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Article

Cross-sectional Area Increment of the Lower Trunk in Aged Sugi 
(Cryptomeria japonica) Trees: A Heightening Trend

Takashi Kunisaki 1 and Shigejiro Yoshida 2, *

ABSTRACT

The vertical distribution of the cross-sectional area increment of the lower trunk in aged Sugi (Cryptomeria ja-
ponica) trees was analyzed using annual ring data from disks. We collected data from three approximately 90-year-old 
mature plantations under different density management and three old-growth stands of 160 years or more. Of the nine 
sample trees in the thinning experiment plots, only three had significantly higher cross-sectional area increments at 
a relative height of 0.2 × tree height (0.2h) than the mean cross-sectional area increment. This result did not strongly 
support the hypothesis that several trees in mature stands that are thinned regularly may show a heightening trend 
in the cross-sectional area increment of the lower trunk. In contrast, the cross-sectional area increment at 0.2h was 
significantly higher than the mean cross-sectional area increment for all three sample trees in the old-growth stands. A 
generalized linear mixed model with the presence or absence of a heightening trend in the cross-sectional area incre-
ment of the lower trunk as a response variable was used for 20 sample trees. The results showed that the model with 
the ratio of height to diameter at breast height (H/D ratio) and relative spacing index (Sr) as fixed effects was optimal. 
The probability of trees showing a heightening trend in the cross-sectional area increment of the lower trunk increased 
with a lower H/D ratio and a higher Sr at the most recent values. We estimated that if stand density is maintained at an 
Sr≥19%, where the forest canopy is sparse, a heightening trend of cross-sectional area increment at the lower part of 
the trunk occurs in trees with a H/D ratio of ≤71.

keywords: cross-sectional area, Cryptomeria japonica, lower trunk increment, mature trees, stem analysis

INTRODUCTION

Elucidating the growth characteristics of trunk diameters in 
aged forests is important for quantitatively evaluating carbon 
sequestration and storage in long-rotation and old-growth for-
est stands (Fujimori, 2001; Hiroshima et al., 2020). In such cir-
cumstances, an increase in aged tree trunk diameter by thinning 
has been reported in several regions (Latham and Tappeiner, 
2002; Takeuchi, 2005; Hood et al., 2018; Pretzsch, 2020). Based 
on Pressler's law (Pressler, 1865), this result can be interpreted 
as an effect of the increased leaf mass and trunk cross-sectional 
area increment of older trees due to the improved light intercep-
tion of the crown after thinning.

The trunk cross-sectional area increments below the crown 
in young coniferous trees, excluding the butt swell, are often 

nearly constant regardless of relative height. This phenom-
enon is expected from Pressler's law, unless the tree is sparse, 
long-crown-length, or highly affected by crowding (Onaka, 
1950; Kajihara, 1983; Sato et al., 1993; Yamamoto, 1994; Wa-
guchi, 2009). Contrastingly, in mature coniferous trees (Osumi 
et al., 2000; Fujimori, 2001), the effects of butt swell have been 
observed on a heightening trend in trunk cross-sectional area 
increment at a relative height of 0.1 (approximately 2.0 m above 
ground level), which deviates from Pressler's law (Kajihara, 
1983; Cortini et al., 2013). This result suggests that the verti-
cal distribution pattern of the cross-sectional area increment of 
the lower trunk may change during the mature stage. However, 
few studies have examined the vertical distribution of the cross-
sectional area increment of the lower trunk in aged conifer trees 
(Kajihara, 1983; Cortini et al., 2013).

Waguchi (2009) estimated the average relative trunk form 
from permanent plot data in mature cypress plantations and 
found that in regularly-thinned mature stands, the creation of 
growth space required for crown expansion may allow for a 
heightening in the cross-sectional area increment of the lower 
trunk in several trees, even at a relative height greater than 0.1. 
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However, no study has confirmed whether the heightening trend 
for the cross-sectional area increment of the lower trunk occurs 
in several trees in aged plantations that are thinned regularly.

In old-growth stands, where many canopy trees have been 
harvested, high cross-sectional areas and volume increments 
persist for several decades among the remaining trees (Sekiya, 
1967b; Sawata et al., 2007). Some of these trees have low values 
of the ratio of height to diameter at breast height (H/D ratio), 
such as less than 50 (Sawata et al., 2007), which is expected to 
result in heightening cross-sectional area increment of the lower 
trunk. However, no studies have examined the vertical distribu-
tion of the cross-sectional area increment of the lower trunk in 
older coniferous trees with low H/D ratios.

In this study, we analyzed the vertical distribution of cross-
sectional area increment of the lower trunk in aged Sugi (Cryp-
tomeria japonica) trees, using annual ring data from disks col-
lected from three mature plantations under different density 
management and three old-growth stands ≥ 160 years of age. The 
characteristics of trees that tend to heighten in the cross-sectional 
area increment of the lower trunk were discussed, as well as the 
crowding of stands in which such growth most likely occurs.

MATERIALS AND METHODS

Materials
In this study, annual ring data on disks collected from one 

mature Sugi plantation in Oita, Kagoshima, and Iwate prefec-
tures; two old natural Sugi stands on Yakushima Island in Ka-
goshima Prefecture; and one old Sugi plantation in Fukuoka 
Prefecture (Table 1), were used as data sources (Table 2). Of 
these, the data for plantations in the Kagoshima Prefecture were 
the same as those of Yoshida et al. (2002), and the data for Iwate 
Prefecture were the same as those of Nishimura et al. (1992) 
and Yoshida and Ishii (1993). The Yakushima data for 161-year-
old trees was the same as that of Sekiya (1967a, b) and Yoshida 
and Tsujimoto (1981) for 207-year-old trees. For Fukuoka Pre-
fecture, data was the same as that of Inoue and Sekiya (1956).

The plantation in the Oita Prefecture (plots OA and OB) was 
site quality class 1 and 93 years of age in 2014 (Yoshida et al. 

2018). In this plantation, low thinning was conducted at 57 years 
of age to result in a relative spacing index (Sr) of 14% (relative 
yield index Ry=0.79) for the entire plantation. Later, medium- 
(plot OA: 39% in number, and Sr=17.5% and Ry=0.65 after low 
thinning) and heavily-thinned (plot OB: 45% in number, and 
Sr=19.1% and Ry=0.61 after low thinning) experimental plots 
were established at 77 years of age. Because overcrowding is 
defined as < 15% of Sr in Sugi stands (Kunisaki, 2013; Yoshida 
et al., 2018), overcrowding was eliminated by thinning in both 
the plots. Disks were collected from felled trees (dominant trees: 
OA1, OB1, and OB2 and intermediate trees: OB3) in each plot at 
93 years of age (Table 2). A total of 23 disks from the OA1 were 
collected every 2.0 m from 2.2 m to 39.2 m above ground level. 
From OB1 to OB3, where a commercial log 4.5 m in length was 
produced, 9–10 disks in total for each were collected at approxi-
mately 4 m intervals below the crown, including at the ground 
level and at 2 m intervals inside the crown.

The plantation in Kagoshima Prefecture (plots KA and KB) 
was site quality class 2 and 90 years of age in 1997 (Yoshida et 
al., 2002). Low thinning was conducted at 71 years of age, re-
sulting in an Sr=14% (Ry=0.84) for the entire plantation. Later, 
medium- (plot KA: 7% in number, and Sr=15.0% and Ry=0.80 
after low thinning) and heavily-thinned (plot KB: 24% in num-
ber, and Sr=16.1% and Ry=0.76 after low thinning) experimen-
tal plots were established at 77 years of age. In other words, 
overcrowding was eliminated in the heavily-thinned plot KB, 
whereas the degree of crowding in the medium-thinned plot KA 
was the same as the 15% criterion value for overcrowding. Disks 
were collected from felled trees (dominant trees: KA1, KA2, 
and KB1; intermediate trees: KA3 and KB2) in each plot at 90 
years of age (Table 2). After commercial logs 3 m in length were 
produced, 7–8 disks in total for each were collected at 3–4 m 
intervals below the crown, including at the ground level and 2 m 
intervals inside the crown.

The plantation in Iwate Prefecture (plot I) was site quality 
class 3 and 89 years of age in 1990 (Nishimura et al., 1992). 
No thinning history was recorded in this plantation between 54 
and 88 years of age. This record is supported by the drastically 
decreasing trend in the increment of DBH from 60 to 89 years 
of age, demonstrated by Sugita et al. (2017). However, although 

Table 1 General description of each stand immediately before the sample trees were felled
Site Plot Area 

(ha)
Age 

(year)
Density 

(trees ha-1)
Volume 
(m3 ha-1)

Sr 
(%)

Mean 
DBH 
(cm)

Mean 
Height 

(m)
Oita OA 0.25 91 208 839 16.8 59.1 39.2

OB 0.25 91 212 555 17.8 54.5 36.3
Kagoshima KA 0.16 90 650 802 15.0 38.0 24.6

KB 0.16 90 550 726 16.1 39.3 25.2
Iwate I 0.12 89 458 709 15.4 40.7 26.5
Yakushima YA 0.20 161 167 1229 24.2 89.0 29.9

YB 0.20 207 170 940 22.0 74.2 27.0
Fukuoka F 0.70 263 134 2389 16.9 108.1 48.2

Sr indicates the relative spacing index.
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thinning was not applied for a long time, the degree of crowding 
at 89 years of age was Sr=15.4% (Ry=0.63), which did not lead 
to overcrowding. The median DBH increment increased, and the 
quartile range of DBH increment narrowed from 40 to 59 years 
of age (Sugita et al., 2017), suggesting that thinning occurred at 
approximately 50 years of age. Therefore, plot I was induced to 
a sparse degree of crowding around the age of 50 years and then 
slowly approached overcrowding over time. At 89 years of age, 
a total of 13 to 16 disks were collected from each of the felled 
trees (dominant trees: I1–I4, intermediate trees: I5 and I6, and 
overtopped trees: I7 and I8 in Table 2) at 0.2 m and 1.2 m above 
ground level and 2 m intervals above 1.2 m.

The old-growth stands in Yakushima (plots YA and YB) are 
in a multi-cohort natural forest around Wilson's Stump (Sekiya, 
1967a; Yoshida and Tsujimoto, 1981), and were investigated by 
Kyushu University staff in 1961 and Kagoshima University staff 
in 1980. The dominant tree, YA1 (161 years of age, H/D ratio of 
42.5), was felled in 1961, and 12 disks were collected in total at 
0.2, 1.2, and 2.2 m above ground level and 4 m intervals above 
2.2 m. The intermediate tree, YB1 (207 years of age, H/D ratio of 
41.8), was felled in 1980, and 10 disks in total were collected at 
0.2, 1.2, and 3.2 m above ground level, and 3 m intervals above 
3.2 m.

The plantation in the Fukuoka Prefecture (plot F) is an old 
stand approximately 260 years of age, commonly known as 
"Gyoja-sugi." A stand inventory was conducted in 1954 in an 

area where the forest canopy was closed (Inoue and Sekiya, 
1956). The dominant tree, F1 (263 years of age, H/D ratio of 
49.5), was felled in 1954, and 16 disks in total were collected at 
0.2, 1.2, and 2.2 m above ground level and 4 m intervals above 
2.2 m.

For the measuring of annual ring widths, a conventional pro-
cedure (Avery and Burkhart, 2002) was performed by the then 
staff of Kyushu University (Inoue and Sekiya, 1956; Sekiya, 
1967a; Yoshida et al., 2002), Kochi University (Nishimura et 
al., 1992), and Kagoshima University (Yoshida and Tsujimoto, 
1981).

Statistical Analysis
First, to determine the mean radial growth characteristics 

of the sampled trees in each plot, we examined the changes in 
the mean cross-sectional area increment over time. According 
to Pressler's law, the trunk cross-sectional area increment below 
the crown in coniferous trees, excluding the butt swell, is often 
nearly constant along the trunk, except in sparsely forested or 
suppressed trees. Therefore, the mean of the periodic average 
cross-sectional area increment by each relative height, PCAIit, 
excluding the butt swell and the crown interior, was used as an 
index of the mean radial increment.

 PCAIit = (CAtˍ0.iht-n - CAt-nˍ0.iht-n) / n (1) 

where PCAIit is the periodic average cross-sectional area incre-

J. For. Plann. 30: 1–9 (2024)

Table 2 Characteristics of sample trees immediately after felling
Site Sample code DBH 

(cm)
Height 

(m)
Crown class Treatment 

(thinning)
Felling age 

(year)
Oita OA1 65.1 41.6 (36.0) D M 93

OB1 54.8 34.2 (29.0) D H 93
OB2 51.3 35.3 (31.0) D H 93
OB3 41.1 32.7 (30.2) I H 93

Kagoshima KA1 32.7 25.2 (20.6) D M 90
KA2 36.8 24.8 (21.9) D M 90
KA3 28.9 23.0 (20.2) I M 90
KB1 39.0 24.5 (19.2) D H 90
KB2 32.1 21.0 (18.7) I H 90

Iwate I1 51.0 30.7 (25.7) D U 89
I2 55.1 28.9 (24.4) D U 89
I3 49.0 28.1 (22.9) D U 89
I4 45.3 28.0 (23.6) D U 89
I5 32.2 24.8 (19.7) I U 89
I6 36.5 25.9 (20.8) I U 89
I7 39.1 26.0 (21.6) O U 89
I8 26.4 24.5 (19.0) O U 89

Yakushima YA1 87.0 37.0 (21.9) D unknown 161
YB1 66.0 27.6 (11.7) I unknown 207

Fukuoka F1 104.0 51.5 (27.2) D unknown 263

Value in parenthesis of "Height" indicates the estimated height at 60 years of age (59 years of age in Iwate). In 
the crown class, D, I, and O represent the dominant, intermediate, and overtopped trees, respectively. M and H 
indicate trees in plots that have been thinned to medium and heavy levels, respectively, within the last 20 years. 
U indicates trees in a sparse plot that have not been thinned within the last 30 years.
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ment at an arbitrary relative height (0.1 × i h, hereafter 0.ih) at t 
years of age. i is equal to 2, 3, 4, … 6, and h is the tree height. t 
is 60, 65, 70, … 90 for plots OA, OB, KA, and KB; 59, 64, 69, 
… 89 for plot I; 60, 70, 80, … 160 for plot YA; 60, 70, 80, … 
200 for plot YB; and 60, 70, 80, 90, 100, 120, 140, 160, … 260 
for plot F. CAt_0.iht-n is the cross-sectional area at t years of age 
for a height of 0.ih at the age of t-n years, and CAt-n_0.iht-n is the 
cross-sectional area at t-n years of age for a height of 0.ih at the 
age of t-n years. n is the interval between annual ring measure-
ments, which is 5 for plots OA, OB, KA, KB, and I; 10 for plots 
YA and YB; and 10 for t =60–100, and 20 for t =100–260 for plot 
F. The trunk radii at each relative height and age for calculating 
the cross-sectional area were estimated by linear interpolation 
from the corresponding radii of the upper and lower disks at any 
relative height.

The Sr immediately before the most recent thinning was 
13.7% in the Oita plantation and 12.7% in the Kagoshima plan-
tation, both of which were overcrowded. The mean crown length 
ratio of overcrowded aged Sugi stands is approximately 30% 
(Honda and Kunisaki, 2018; Kunisaki et al., 2022), and a rela-
tive height of 0.7h or higher corresponded to the interior of the 
crown. The mean crown length ratio of the sample trees in the 
Iwate plantation was calculated to be 38%, based on informa-
tion from Nishimura et al. (1992) and Yoshida and Ishii (1993). 
Therefore, in this study, the PCAIit from 0.7h to 0.9h was ex-
cluded for calculating the mean cross-sectional increment of 
each sample tree. The PCAIit at 0.1h was also excluded from the 
analysis to avoid the butt swell effect. Hence, the mean cross-
sectional area increment at t years for each sample tree, MCAIt, 
was calculated as follows:

 

6

2

/ 5
=

= ∑t it
i

MCAI PCAI
 

(2) 

Second, to examine whether the cross-sectional area incre-
ment of the lower trunk from 0.2h to 0.4h was higher than that of 
MCAIt, the Wilcoxon signed-rank test was performed. The null 
hypothesis is that the differences in the PCAIit (i = 2, 3, 4) minus 
the MCAIt is a distribution symmetric about zero. By contrast, 
the alternative hypothesis is that the differences in the PCAIit 
minus the MCAIt are statistically different from a distribution 
symmetric about zero. The overall significance level was set at 
0.05, and the significance levels for the individual combinations 
were corrected using the Holm method. The age range for the 
test was ≥60 years of age (≥59 years of age for trees in the Iwate 
Prefecture).

A generalized linear mixed model, with the presence or ab-
sence of a heightening trend in cross-sectional area increment at 
the lower trunk as the response variable, Sr immediately before 
and H/D ratio immediately after the felling of the sample tree 
as fixed effects, plot as a random effect, binomial distribution as 
the error structure, and logit as the link function, was performed 
to analyze the 20 sample trees. Akaike's information criterion 
(AIC) was calculated for four models, including the null model, 
based on the combination of fixed effects, and the best model 

was defined as the model with the smallest AIC. The variance 
inflation factor for the Sr and H/D ratio was 3.7, which met the 
threshold value of less than 10 (Nakazawa, 2007), and therefore, 
no multicollinearity effects were recognized. R version 4.2.2 (R 
Core Team, 2020) was used for all statistical analyses.

RESULTS

Figure 1 shows the change in mean cross-sectional area in-
crement, MCAIt, over time in the three mature plantations. For 
the Oita plantation sample trees (OA1 to OB3), the MCAIt de-
creased at 40 to 50 years of age, remained almost constant or 
decreased until 75 years of age, and then increased. The MCAIt 
at 90 years of age was higher than that at 60 years of age for all 
sample trees. For the Kagoshima plantation sample trees (KA1–

Fig. 1. Mean cross-sectional area increment of sample trees in 
mature plantations.
Mean cross-sectional area increment indicates the mean 
of periodic average cross-sectional area increment from 
0.2h to 0.6h of relative height.
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KB2), the MCAIt decreased at 40–50 years of age and remained 
almost constant or decreased until 70 years of age. The MCAIt 
of the dominant tree, KB1, in the heavily-thinned plot increased 
thereafter, whereas those of the other trees remained almost con-
stant. For the intermediate tree, KA3, in the medium-thinned 
plot, MCAIt was close to zero. Only KA2 and KB1 had a higher 
MCAIt at 90 years than at 60 years. For the sample trees of the 
Iwate plantation (I1–I8), except for I8, the trees showed a high 
MCAIt with an increase and decrease from 44 to 59 years of age, 
followed by a decrease until 69 years of age. The MCAIt of the 
dominant trees, I1 and I3, increased thereafter, whereas those 

of the other trees showed a nearly constant or decreasing rate 
thereafter. Only I1 showed a higher MCAIt at 89 years than at 
59 years.

Figure 2 shows the change in MCAIt over time in the three 
old-growth stands. Among trees in the Yakushima stands, YA1 
showed a high MCAIt of approximately ≥20 cm2 per year in the 
age range of 60–160 years. In contrast, YB1 showed an MCAIt 
of approximately 10 cm2 per year from 80–180 years of age, 
followed by a large increase in MCAIt. In addition, F1 showed 
an MCAIt of approximately ≥15 cm2 per year in the age range of 
60–220 years, followed by a large decrease in the MCAIt.

The results of the Wilcoxon signed-rank test for the differ-
ences between the PCAIit from 0.2h to 0.4h and the MCAIt in 
each sample tree are shown in Table 3. The PCAIit at 0.2h and 
0.3h was significantly higher for the dominant tree OA1 in the 
medium-thinned plot, dominant tree OB1 in the heavily-thinned 
plot, and YA1 and YB1 in the Yakushima stands (Table 3, Figs. 
3 and 4). In the trees of the thinning experiment plots, OA1 and 
OB1, the PCAIit at 0.2h began to heighten in the age range of 
60–70 years before thinning was applied at 77 years of age, and 
the PCAIit at 0.3h increased in the age range of 80–90 years after 
thinning (Fig. 3). The PCAIit at 0.2h was significantly higher for 
the dominant tree KB1 in the heavily-thinned plot and for F1 in 
the old plantation (Table 3, Figs. 3 and 4). However, the PCAIit at 
0.2h for KB1 was only slightly higher than that for MCAIt (Fig. 
3). In contrast, no significant differences were observed for the 
dominant tree OB2 and the intermediate trees OB3 and KB2 in 
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Fig. 2.Mean cross-sectional area increment of sample trees in 
old-growth stands.

Table 3 Median difference (cm2 yr-1) for the cross-sectional area increment between the mean and relative height of sample trees
Sample code 0.2h 0.3h 0.4h H/D ratio Sr 

(%)
Crown class Treatment 

(thinning)
OA1 3.9* 0.9* -1.1* 63.9 16.8 D M
OB1 3.3* 1.2* 0.1 62.4 17.8 D H
OB2 1.6 0.6 -0.1 68.8 17.8 D H
OB3 0.3 -0.0 -0.2 79.6 17.8 I H
KA1 0.4 -0.0 -0.4 77.1 15.0 D M
KA2 1.4 0.1 -0.7 67.4 15.0 D M
KA3 -0.1 -0.1 -0.1 79.6 15.0 I M
KB1 0.8* 0.2 -0.1 62.8 16.1 D H
KB2 -0.1 0.1 -0.1 65.4 16.1 I H

I1 0.0 -0.4 -0.5 60.2 15.4 D U
I2 -1.6 -0.8 -0.2 52.5 15.4 D U
I3 -1.4 0.1 0.7 57.3 15.4 D U
I4 -2.1* -2.3* -0.3 61.8 15.4 D U
I5 -0.2 -0.1 -0.3 77.0 15.4 I U
I6 -0.2 -0.7 -0.4 71.0 15.4 I U
I7 -0.6 -0.9 0.1 66.5 15.4 O U
I8 -0.5* -0.3 0.1 92.8 15.4 O U

YA1 7.5* 2.2* -1.3* 42.5 24.2 D unknown
YB1 1.4* 0.7* -0.1 41.8 22.0 I unknown
F1 4.5* 1.5 -1.6* 49.5 16.9 D unknown

The Wilcoxon signed-rank test was performed. The alternative hypothesis was that the differences in cross-sectional area increment 
of each relative height (0.1×i h, i=2, 3, 4) minus the mean cross-sectional area increment from 0.2h to 0.6h are stochastically different 
from a distribution symmetric about zero. * indicates statistical significance at the 5% level by Holm correction. The H/D ratio indi-
cates those of the sample trees immediately after felling. The Sr indicates the values immediately before the sample trees were felled.
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the heavily-thinned plots and KA1–KA3 in the medium-thinned 
plot (Table 3). No significant differences were found in the 
sparse plot I, which had not been thinned for a long time, with 
exceptions for I4 and I8 (Table 3). In the dominant tree I4, PCAIit 
was significantly lower at 0.2h and 0.3h. In the overtopped tree 
I8, the PCAIit was significantly lower at 0.2h. The PCAIit at 0.4h 
was significantly lower for the dominant trees, OA1, YA1, and 
F1 (Table 3).

The best model with a H/D ratio and Sr as fixed effects (Table  
4) showed that the lower the H/D ratio and the higher the Sr 
was, the higher the probability was of a heightening trend in 
the cross-sectional area increment of the lower trunk (Fig. 5). 
The probability of >95% occurrence was estimated to occur at 
≤71 for the H/D ratio if Sr=19% and at ≤55 for the H/D ratio if 
Sr=17%, whereas it is estimated to occur at ≤39 for the H/D ra-
tio if Sr=15%, indicating the need to induce extremely low H/D 
ratios (Fig. 5).

DISCUSSION

Of nine total sample trees in the thinning experiment plots 
(OA, OB, KA, and KB), only three had a significantly higher 
cross-sectional area increment at 0.2h than the mean cross-sec-
tional area increment (Table 3 and Fig. 3). These results did not 

Fig. 3. Comparisons among cross-sectional area increment be-
tween the mean and 0.2h or 0.3h in the sample trees of 
OA1, OB1, and KB1 in mature plantations.
Only trees with a heightening trend are shown. "mean" 
indicates the mean of periodic average cross-sectional 
area increment from 0.2h to 0.6h of relative height. "ra-
tio" indicates the H/D ratio of sample trees just after fell-
ing. Sr indicates the relative spacing index immediately 
before felling.

Fig. 4. Comparisons of cross-sectional area increment between 
the mean and 0.2h or 0.3h in the sample trees of YA1, 
YB1, and F1 in old-growth stands.
Only trees with a heightening trend are shown. "mean" 
indicates the mean of periodic average cross-sectional 
area increment from 0.2h to 0.6h of relative height. "ra-
tio" indicates the H/D ratio of sample trees just after fell-
ing. Sr indicates the relative spacing index immediately 
before felling.

Table 4 Linear predictors and Akaike's information criterions 
(AICs) of the generalized linear mixed model with a 
heightening trend of cross-sectional increment of low-
er trunk as the response variable

Linear predictor AIC
−21.07 − 0.31 R + 2.41 S 17.5

25.26 − 0.42 R 19.3
−24.49 +1.43 S 20.6

−0.02 25.5

R and S indicate the H/D ratio and relative spacing index, re-
spectively.
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strongly support the former hypothesis (Waguchi, 2009) that sev-
eral trees in mature forests that are thinned regularly may show a 
heightening trend in the cross-sectional area of the lower trunk.

In contrast, the cross-sectional area increment at 0.2h was 
significantly higher than the mean cross-sectional area incre-
ment for all three sample trees in old-growth stands (Table 3 
and Fig. 4), implying that the heightening trend of the cross-
sectional area increment in the lower part of the trunk persisted 
for 100–200 years. As a result of the large-scale logging of Sugi 
on Yakushima Island for approximately 200 years from 1642 on-
ward (Haraguchi, 1997), Sugi multi-cohort forests were formed, 
consisting mainly of forest trees approximately 200 years of age, 
interspersed with highly aged trees (>500 years of age) (Yo-
shida and Imanaga, 1990; Suzuki, 1997). A large canopy gap 
was formed near the center of plot YA (Sekiya, 1967a), and the 
YA was sparse, with Sr=24.2% (Table 1). YB was also sparse 
with Sr=22.0% (Table 1). The forests, including the old planta-
tion F, were managed by the Fukuoka Domain and then logged 
on a large scale between the incorporation of the national forest 
(1869) and 1916 (Inoue and Sekiya, 1956). Subsequently, a long-
term rotational logging circle was established in 1919 to produce 
large timber (Inoue and Sekiya, 1956; Mineo and Matsushita, 
2021). This spared F1, which was 223 years of age at the time, 
from subsequent felling, and the increased degree of crowding is 
thought to have substantially reduced the mean cross-sectional 
area increment. In other words, although the trees remained at 
a moderate degree of crowding, Sr=16.6%, due to the lack of 
logging for approximately 40 years, they were considered sparse 
before that, owing to multiple logging events.

The Sr of plots with trees with higher cross-sectional area 
increment of 0.2h ranged from 16.1–24.2%, showing a weak 
trend in crowding compared with the 15.0% and 15.4% in plots 
where it was not observed (Table 1 and Table 3). Based on the 
best model, it was estimated that if density was managed and an 
≥Sr=19% was maintained, which represents an unclosed canopy, 

most of the trees with a H/D ratio of ≤71 would show a heighten-
ing trend in the cross-sectional area increment at the lower trunk 
(Table 4 and Fig. 5). This result suggests that if the canopy is 
sparse, a heightening trend of the cross-sectional area increment 
at the lower part of the trunk can be observed in most of the trees.

Of the three trees that showed a heightening trend of the 
cross-sectional area increment at the lower trunk in the thinning 
experiment plots at medium and heavy levels, the cross-section-
al area increments at 0.2h in the dominant trees OA1 and OB1 
(H/D ratios of 63.9 and 62.4, respectively) were higher than the 
mean cross-sectional area increments, even prior to the most re-
cent thinning at 77 years of age (Table 3 and Fig. 3). In contrast, 
no heightening trend in the cross-sectional area increment of the 
lower trunk was observed for the dominant tree OB2 (H/D ra-
tio of 68.8) and intermediate trees OB3 and KB2 (H/D ratio of 
79.6 and 65.4, respectively) in the heavily-thinned plots (Table 
3). Therefore, in addition to implementing medium- or heavy-
thinning, the H/D ratio may be closely related to this heightening 
trend (Fig. 5).

In the dominant trees I1 to I4 of plot I, which had been sparse 
for a long time, albeit not recently thinned, the H/D ratio was 
low (52.5 to 61.8), but no trend of a heightened cross-sectional 
area increment at the lower trunk was observed (Table 2). This 
observation may be due to the low probability of occurrence 
(0.03–0.40) at H/D ratios of 52.5–61.8 when Sr was 15.4%, as 
shown in Fig. 5. Instead, a lowering trend in the cross-sectional 
area increment at 0.2h was observed in the dominant tree I4 and 
overtopped tree I8 (Table 3), which suggested that crowding in-
tensified locally in plot I (Onaka, 1950; Waguchi, 2009; Sumida 
et al., 2013). Therefore, to clarify the pattern of the increasing 
trend in the cross-sectional area increment of the lower trunk, 
it will be necessary to study not only the degree of crowding of 
the entire stand as indexed by Sr but also the influence of local 
crowding, such as the inter-tree competition index.

Numerous review articles have described tree acclimation to 
wind loads and the effects of acclimation on trunk form changes 
(e.g., Mitchell, 2013; Lehnebach et al., 2018; Gardiner, 2021). 
Generally, as trees grow and become larger, wind loads on trees 
increase, and acclimation to these loads leads to the development 
of butt swells (Mitchell, 2013; Gardiner, 2021). Field experi-
ments combining thinning and guy-wiring tests that manipulate 
the effects of wind loads, have been conducted in young forests, 
and it was confirmed that the amount of trunk growth below the 
wire anchorage position was significantly lower in the sample 
trees in the thinning and guy-wiring plots than in the thinning 
plots (Nicoll et al., 2019; Dongmo Keumo Jiazet et al., 2022). In 
other words, thinning further promotes tree acclimation (expan-
sion of butt swells) to wind load. This trend is consistent with the 
fact that the cross-sectional area increments at 0.2h in the sample 
trees OA1 and OB1 began to increase before thinning at 77 years 
of age and then increased considerably after thinning, includ-
ing the cross-sectional area increments at 0.3h (Fig. 3). There-
fore, in future studies, it is crucial to study the heightening trend 
of cross-sectional area increment of the lower trunk, including 
the acclimation of trees to wind loads (Tasissa and Burkhart, 
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Fig. 5. Estimated probability of occurrence of mature trees with 
a heightening trend in the cross-sectional area increment 
of the lower trunk.
The values of the H/D ratio and Sr indicate the most 
recent value.
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1997; Cortini et al., 2013; Dongmo Keumo Jiazet et al., 2022).

CONCLUSIONS

In this study, of the nine sample trees of aged Sugi in the 
thinning experiment plots, only three showed a cross-sectional 
area increment of 0.2h at the lower trunk, which was signifi-
cantly higher than the mean cross-sectional area increment. By 
contrast, all three old-growth trees had a significantly higher 
cross-sectional area increment at 0.2h compared with the mean 
cross-sectional area increment. A generalized linear mixed mod-
el with the H/D ratio and Sr as fixed effects was used for all 20 
sample trees. The lower the H/D ratio and the higher the Sr was, 
the higher the probability was of trees showing a heightening 
trend in the cross-sectional area increment of the lower trunk.

As only one to three sample trees were present in each plot 
in this study and the interval between disk sampling was incon-
sistent, additional research on the vertical distribution charac-
teristics of trunk cross-sectional area increments of aged trees is 
warranted for various species and regions in the future.
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