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Abstract Stand development and regeneration were studied during a 33-year period 

(1965 to 1998) in a 1-ha plot in a seral Picea glehnii forest in northern Japan. P. glehnii 

was mono-dominant in the upper canopy layer, but its understory trees were rarely 

found in 1965. Other species were scarcely observed in 1965. Many saplings of Abies 

sachalinensis recruited over 5 cm DBH by 1998 had come to be dominant in the 

understory layer. Mortality of P. glehnii canopy trees was low. Therefore, the stand basal 

area increased during the census period due to the growth of surviving canopy trees. 

Stand development brought about intense competition among trees by increasing local 

crowding for each tree, and promoted dominance of larger trees and suppression of 

smaller trees. Although growth rates of understory trees of the two conifers decreased 

with the increase of local crowding, the growth rate of A. sachalinensis was consistently 

higher than that of P. glehnii at all extents of local crowding. The recruitment rate 

(growing to ≥ 5 cm DBH) of the two conifers was less affected by local crowding. 

However, the number of recruits of P. glehnii was only about a quarter of that of A. 

sachalinensis during the census period because the regeneration of P. glehnii was 

largely restricted to fallen logs and trunk vicinity. Therefore, our long-term study 

suggests that A. sachalinensis will dominate over P. glehnii in the seral forest because of 

higher recruitment and growth rates of A. sachalinensis in the understory than those of P. 

glehnii. 

 

Keywords Abies sachalinensis, Coniferous forest, Forest succession, Long-term study, 

Picea glehnii 
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Introduction 

 

Picea glehnii Mast. and Abies sachalinensis Fr. (Schm.) Mast. are dominant conifers in 

subalpine forests of Hokkaido in northern Japan (Tatewaki 1958). P. glehnii often 

dominates after large-scale disturbances such as volcanic eruption, forest fire and 

landslide, while A. sachalinensis invades in later stages of succession (Tatewaki and 

Yamanaka 1940; Tatewaki 1958; Osawa 1992). Therefore, it is considered that P. glehnii 

is replaced by A. sachalinensis late in the rotation. However, there are few reports that 

how actually monitored forest succession of seral P. glehnii forests. 

Regeneration of each species is determined by demographic rates such as 

mortality, growth and recruitment. These three demographic rates are often density 

dependent, i.e., higher growth and recruitment rates and lower mortality in less crowded 

conditions, and vice versa in more crowded conditions (Weiner 1984; Welden et al. 

1991; Takahashi 1996a; Umeki and Kikuzawa 1999; He and Duncan 2000). Therefore, 

tree competition (caused by local crowding) largely influences tree regeneration. Forest 

floors are heterogeneous with fallen logs, root-mounds, pits and understory vegetation 

cover. Use of microhabitats for seedling establishment is different among species, and 

therefore, is another important aspect of the recruitment process (Duncan 1991). For 

example, seedlings of conifers often occur on fallen logs and the importance of logs as 

sites of regeneration is widely recognized both in North America (Christy and Mack 

1984; Harmon and Franklin 1989; Taylor 1990) and in Japan (Nakamura and Obata 

1985; Suzuki and Tsukahara 1987; Suzuki et al. 1987; Sugita and Tani 2001). Fungal 
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attack reduces seed germination and seedling growth, therefore, seedlings are then 

confined to elevated woody substrates such as fallen logs and stumps (Veblen et al. 

1977; Franklin et al. 1979; Taylor and Qin 1988), where fungal attacks are less frequent. 

In order to understand the forest succession of seral P. glehnii forests, we need to know 

how local crowding affects the demographic rates of P. glehnii and A. sachalinensis, and 

how the use of microhabitats affects their recruitment rates. 

Long-term observation is of great importance for understanding forest 

dynamics because forest size structure and species composition are not stable in time 

and space. Long-term measurements of mortality, growth and recruitment rates provide 

useful information to analyze factors affecting population dynamics and species 

coexistence (Nakashizuka 1991a). Recently, many long-term studies in various types of 

forest ecosystems have been published (Manokaran and Kochummen 1987; 

Nakashizuka 1991b; Namikawa 1996; Tsuyuzaki and Haruki 1996; Bunyavejchewin 

1999; Umeki and Kikuzawa 1999; Woods 2000a, b; Takahashi et al. 2003a). However, 

there have been few long-term studies that investigated regeneration, including the 

effect of tree competition (caused by local crowding) on the demographic rates, of seral 

P. glehnii forests. 

Our long-term study examined the stand development and regeneration in a 

seral P. glehnii forest in Hokkaido, northern Japan, using 33-year data (1965 to 1998) of 

trees ≥ 5 cm in diameter at breast height (DBH) in a 1-ha plot. Firstly, we describe stand 

development during the 33-year period. Secondly, we compare the use of microhabitats 

for seedling establishment and demographic rates (mortality, growth and recruitment) 
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between P. glehnii and A. sachalinensis, in relation to tree competition. 

 

Methods 

 

Study site 

 

Field research was conducted in a seral P. glehnii forest on the slope of Mt. Meakan (43˚ 

23’N, 143˚ 90’E, about 720 m above sea level) in Hokkaido, northern Japan. The forest 

around this region was partly denuded by a volcanic eruption of Mt. Meakan ca. 240 

years ago (Yamada 1958), after which P. glehnii colonized the site. Some of the first 

generation of P. glehnii fell down, and then A. sachalinensis invaded. Subordinate trees 

were all deciduous hardwoods: Betula ermanii Cham., Sorbus commixta Hedl., Acer 

ukurunduense Trantv. et Mey, Tilia japonica (Miq.) Simonk. and Kalopanax pictus 

(Thunb.) Nakai. The forest floor was partly covered with dwarf bamboo Sasa nipponica 

Makino, but its abundance was almost negligible (Takahashi 1997). 

 

Field measurements 

 

Three 100 m × 100 m permanent plots were established in the seral P. glehnii forest in 

1965 by the Obihiro Regional Forestry Office, to examine volume recovery after 

selective logging (Ishibashi et al. 1996). Two of the three plots were subject to selective 

logging, while the other one plot was intact. This study analyzed the data from the intact 
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plot. 

The plot was sub-divided into 100 quadrats of 10 m × 10 m in 1998. All trees ≥ 

5 cm DBH were tagged, and their DBH was measured in 1965, 1970, 1975, 1980, 1990 

and 1998. Dead trees and newly recruited trees, growing to ≥ 5 cm DBH, during 

successive censuses were also recorded. To examine use of microhabitats for seedling 

establishment of P. glehnii and A. sachalinensis, saplings (0.5–2.0 m tall) were assigned 

to four types of microhabitats (ground, root-mounds, fallen logs and trunk vicinity), 

according to Takahashi (1994, 1997). Trunk vicinity was defined as the area within 1 m 

of the trunk base of any living tree ≥ 20 cm DBH. This survey was conducted in ten 

quadrats of 10 m × 10 m (0.1 ha in total) within the 1-ha plot in 1998. 

 

Data analysis 

 

We analyzed the effects of tree competition on DBH growth rates of target trees, 

applying the following equation (cf., Kohyama 1992, 1993; Hara et al. 1995; 

Nakashizuka and Kohyama 1995; Takahashi and Kohyama 1999; Takahashi et al. 

2003a), 

 G (t, x) = a0 + a1x + a2B(t, x), 

where G (t, x) is the absolute growth rate in DBH (mm/year) of size x at time t, and B(t, 

x) is the local crowding expressed as the cumulative basal area (cm2/m2) of neighboring 

trees ≥ size x at time t. Coefficient a0, a1 and a2 are constants. Target individual trees 

were divided into five arbitrary DBH classes chosen to arrange similar vertical strata 
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(5.0–9.9, 10.0–19.9, 20.0–39.9, ≥ 40.0 cm DBH). We defined the neighboring trees if 

they satisfied the following two conditions: trees belonging to the same or larger size 

class of the target individual tree because the primary interest of this analysis was to 

express competition for light; trees in the same 10 m × 10 m quadrat in which the target 

tree was located. Local crowding (i.e., B (t, x)) was calculated for each target tree. 

Multiple linear regression analysis was conducted for the G (t, x) equation. 

In order to examine whether competition intensity changed with time due to the 

stand development during the 33-year period, the competition analysis was performed 

separately for each of the two periods (1965 to 1980, and 1980 to 1998). The 

competition analysis was not performed for A. sachalinensis because its frequency was 

low (only three trees in 1965) and because the variation in DBH was small (only 

understory trees throughout the examined period). Alternatively, the growth rates of 

understory trees (5–15 cm DBH) were compared between P. glehnii and A. 

sachalinensis for the period 1980 to 1998 because many A. sachalinensis invaded by 

1980. The growth rates of the two conifers were compared by the analysis of 

covariance (ANCOVA). Local crowding was set as the covariate. 

Recruitments and mortality of the two conifers were also analyzed for each of 

the two periods (1965 to 1980, 1980 to 1998). Recruitment rate per 10 m × 10 m 

quadrat during each period was analyzed for each species by the Pearson correlation 

test, in order to examine whether the recruitment rates of the two conifers were reduced 

by the local crowding of trees ≥ 5 cm DBH within the quadrat. 
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Mortality of each species is expected to be a function of local crowding. 

However, the number of dead trees during the 33-year period was not enough to 

analyze mortality in relation to local crowding. Therefore, mortality was analyzed, 

irrespective of local crowding. We calculated annual mortality at 10 cm DBH intervals 

from 5 to 65 cm, according to Sheil et al. (1995). 

 

Results 

 

Stand development 

 

The DBH frequency distribution of P. glehnii in 1965 showed a bell-shaped pattern with 

a median of 32.6 cm (Fig. 1). A. sachalinensis and the other broad-leaved tree species 

were only 3 and 9 trees/ha, respectively, in 1965 (Table 1). P. glehnii occupied 97.8% of 

the total density and 99% of the total basal area in 1965 (Table 1). Both total density and 

basal area increased from 1965 to 1998 (Table 1). The total number of P. glehnii slightly 

decreased from 523 to 490 trees/ha, due to the death of understory trees and small 

number of new recruits during the 33-year period (Table 1, Figs. 2a, 2d). The mean 

DBH of P. glehnii slightly increased during the census period, while skewness of the 

size structure unchanged (Fig. 2b, 2c). These showed that the size structure of P. glehnii 

moved toward a larger size without frequent recruitment. On the contrary, the number of 

A. sachalinensis at the smallest size class increased from 3 to 157 trees/ha during the 

33-year period, and that of the other broad-leaved tree species also increased from 9 to 
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126 trees/ha (Table 1, Fig. 1). The number of A. sachalinensis recruits tended to 

increase with time (Fig. 2d). The increase of skewness for the size structure of A. 

sachalinensis corresponded to their high recruitment (Figs. 2c, 2d). Thus, A. 

sachalinensis had come to be dominant in the understory layer with the progress of 

stand development in this seral P. glehnii forest. 

 

Mortality, growth and recruitment during the 33-year period 

 

Mortality of P. glehnii was analyzed separately for early and later half of the examined 

periods (1965 to 1980, and 1980 to 1998). Smaller P. glehnii showed greater mortality 

in the early half period (Fig. 3). It was expected that the death at the smallest size class 

(5–15 cm in DBH) was due to local crowding. However, there was no statistical 

difference between dead and surviving trees in terms of the extent of local crowding 

(51.1 ± 27.2 cm2/m2 for dead trees versus 48.5 ± 24.6 cm2/m2 for surviving trees, 

Kolmogorov-Smirnov two sample test, P > 0.05). Mortality of P. glehnii at the smallest 

size class decreased in the later half period, and was similar to that of A. sachalinensis 

in the same period (Fig. 3). 

 The effect of tree competition on the DBH growth rate of P. glehnii was 

examined for the two periods (1965 to 1980, and 1980 to 1998), in order to investigate 

how competitive interaction changed during the 33-year period. Multiple regression 

analysis revealed that larger trees grew faster and that growth rate was reduced by 

competition with neighboring trees in both periods (Table 2). However, the partial 
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regression coefficient for competition (a2) in the later half period (1980 to 1998) was 

about two times greater than that in the early half period (1965 to 1980). Furthermore, 

the partial regression coefficient for size (a1) in the later half period was about four 

times greater than that in the early half period. The competition term was excluded from 

the G (t, x) equation to compare the size dependency of growth rates of P. glehnii 

between the two periods, and a simple linear regression including only DBH as the 

independent variable was used. The slope of the simple linear regression was 

significantly greater in the later half period than in the early half period (F1,943 = 45.9, P 

< 0.001, Fig. 4). Therefore, the growth rates of smaller P. glehnii reduced and those of 

larger P. glehnii increased with stand development (Fig. 4). 

 The growth rates of understory trees (5–15 cm DBH) during 1980 to 1998, in 

response to local crowding, were compared between P. glehnii and A. sachalinensis. 

Although the growth rates of understory trees of the two conifers decreased with the 

increase of local crowding, the growth rate of A. sachalinensis was greater than that of P. 

glehnii at any extent of local crowding (ANCOVA, F1,75 = 15.1, P < 0.001, Fig. 5). 

Recruitment rates, growing over 5 cm DBH, of the two conifers were less 

affected by local crowding (Fig. 6). A significant negative correlation was detected only 

in the recruitment of A. sachalinensis during 1965 to 1980 (Pearson correlation 

coefficient R = –0.21, P < 0.05). The total number of recruits of P. glehnii was only 

about a quarter of that of A. sachalinensis during the census period (45 versus 159 

recruits ha–1 33 years–1, Table 1). Saplings (0.5–2.0 m tall) of P. glehnii were largely 

restricted to fallen logs and trunk vicinity (Table 3). On the contrary, most of A. 
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sachalinensis saplings regenerated on soil (Table 3). Furthermore, the sapling densities 

of A. sachalinensis were greater than those of P. glehnii in all microhabitats (Table 3). 

Thus, A. sachalinensis had more vigorous regeneration capacities than P. glehnii. 

 

Discussion 

 

The size structure of P. glehnii was a bell-shaped pattern in 1965, suggesting that P. 

glehnii invaded during a short period after the eruption of Mt. Meakan. In addition, the 

size-dependent growth rate was more evident in the later half of the examined period 

(1980 to 1998) than in the early half of the examined period (1965 to 1980), i.e., the 

growth rate of smaller trees reduced while that of larger trees increased. Generally, 

competition for light is intense as self-thinning occurs in even aged populations, and 

growth rates are clearly size-dependent because larger trees strongly suppress the 

growth of smaller ones (i.e., one-sided competition) (e.g., Kikuzawa 1988; Hara et al. 

1991; Takahashi et al. 2003b). The total stand basal area increased from 48.5 m2/ha to 

61.3 m2/ha during the 33-year period. The total basal area of 61.3 m2/ha is quite high 

compared with other mature coniferous and deciduous broad-leaved forests in Japan 

(e.g., Nakashizuka et al. 1992; Yamamoto et al. 1995; Takahashi 1997; Umeki and 

Kikuzawa 1999; Takahashi et al. 2003a). In forests with stand basal area less than in our 

study site, tree competition is either not recognized, or weak (e.g., Hara et al. 1995; 

Hiura and Fujiwara 1999; Takahashi et al. 2003a). Ishibashi et al. (1996) compared the 

growth rates of P. glehnii between the plots with and without selective logging in this 



 
Takahashi et al. 12 

seral P. glehnii forest, and reported that the growth rate of P. glehnii was greater in the 

plot with selective logging than in the plot without selective logging. The result of 

Ishibashi et al. (1996) is the experimental evidence that the seral P. glehnii forest was so 

developed that tree growth was reduced by competition. Therefore, it is considered that 

stand development brought about the strong one-sided competition during the 33-year in 

this stand. 

 The number of recruits, growing over 5 cm DBH, of A. sachalinensis largely 

increased with the stand development, although the competition was increased due to 

the stand development for the growth of trees ≥ 5 cm DBH. The increase in A. 

sachalinensis recruits was probably due to the increase of seed supply from the 

surrounding forest. On the contrary, the recruitment of P. glehnii was infrequent 

throughout the 33-year period. This was largely due to the fact that regeneration of P. 

glehnii was restricted to fallen logs and trunk vicinity. P. glehnii cannot establish on 

ground unless mineral soil is exposed (Ishizuka 1961; Matsuda et al. 1978). The 

difficulty of seedling establishment on ground for P. glehnii is probably due to its small 

seed size compared with A. sachalinensis (0.3 g per 100 seeds for P. glehnii versus 1.0 g 

for A. sachalinensis, after Yatoh 1977). Accumulation of litter often reduces seedling 

establishment especially for species with small seeds, and therefore, the regeneration of 

these species is restricted to soil-disturbed sites and elevated woody substrates (Taylor 

and Qin 1988; Nakashizuka 1989; Lusk 1995). In addition, seeds of P. glehnii are 

susceptible to soil pathogens (Cheng and Igarashi 1988), which in turn reduces seed 

germination and seedling establishment of P. glehnii. In contrast, small seeds of P. 
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glehnii are amenable to wide dispersal, and therefore, P. glehnii can colonize after 

large-scale soil disturbances such as landslide and volcanic eruption (Tatewaki 1958). 

Newly deposited volcanic ash contains few pathogens, and P. glehnii regenerates well 

on the ground. Thus, P. glehnii can be regarded to posses a ruderal characteristic (sensu 

Grime 1977). 

The growth rate of A. sachalinensis understory trees was greater than that of P. 

glehnii at any extent of local crowding. Higher growth rate, coupled with the frequent 

recruitment, of A. sachalinensis enables it to regenerate well in seral P. glehnii forests. 

Takahashi and Kohyama (1999) predicted the abundance of the two conifers (P. glehnii 

and A. sachalinensis) in relation to the undergrowth dwarf bamboo Sasa, using a 

simulation model incorporating the observed density-dependencies of the demographic 

rates. They showed that abundance of the two conifers was largely determined by the 

recruitment, i.e., P. glehnii and A. sachalinensis dominate in forests with and without 

Sasa, respectively, because Sasa reduces seedling establishment mainly on the ground 

and less frequently on fallen logs and trunk vicinity (Takahashi 1997). There was no 

Sasa cover in the seral P. glehnii forest examined in this study. Therefore, A. 

sachalinensis will dominate over P. glehnii later in this forest succession. In addition, 

natural disturbances caused by typhoons or strong winds do not provide much chance of 

regeneration for P. glehnii. Hasegawa and Tsujii (1989) examined the recovery process 

of a seral P. glehnii forest without Sasa after wind disturbances. They concluded that A. 

sachalinensis would dominate in future because sapling density of P. glehnii did not 

increase after the wind disturbances. Therefore, P. glehnii needs a large-scale soil 
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disturbance to re-dominate in this region without Sasa (Takahashi 1996b). 

Our long-term study concluded that (1) stand development during the 33-year 

period brought about intense one-sided competition by increasing local crowding for 

each tree, i.e., the size hierarchy (dominance and suppression) was developed with time, 

and that (2) forest succession was promoted by vigorous regeneration of A. 

sachalinensis largely due to its higher growth and recruitment rates compared with P. 

glehnii, irrespective of the extent of local crowding. Therefore, our long-term 

monitoring suggests that A. sachalinensis will dominate over P. glehnii in this seral 

forest. 
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Figure legends 

 

Fig. 1 Frequency distribution of trunk diameter at breast height (DBH) of Picea glehnii 

(shaded bar) and Abies sachalinensis (open bar), larger than 5 cm DBH, in 1965 (a), 

1980 (b) and 1998 (c). 

 

Fig. 2 Tree density (a), mean DBH (b) and skewness of DBH frequency distribution (c) 

and the number of recruits (d) of Picea glehnii (solid circle) and Abies sachalinensis 

(open circle). 

 

Fig. 3 Mortality of Picea glehnii during 1965 to 1980 (solid circle) and during 1980 to 

1998 (open circle), and Abies sachalinensis during 1980 to 1998 (solid triangle). 

Mortality of Picea glehnii was calculated at 10 cm DBH intervals, and that of Abies 

sachalinensis was calculated only at the smallest size class (5–10 cm in DBH). 

 

Fig. 4 Relationship between DBH and the growth rate in DBH for Picea glehnii during 

1965 to 1980 (a) and during 1980 to 1998 (b). Regression equations are (a) Y = 1.033 + 

0.016 X (r = 0.199, F1,473 = 19.5, n = 475, P < 0.001) and (b) Y = –0.127 + 0.050 X (r = 

0.541, F1,470 = 194.3, n = 472, P < 0.001). 

 

Fig. 5 Relationship between local crowding and the growth rate in DBH during 1980 to 

1998 for understory trees (5–15 cm in DBH) of Picea glehnii (solid circle) and for Abies 
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sachalinensis (open circle). Regression equations are Y = 1.151 –0.0077 X (r = –0.357, 

F1,35 = 5.11, n = 37, P = 0.030) for Picea glehnii (solid line) and Y = 1.942 –0.0098 X (r 

= –0.28, F1,39 = 3.33, n = 472, P = 0.076) for Abies sachalinensis (broken line). 

 

Fig. 6 Relationship between local crowding and the number of recruits per 10 m × 10 m 

quadrat during 1965 to 1980 and during 1980 to 1998 for Abies sachalinensis (a, c) and 

Picea glehnii (b, d). A Pearson correlation coefficient (R) with its significance level was 

shown in each figure (n = 100). 
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Fig. 4 
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Fig. 5 
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Fig. 6 

 



Table 1 Changes in basal area and density of trees larger than 5 cm DBH between 1965 and 1998 for each 

species within a 1-ha plot in a seral Picea glehnii forest, northern Japan. 

  

 Basal area (cm2/m2) Density (/ha) 

     

 1965 1998 1965 1998 Dead Recruit 

  

Abies sachalinensis 0.1 0.7 3 157 5 159 

Picea glehnii 48.1 60.1 523 490 78 45 

Other species 0.3 0.5 9 126 26 143 

Total 48.5 61.3 535 773 109 347 

  

 



Table 2 Results of multiple linear regression analysis for the G (t, x) equation of Picea 

glehnii. Degrees of freedom for the whole-model F-values are F2, n-3. 

  

Period a0 a1 a2 n R F-value 

  

1965 to 1980 1.49*** 0.0098* -0.0063** 475 0.247 15.4*** 

1980 to 1998 0.70*** 0.041*** -0.011*** 471 0.587 122.8*** 

  

*; P < 0.05, **; P < 0.01, ***; P < 0.001. 

 



Table 3 Density (/0.1 ha) and relative frequency (%) in parentheses of saplings (0.5–2.0 m tall) on the four microhabitats (ground, fallen 

logs, root-mounds and trunk vicinity) in a seral Picea glehnii forest, northern Japan. 

  

 Microhabitat 

   

Species  Ground Fallen logs Root-mounds Trunk vicinity n 

  

Abies sachalinensis  181 (69.9) 38 (14.7) 0 (0) 40 (15.4) 259 

Picea glehnii  5 (13.2) 13 (34.2) 0 (0) 20 (52.6) 38 

  

n, number of observations (/0.1 ha). 
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	The size structure of P. glehnii was a bell-shaped pattern in 1965, suggesting that P. glehnii invaded during a short period after the eruption of Mt. Meakan. In addition, the size-dependent growth rate was more evident in the later half of the examined period (1980 to 1998) than in the early half of the examined period (1965 to 1980), i.e., the growth rate of smaller trees reduced while that of larger trees increased. Generally, competition for light is intense as self-thinning occurs in even aged populations, and growth rates are clearly size-dependent because larger trees strongly suppress the growth of smaller ones (i.e., one-sided competition) (e.g., Kikuzawa 1988; Hara et al. 1991; Takahashi et al. 2003b). The total stand basal area increased from 48.5 m2/ha to 61.3 m2/ha during the 33-year period. The total basal area of 61.3 m2/ha is quite high compared with other mature coniferous and deciduous broad-leaved forests in Japan (e.g., Nakashizuka et al. 1992; Yamamoto et al. 1995; Takahashi 1997; Umeki and Kikuzawa 1999; Takahashi et al. 2003a). In forests with stand basal area less than in our study site, tree competition is either not recognized, or weak (e.g., Hara et al. 1995; Hiura and Fujiwara 1999; Takahashi et al. 2003a). Ishibashi et al. (1996) compared the growth rates of P. glehnii between the plots with and without selective logging in this seral P. glehnii forest, and reported that the growth rate of P. glehnii was greater in the plot with selective logging than in the plot without selective logging. The result of Ishibashi et al. (1996) is the experimental evidence that the seral P. glehnii forest was so developed that tree growth was reduced by competition. Therefore, it is considered that stand development brought about the strong one-sided competition during the 33-year in this stand.
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