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Abstract

It is important to evenly increase the amount of scattered pol-
len per clone for maintaining high genetic variation in clonal
seed orchards. It is thus imperative to determine not only the
number of male flowers per tree, but also the amount of pollen
per male flower in each clone. In this study, the existence of
annual variation on the fresh weight of male flowers (FW) and
the clonal and annual variation, and ramets’ variation with the
same or different tree ages on the weight of pollen per male
flower (WP) were investigated using 21 Abies sachalinensis clo-
nes for 3 years. The results indicated that there were significant
differences in FW and WP among clones each year and the rela-
tionships between FW and WP were linearly significant for eve-
ry year. WP also showed significant annual variation, while the-
re was also significant variation in ramets. The clonal
repeatability regarding WP was 0.37—0.47 for data obtained
for 2 or 3 years and the generalized linear mixed models with
the random effects of clone, year, and ramet indicated that the
effect of clone more strongly affected WP than other effects.
These results suggested that WP on A. sachalinensis is a trait
that is considerably influenced by clonal characteristics; there
is thus a need to characterize this trait in each clone when
using seed orchards.
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Introduction

Clonal seed orchards are expected to provide a large amount
of seed with high genetic variation. To maintain high genetic
variation, it is important to evenly increase the amount of scat-
tered pollen per clone. When the same number of trees are
planted for each clone in a seed orchard, amount of scattered
pollen per clone is determined by multiplying the number of
male flowers by the amount of pollen per male flower (Schoen
and Stewart, 1986). This suggests the need to consider not only
the number of male flowers but also the amount of pollen per
male flower in order to determine the amount of scattered pol-
len per clone.

In a seed orchard, it has been reported that there are
major variations in the number of male flowers among clones,
while this variable also exhibits annual variation in each clone,
for tree species such as Norwegian spruce, Scots pine and red
pine (Nikkanen and Ruotsalainen 2000, Sivacioglu 2010, Kang
and Lindgren 1998). Burczyk and Chalupka (1997) also repor-
ted that the 25 % of clones with the best male flowering produ-
ced 45 % of total pollen in a Scots pine clonal seed orchard.
These findings suggest that, when the same number of trees
are planted in each clonein a seed orchard, the amount of scat-
tered pollen per clone is heterogeneous each year. Similarly,
some reports have been published about the variation in the
amount of pollen per male flower. For example, it has been
reported in Cryptomeria japonica that there is marked variation
among clones in terms of the amount of pollen per male flower
and that the pollen production of individual trees is not high if
the amount of pollen per male flower is small (Kondo and
Hakamada, 2007). Similarly, in Betula pendula, Ranpal et al.
(2022) reported major annual and ramets’ variation in the pol-
len production per catkin in each clone. These findings suggest
that the amount of scattered pollen per male flower is also
heterogeneous among clones each year. Therefore, to



investigate the amount of scattered pollen in a clonal seed
orchard, the clonal, annual and ramets’variation of not only the
number of male flowers but also the amount of pollen per
male flower must be considered.

Abies sachalinensis is a coniferous tree species distributed
on Hokkaido, southern Kuril Islands and Sakhalin, and affores-
ted actively in Japan. As a tree breeding project, more than 700
plus trees of A. sachalinensis have also been selected on Hokka-
ido and 19 seed orchards are now established using these plus
trees. In the seed orchards of A. sachalinensis, the numbers of
male and female flowers have been investigated in each tree
over many years, with the results showing large variations in
the numbers of male and female flowers among clones and
also an annual variation in these numbers in each clone (Suga-
ta, 1984). However, although major variations among clones
have also been reported regarding the size of cones and the
number of seeds produced per clone of A. sachalinensis (Itaha-
na et al. 1995), the clonal variations, annual variations, and the
ramets’ variations in trees with the same or different ages
regarding the amount of pollen per male flower have not been
determined. Most of A. sachalinensis clonal seed orchards on
Hokkaido are now too old to produce many seeds, so they
need to be reconstructed by using new clonal seedlings. There-
fore, determination of the variation in these variables of A.
sachalinensis should enable utilization of the number and
arrangement of each clone for the reconstruction of each clo-
nal seed orchard with maintaining high genetic variation.

In this study, male flowers just before flowering were coll-
ected from 21 plus tree A. sachalinensis clones in 3 consecutive
years. After that, the relationship between the number of male
flowers and the amount of pollen per male flower was analy-
zed to determine whether it was significant. Clonal variation,
annual variation, and ramets’ variation with the same or diffe-
rent ages were also determined regarding the amount of pol-
len per male flower. Furthermore, the relationship between the
number of male flowers and the amount of pollen per male
flower in each tree was investigated to determine whether the
former affects the latter. From the obtained results, the trait of
the amount of pollen per male flower was characterized and a
method for managing clonal seed orchards was also proposed.

Materials and methods

Study site and sample trees

This study was conducted at the Forest Tree Breeding Center,
Hokkaido Breeding Office located in Ebetu City, Hokkaido,
Japan, from May 2020 to June 2022. Twenty-one clones were
used for the study and all of the sample trees except one (a
seedling) were grafted. In each year from early to mid-May,
30-70 male flowers were randomly collected just before flowe-
ring from each A. sachalinensis plus tree. The collect rate was
more than half for trees with less than 11 years old and less
than 10 % for trees with 50 years old. The numbers of clones
and ramets used, and the number of male flowers collected
and measured in each year were determined, as shown in Table

1. Diameter at breast height was around 30 cm for trees at 50
years old, 21.5 cm for a tree at 33 years old, around 3 ¢cm for
trees at 10 years old, and 0.5cm for a tree at 4 years old.

Male flowers

Male strobilus are egg-shaped and the length of their long dia-
meterisaround 1cm.They are borne on branches from the pre-
vious year at the position of the leaf axil. They consist of appro-
ximately 100 pollen sacs.

Measurements

After collecting male strobilus, their fresh weight (FW) was
immediately measured in 2020 and 2021. Furthermore, in all
years, collected male flowers were placed on medicine wrap-
ping paper indoors until June. Subsequently, the weight of pol-
len per male flower (WP) and the weight of pollen sacs per
male flower (WS) were measured, except for strobilus, contai-
ning at least one unpunctured pollen sac, as determined using
a stereoscopic microscope.

In 2022, to determine the relationship between the num-
ber of male flowers and the amount of pollen per male flower
in each tree, the number of male flowers per tree was investi-
gated for the sample trees at 50 years old. The number of male
flowers per tree, i.e.,, male flowering index, was categorized
into five classes as follows:

1: trees with no male flowers;

2: trees with male flowers covering less than one-quarter of the
crown;

3: trees with male flowers covering from one-quarter to one-
half of the crown;

4: trees with male flower covering from one-half to three-
quarters of the crown;

5: trees with male flowers covering more than three-quarters
of the crown

Statistical analysis

For statistical analysis, R Ver3.4.2 or Statistica 03J was used. The
following traits were analyzed. In each year, overall relation-
ships between FW and WP, and WS and WP were plotted gra-
phically to determine whether they were significant. The signi-
ficance of the intercept and the slope of the regression line
between or among years was also tested by ANCOVA. Since the
overall data of WP were not normally distributed for all years
(Kolmogorov-Smirnov test, P < 0.01), one-way ANOVA or t-test
for clonal variations, annual variations, and ramets’ variations
with the same or different tree ages on WP was conducted
after logarithmic conversion (Kolmogorov-Smirnov test, P >
0.05). Clones used in each item are shown in Table 2. Clonal
repeatability (the fraction of the variance that is geneticamong
clones, H?) was estimated employing clones used for annual
variations as follows:

H*=6?/(c>+0c})



where ¢ * is the variance among clones and ¢ ?is the variance
within a clone. The relationship between the number of male
flowers and the weight of pollen in each tree was also plotted
graphically to determine whether it was significant.

Table1
Tree age of sample trees and number of ramets used, male flowers sampled, and male flowers measured in each year

Year
2020 2021 2022
Clone Tree age
in 2020 Ramets Male flowers measured/ Ramets Male flowers measured/ Ramets Male flowers measured/
used sampled used sampled used sampled

1 10 1 27/30 1 19/41 1 12/40
2 10 1 21/30
3 10 1 27/35
4 10 1 7/35
5 10 1 5/30
6 10 1 3/40
7 50 1 24/35 1 37/40 3 93/110
8 50 1 19/30 1 25/32 4 114/130
9 50 1 23/35 1 20/33 4 125/148

50 1 17/32 1 33/34
10

10 1 15/35 1 15/43 1 24/42

50 1 13/30 1 73/114
" 10 1 6/35 1 17/38 1 42/51

33 1 36/44 1 33/37
E 4 1 26/32 1 31/32
13 10 1 13/15 1 37/41
14 50 1 16/36 3 82/102
15 50 1 18/31 3 92/96
16 50 1 9/41 3 92/103
17 50 1 32/41 2 65/67
18 50 1 23/31 3 11/112
19 50 1 33/35 3 81/100
20 50 1 19/33 3 106/119
21 50 1 29/30 3 92/98

Sum. 11 177/370 19 417/658 42 1338/1576




Table 2
List of clones used for each analysis

Items Year Tree age Clones used
10 1,2,3,4,56,10,11
2020
50 7,89
Clonal variation 2021 10 1,10,11,13
50 7,8,9,10,11,14,15,16,17,18, 19, 20, 21
2022 10 1,10,11,13
10 1,11
2020-2022
50 7,89
L 4 12
Annual variation
10 13
2021-2022
33 12
50 10,11,14,15,16,17,18, 19, 20, 21
Variation among ramets 2022 50 7,8,9,11,14,15,
10 vs. 50 10,111
Variation among tree age 2021 and 2022
4vs.33 12

1 = Same ramets of 50 years old tree was used on both years

Table 3

Equation of model and number of clones, years and ramets in each analysis

Formula Equation of model No. of clones No. of years No. of ramets
1 WP~WS+(1|clone )+(1]year) 5 3

2 WP~WS+(1|clone )+(1]year) 13 2

3 WP~WS+(1|clone )+(1|ramet) 13 4

4 WP~WS+(1|clone )+(1|year)+(1|ramet) 3 2 4

Goal of each formula is as follows: formula 1 is the comparison with clone and year that affects the WP more, formula 2 is the comparison with clone and year that
affects the WP more , formula 3 is the comparison with clone and ramet that affects the WP more, and formula 4 is the comparison among clone, year and ramet

that affects the WP most.

Table 4
Results of variance from random effects for each formula

Formula Groups Variance (Std. Dev.)
Clone 7.91(2.81)
1 Year 0
Residual 6.15 (2.48)
Clone 7.28 (2.70)
2 Year 4.15 (2.04)
Residual 3.94(1.99)
Clone 12.29 (3.51)
3 Ramet 1.61(1.27)
Residual 3.32(1.82)
Clone 3.19(1.79)
Year 1.12(1.06)
4 Age 0.65 (0.81)
Residual 3.47(1.86)

Four generalized linear mixed models were used to evalu-
ate the factors that may contribute to WP, indicating that the
variance of each random factor is an indicator that shows the
influence of WP. The first formula was as follows: the model
included WS as a fixed effect and the intercepts of the differen-
ces between each clone and each year as random effects using
five clones with the data for 3 years. The second formula was as
follows: the model included WS as a fixed effect and the inter-
cepts of the differences between each clone and each year as
random effects using 13 clones with the data for 2 years. The
third formula was as follows: the model included WS as a fixed
effect and the intercepts of the differences between each clone
and each ramet as random effects using 13 clones with data for
multiple ramets of the same age. The fourth formula was as fol-
lows: the model included WS as a fixed effect and the inter-
cepts of the differences among each clone, each ramet, and
each year as random effects using three clones with data for
trees of multiple ages. Equations of the models for each formu-
la are shown in Table 3.



Results

Figure 1 shows histograms of overall fresh weight (FW), weight
of pollen per male flower (WP) and pollen sacs per male flower
(WS) in each year. The ranges of FW were 30—314 mg and
37—253 mgin 2020 and 2021, those of WP were 3.2—24.7 mg,
2.8—22.1 mg, and 3.7—29 mg in 2020—2022, and those of WS
were 3.3—26.6 mg, 3.1—18.9 mg, and 2.3—22.9 mg in 2020—
2022, respectively. The ranges for FW, WP and WS were not
markedly different between or among years. None of the distri-
butions of each graph was consistent with a Gaussian distribu-
tion (P < 0.01).

Figures 2 and 3 show the overall relationships between
overall WP and FW, and WP and WS in each year. The relation-
ships between WP and FW were significant in both years (P <
0.01) and the values of the intercept and the slope were almost
the same for all years (ANCOVA, P > 0.05). Moreover, the relati-
onships between WP and WS were linearly significant for 3
years (P < 0.01) and the value of the slope in 2022 was signifi-
cantly different from those in 2020 and 2021 (ANCOVA, P <
0.01).

Figure 4 shows the clonal variations in WP in each year at
each tree age. Significant variations were detected for all years
and tree ages (P < 0.01) and the differences between the mini-
mum and maximum values of the mean WP in each clone were
1.96-, 1.89-, 2.71-, 2.54- and 1.43-fold, respectively.

Figure 5 shows the annual variations in WP for 2 or 3 years
in each clone. F or t values obtained by ANOVA for each clone
are also shown in the graph. Significant variations were detec-
ted for three of the five clones investigated for 3 years and 12 of
the 14 clones investigated for 2 years (P < 0.01). There were
more than 2-fold differences in the mean WP in each year in
clones 11 and 18.The mean WPs in 2022 were larger than those
in 2021 for 14 of the 18 cases, suggesting that WP tended to
increase with conjunction with each clone. Clonal repeatabili-
ties for WP were 0.47 and 0.37 for clones investigated for 3 and
2 years, respectively.

There were no significant differences in WP for 4 out of 12
clones (ANOVA, P > 0.05, Figure 6). In clone 18, there was more
than 2-fold difference among ramets for WP, but the differen-
ces were less than 1.5-fold among ramets on the other 7 clo-
nes. In clones 10 and 11 (Figure 7), there were significant diffe-
rences in WP between the ramets in 2022 and in both years,
respectively (t-test, P < 0.01), whereas no significant differences
were found in clone 12 in both years (t-test, P > 0.05). There was
a greater than 2-fold difference in mean WP for clone 10 in
2022, but the ranges were less than 1.5-fold for clone 11 in
both years. In clones 11 and 12, the mean WP was higher in
ramets with a younger age. The WP decreased slightly with the
number of male flowers, with a slope value of —1.18 (Figure 8).
The regression line was of marginal significance, with the P
value of 0.054. Upon applying formula 1, the variance was 0 in
the group of year, whereas it was 7.91 in the group of clone
(Table 4). Similarly, upon applying formula 2, the variance was
4.15 in the group of year, whereas it was 7.28 in the group of
clone. Using formula 3, the variance of clone was much higher

than that of ramet. Finally, with formula 4, the variance of clone
was higher than those of year and ramet.

Discussion

This study revealed that the WP of A. sachalinensis differed
among clones, among years, and among ramets with the same
and different ages. It also decreased slightly with the number
of male flowers per tree. Therefore, the WP varies under the
influence of multiple factors.

The FW and WP did not show a Gaussian distribution
(Figure 1) with the distribution showing a bias to the right. This
suggests that in a A. sachalinensis tree, the mean FW and WP is
larger than the mode of them due to the production of some
extremely large male flowers. Since the WP increased linearly
with increasing FW and WS (Figs 2 and 3), WP is easily predicted
by FW or WS. Klinkhamer and Catharina (1999) also suggested
that the corolla length is highly correlated to the number of
pollen grains. In this study, however, significant annual variati-
on was detected in the slope of the relationship between WP
and WS (Fig.3). Moe (1998) suggested that, in Alnus incana, the
high temperatures during June-October affected the length of
the growing season and also pollen development. Hicks et al.
(1994) also reported that, in Betula, the abundance of flowe-
ring was significantly correlated with the thermal sum of the
previous year. Meanwhile, in A. sachalinensis, Seki (2016) repor-
ted that the difference between the mean temperature of the
previous year in June and that of the present year in June was
significantly positively related to the number of female flowers
produced. This suggests that the difference of the mean tem-
perature also influences the production of male flowers. Inde-
ed, the differences among 2019—2020, 2020—2021, and
2021—2022 in Ebetu City were 0.54, —0.19 and —1.18, res-
pectively, suggesting that the largest difference for 2021—
2022 may have affected pollen production.

Significant annual variations were shown in 14 out of 18
clones in this study (Fig. 4). Damialis et al. (2011) reported that,
in anemophilous woody taxa, environmental factors affected
pollen production. Meanwhile, Ranpal et al. (2022) also repor-
ted that the pollen production per catkin on Betula pendula
varied annually. They suggested that the degree of influence of
environmental factors differed among clones. In this study, alt-
hough the pollen production in 2022 increased dramatically
compared with that in 2021 for many clones, some clones
instead showed a decrease, suggesting that environmental
factors affect the annual variation and also that the degree of
this influence affects the difference of response of each clone.

Similarly, significant variations among ramets with the
same and different ages were also detected for some clones
regarding WP (Figs. 6 and 7). Furthermore, the WP with an older
age was not always higher than that with a younger age, sug-
gesting that the WP was not dependent on the tree size. Ran-
pal et al. (2022) also reported large variations among ramets
with the same age and suggested that these variations might
be caused by resource imbalance of individual trees. Therefore,



2021

7
. 2
20
s (me)

/A%

g 8 & & =

>>>>>

"
el
©
<
S
¥
(=3
xR
—
I
>

Relationship between FW and WP in each year. Regression formulas are also shown in the graphs.

Figure 2



30 30 Ed
.
.
= 2020 . . s 2021 5
.« . .
* .
50 * B B2
£ £ £
kS 1 k: 5
3 N 3
a s o S .
s 5 2
5 5 5
g ] 7]
= 10 20 210
5 ) 5 5
.
0 0 0
0 H 10 15 20 2 30 0 5 10 15 2 5 El 0 5 10 15 2 2 30
Weight of pollen sacs (mg) Weight of pollen sacs (mg) Weight of pollen sacs (mg)
Figure 3

Relationship between WP and WS in each year. Regression formulas are also shown in the graphs.
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Clonal variations in WP in each year in each tree age. Box, interquartile range (the range of 50 % of the data); whiskers, the lower
and upper hinges (1.5 times of the interquartile range); and circle, outlier according to the weight of pollen. F values obtained
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in each clone are also shown in the graphs. **: Significant at the 1 % level.
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Ramets’ variations in WP with the same age in each clone. Box, interquartile range (the range of 50 % of the data); whiskers, the
lower and upper hinges (1.5 times of the interquartile range); and the circle, outlier according to the weight of pollen in each
ramet for 11 clones. **: Significant at the 1 % level.
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Relationship between mean WP and the number of male flowers per tree. Regression formula is also shown in the graph.

resource imbalance may also affect the difference among
ramets for A. sachalinensis.

As with the detection of annual and ramets’ variations in
WP, significant clonal variation in WP was also detected in this
study (Fig. 5). There was an almost threefold difference among
the clones in 2 of the 3 investigated years. Kondo and Hakama-
da (2007) also reported that there was almost 3-fold difference
in the weight of pollen per male flower for C. japonica using 51
clones. Similarly, Ranpal et al. (2022) reported that there was a
1.7-fold difference in pollen production per catkin for B. pendu-
la using five clones. Therefore, clonal variation in relation to
pollen production per male flower is generally, a common phe-
nomenon in tree species. In this study, clonal repeatability in
WP was 0.37 and 0.47 for data obtained in 2 or 3 years. Akutsu
et al. (2008) also reported that the clonal repeatability of ave-
rage ring width, ring density, modulus of elasticity, and ben-
ding strength on A. sachalinensis was 0.36, 0.46, 0.64 and 0.68,
respectively. Conversely, Sato (1994) reported that the herita-
bility of height on A. sachalinensis for four sites was 0.04, indi-
cating that clonal repeatability on WP is higher than the growth
trait. Moreover, Nikkanen and Ruotsalainen (2000) reported
that the average clonal repeatability for male flowering abun-
dance was 0.38 for Norway spruce. Furthermore, Klinkhamer
and van der Veen-van Wijk (1999) also reported that the varia-
tion of clonal families in pollen production was extremely high
and the clonal repeatability of the number of pollen grains was

0.39 for Echium vulgare. Furthermore, Hannerz et al. (2001)
reported that clonal repeatability on male strobilus production
was 0.64 and 0.39 in Pinus contorta for different years. These
findings suggest that clonal repeatability in the trait of male
flowers is around 0.5 for each tree species, as with the results in
this study. The results of generalized linear mixed models sug-
gest that the variance of clones was clearly higher than those
of year or ramet (Table 4), suggesting that WP is quite a herita-
ble trait.

Alternatively, WP slightly decreased with the number of
male flowers per tree (Fig. 8), with the slope showing a value of
0.92 with the class of the amount. In C. japonica, there was no
decrease in the pollen production per male flower with the
number of male flowers per tree (Kondo and Hakamada, 2007).
This suggests that the relationship may differ among tree spe-
cies. Besides, in C. japonica, the number of male flowers per
tree was reported to increase 2.6-fold with the increase of each
male flowering index (Kato et al., 2020). If the relationship bet-
ween the number of male flowers per tree and the class of the
amount on A. sachalinensis is also the same in C. japonica, the
pollen production per tree may increase 2.5-fold with the
increase of each male flowering index (0.92 x 2.6). This sug-
gests that, even if there was a difference of male flowering
index regarding the number of male flowers per tree between
trees, the amount of pollen per tree may be equal between



trees since there was more than 2.5-fold difference in WP (Fig.
5).

Thus, although the amount of pollen per male flower
varied with clones, years and ramets, clonal repeatability was
comparatively high level. Similarly, the results of generalized
linear mixed models suggested that, as a random effect, the
variance value of clones was high compared with those of
years and ramets (Table 4). Therefore, to evenly increase the
amount of scattered pollen per clone for newly established
seed orchards, it is better to determine not only the number of
male flowers per tree but also the amount of pollen per male
flower in each clone, thereby regulating the number of planted
trees in each clone.
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