2013), rare alleles may be 
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more likely to be supplied. Thus, coverage based on ne and HS would be rather more important 

from the viewpoint of maintaining the number of major alleles and/or allele frequencies that 

constitute the main variation within populations. Marshall and Brown (1975) recommended 330 

that population sizes be maintained so that 95% of the major alleles (the frequencies of more 

than 0.05) can be preserved. 

Previous population genetics studies have considered the effective sample size per 

population required to evaluate the genetic variation of species, and the numbers required were 

reported as 25-30 (Hale et al. 2012; Hoban et al. 2014), 30 (Petit et al. 1998; Sjogren and 335 

Wyoni 1994) and 50 (Nybom 2004). Volk et al. (2005) reported that, in the core collection trees 

from the next-generation population of Malus sieversii wild cultivars, extraction of 35 trees 

covered more than 92.5% of the effective number of alleles of the potential whole next 

generation (all 278 trees). According to the replantation manual of gene preservation forests by 

The Forestry Ministry of Japan, seed pools are recommended to be derived from more than 30 340 

mother trees collected in the mast year(s) and used for replantation of the next-generation 

forest when the original or the current forest is cut (see Furukoshi 1991). This number of 

mother trees is also similar for our results, even though the technical molecular tools of 

population genetics are not yet efficient. In addition, we evaluated the appropriate number of 

mother trees from the viewpoint of preservation of genetic composition (allele frequencies) of 345 

seed pools in terms of minimizing genetic differentiation (FST) with adult trees; to the best of 

our knowledge, the present study represents the first application of this approach in a major 

forestry tree species. 

Evaluation of the number of mother trees for which genetic diversity of seed pools is 

covered by or saturated using the rarefaction curve can be mostly applied to other tree 350 

populations. However, the number may vary according to the level of spatial genetic structure 

within the population and the relative proportions of genetic variation within and among 

mother trees within the populations, to some extent. Significant spatial genetic structures up to 
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100 m were found for both generations (adult trees and seed pools; Supplementary Fig. 2). In 

fact, it is difficult to consider that replantation of this large-scale P. thunbergii forest (about 25 355 

ha) has been conducted entirely by the same seed lot at the same time over the entire area, and 

it is more likely to have been replanted incrementally and from a different seed pool (Mukasyaf 

et al. 2021). Seed pools with somewhat different genetic compositions might be used for 

replantation in different areas within the population, at the scale of the spatial genetic structure. 

Thus, it may be more appropriate to select mother trees that are distant (as far as possible in 360 

scale of genetic structure) from each other in order to reduce the risk of collecting seed pools 

that are not sufficiently genetically variable and/or to avoid inbreeding. In addition, the level of 

genetic differentiation of seed pools among mother trees in our study (FST = 0.190; FT = 

0.063; see also Results) seems to be somewhat high compared with those of studies of other 

major Pinus populations which analyzed similar numbers of seeds per mother tree (12-28 seeds 365 

in average; FT = 0.006–0.007 for Pinus sylvestris: Robledo-Arnuncio et al. 2004; FT = 0.021 

for Pinus densiflora: Kim et al. 2015). In general, genetic differentiation of the next generation 

among cohorts within populations tends to be lower for the mainly conifer species with 

substantial gene flow than for endemic or rare species with small population size or tree 

density (Hamrick et al. 1992). Practical studies involving consideration of sampling strategy 370 

(Miyamoto et al. 2008 for Fraxinus excelsior) suggest that increasing the number of samples 

(groups) at the hierarchical level with larger genetic variation (e.g., increasing the mother trees, 

in the case of large FST of seed pools among mother trees) is more efficient for covering 

genetic diversity of a species or population. 

 375 

Implications for seed collection strategies for gene preservation of P. thunbergii populations 

In the studied population of Pinus thunbergii, we obtained significant practical 

indications for revising seed collection strategies for gene preservation of forest tree 
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populations that build on previous knowledge. First, the number of mother trees required for 

gene preservation in the present study (approximately more than 30 mother trees; Table 2 and 380 

Figs. 2 and 3) was generally similar to numbers indicated or recommended in previous studies 

or empirical manuals. More effective evaluation of coverage and saturation of genetic diversity 

and composition could be achieved using statistical parameters that are less likely to be 

affected by rare alleles such as ne, HS, and FST (rather than na). Second, according to the 

newest results, considerations of tree sizes of mother trees or spatial genetic structure within 385 

the population are recommended for effective coverage or saturation of the genetic diversity of 

seed pools. For example, considering the significantly higher ne and HS of seed pools collected 

from the smaller mother trees based on DBH (Table 1 and Supplementary Fig. 1), the seed 

collection strategy might, in fact, be differentiated depending on whether the objective is (A) 

the individual-level conservation of particular superior (larger) trees using their F1 progenies as 390 

genetic resources or (B) the population-level conservation of gene pools to cover the parental 

population. In addition, a sampling strategy that takes information on replantation history or 

processes within populations into consideration would be more reliably and effectively to avoid 

collection of genetically related seeds, in light of the range of significant spatial genetic 

autocorrelations (as in Supplementary Fig. 2). Although the replication of investigation in other 395 

populations would be better to generalize the strategy, results and indications obtained from the 

present study are expected to contribute not only to the techniques and guidelines for in situ 

genetic management of planted forests, but also to the development of strategies for ex situ 

gene preservation of populations as genetic resources. 

400 
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Figure captions 

Fig. 1.  Map of the spatial distributions of the 70 mother trees in an investigated Pinus 

thunbergii population (in Fukuoka, Japan). 

Fig. 2.  Relationships between the number of sampled mother trees and the mean values of 550 

genetic diversity statistics of seed pools ((a) number of alleles: na; (b) effective 

number of alleles: ne; (c) allelic richness: AR; (d) gene diversity: HS) based on seven 

microsatellite loci using a rarefaction curve. Gray and chick bars indicate the 

corresponding statistics values of adult trees (also shown in parentheses). Error bars 

indicate the upper and lower 95% confidence intervals based on the 100 times of 555 

collection trials per the specified mother tree numbers. A gray arrow for each figure 

objects the mother tree number where the statistics value of seed pools exceeded that 

of adult trees (over 100%). 

Fig. 3.  Relationship between the number of sampled mother trees and the mean value of 

genetic differentiation statistics (Weir and Cockerham’s FST) between seed pools and 560 

adult trees, based on seven microsatellite loci using a rarefaction curve. Error bars 

indicate the upper and lower 95% confidence intervals based on the 100 times of 

collection trials per the specified mother tree numbers. A gray arrow objects the 

mother tree number where the statistics value has become below 0.005 and almost 

converged. 565 

Supplementary Fig. 1.  Relationship between the tree size (diameter at breast height: DBH) of 

mother trees and the genetic diversity statistics of the corresponding seed pools 

(effective number of alleles: ne) based on Kendall's rank correlation coefficient (). 

Supplementary Fig. 2.  The kinship coefficient (fij: solid line) estimated for (a) the adult trees 

and (b) seed pools for each pairwise distance class at consecutive 50 m intervals using 570 

SPAGeDi software. The significantly positive fij value was estimated using 1,000 
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permutations and based on comparisons with the upper 95% confidence levels (upper 

dashed line); *: P < 0.05. 
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n a n e HS AR [22] N ep t m

Height -0.067 ns -0.074 ns -0.088 ns -0.067 ns -0.067 ns 0.034 ns

DBH -0.077 ns -0.170 * -0.162 * -0.113 ns -0.113 ns -0.033 ns

Table 1 Relationships between tree size (height and diameter at breast height (DBH)) and mean values of allelic diversity statistics of seven loci

of the seedlings collected by 70 mother trees based on Kendall's rank correlation coefficient (t ).

n a: number of alleles; n e: effective number of alleles; HS : gene diversity; AR : allelic richness; N ep: effective number of pollen donors; t m: multi-

locus outcrossing rate. Marks with the coefficient values represent their significance levels; *: P < 0.05; ns: P ≥ 0.05; and the underlined

coefficient values indicate those with a significant relationship.
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90％ 92.5％ 95％ 97.5％ 100％ 102.5％ 105％

n a 27 33 39 44 51 59 69

n e 5 5 6 7 10 11 20

AR 4 5 6 9 17 41 -

HS 2 2 3 5 9 - -

90％ 92％ 94％ 96％ 98％ 100％

n a 40 44 50 57 62 70

n e 8 9 11 18 28 58

AR 5 6 9 12 21 70

HS 2 3 3 5 9 58

Table 2 The numbers of mother trees when allelic diversity of seed pools exceed the percentages

of those of (1) adult tree population and (2) all sampled seed pools (70 mother trees).

Statistics
(1) Coverage-based (vs. Adults)

Statistics
(2) Saturation-based (vs. All seed pools: 70 mother trees)

n a: number of alleles; n e: effective number of alleles; AR : allelic richness; HS : gene diversity.
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