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Abstract 
 

The stand structure and regeneration dynamics of trees > 2.0 m in trunk height 
were studied during 1982–1998 in a 1-ha plot in a sub-boreal conifer-hardwood mixed 
forest, northern Japan, with a dense dwarf bamboo in the understory.  Total density 
was low in 1982 (651 trees/ha), as compared with other forests in Japan.  Quercus 
crispula was dominant in the upper canopy layer but their saplings were rare, while 
Acer mono, Acer japonicum and Abies sachalinensis were dominant in the sub-canopy 
and understory layers with many saplings.  Mortality of each species was quite low 
during the census period (average 0.57%/yr), and there was no clear difference among 
the four species.  The age structure of Quercus crispula was bell-shaped with a peak at 
ca. 200 years, while that of the other three species was weakly reverse-J shaped or a 
rough plateau.  In addition, no recruits growing over a height of 2 m were observed 
during the census period in Quercus crispula, but many recruits of the other species 
were observed.  These suggest that Quercus crispula depended on episodic 
disturbances for the persistence of its population.  Recruits of the three species except 
for Quercus crispula did not concentrate in canopy gaps probably because of the dense 
dwarf bamboo cover there.  They showed a negative spatial association with their own 
canopy trees, but a positive association with canopy trees of Quercus crispula.  Most 
of the crowns of the three species (Abies sachalinensis and the two Acer spp.) were 
lower than that of overtopping Quercus crispula.  These spatial associations between 
recruits and canopy trees brought about the competitive effect of Quercus crispula on 
the growth rates of other species and that of itself.  However, the low mortality of trees 
taller than 2 m indicates that intra- and interspecific competition was not strong as a 
structuring force of the tree community.  Our long-term study suggests that factors 
affecting recruitment (disturbances and dwarf bamboo in the forest floor) are more 
important for species coexistence than intra- and interspecific competition between trees 
taller than 2 m. 
 
Keywords: Community dynamics; Competition; Conifer-hardwood mixed forest; 
Long-term study; Permanent plot 
 
1. Introduction 

Conifer-hardwood mixed forests are widely distributed in the middle latitude of 
Northern Hemisphere (Tatewaki, 1958; Woods, 1984; Taylor and Qin, 1988; Ishikawa et 
al., 1999).  Forest structure and dynamics of this type of forest ecosystem have often 
been examined in relation to disturbance regime (Ishikawa and Ito, 1989; Osawa, 1992).  
For example, several researchers have shown discontinuous age and size distributions 
and discussed the importance of major disturbances for species coexistence (Oliver and 
Stephens, 1977; Ishikawa and Ito, 1989; Yamamoto et al., 1995; Abrams and Orwig, 
1996; Sano, 1997).  Return times for major disturbances are unpredictable, and 
sometimes exceed more than a millennium (Lorimer, 1977; Canham and Loucks, 1984; 
Whitney, 1990).  Although the importance of major disturbances on species 
coexistence is well recognized, our understanding of mechanisms of species coexistence 
during a period free from major disturbances is still limited. 

Several researchers proposed a reciprocal replacement hypothesis for stable 
coexistence of species (Forcier, 1975; Fox, 1977; Runkle, 1981; Woods, 1984).  For 
example, saplings of Acer saccharum and Fagus grandifolia recruited under the crowns 
of different species rather than under those of the same species in north America 
(Woods, 1984), resulting in the stable coexistence of dominant species by reciprocal 
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replacement.  Furthermore, the spatial pattern of recruits affects intra- and interspecific 
competition.  Duncan (1991, 1993) showed that each of four podocarp species had a 
specific microhabitat for seedling establishment or recruitment, which caused spatial 
segregation between the four species.  This spatial pattern brought about coexistence 
between the four species because of the avoidance of interspecific competition (Duncan, 
1991, 1993).  Therefore, the spatial association between new recruits and adult trees 
and the competitive process between species provide useful information to elucidate 
regeneration dynamics and mechanisms of species coexistence. 

Long-term observation is of great importance for understanding forest dynamics 
and mechanisms of species coexistence because forest ecosystems are not stable in time 
and space in terms of size structure, species composition and spatial distribution of trees 
(Woods, 2000a, b).  Measurements of recruitment rate, mortality and population 
growth rate 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).  However, 
there have been few long-term studies that investigated the spatial distribution of 
recruits and competition, in relation to species coexistence. 

Our long-term study examined mechanisms of species coexistence in a 
sub-boreal conifer-hardwood mixed forest with dense undergrowth bamboo in northern 
Japan, using 16-year data (1982–1998) of trees taller than 2 m in a 1-ha plot.  First, we 
describe the structural change of this forest and population flux of the component 
species during the 16-year period.  Second, we analyze the population structure and 
dynamics of dominant species based on size and age structure, spatial association 
between recruits (height of 2 m) and trees (taller than 2 m), and competition between 
trees.  In particular, we attempted to answer the following questions: 
(1) Is this forest stable in terms of species composition and size structure? 
(2) How do canopy conditions (gap or closed, species of canopy trees) affect the spatial 
distribution of recruits? 
(3) How does interspecific competition affect the population dynamics of dominant 
species? 
 
2. Study site 
 

Field study was carried out in a natural conifer-hardwood mixed forest in Uryu 
Experimental Forest of Hokkaido University (44˚20'N, 142˚15'E, 380 m above sea level) 
in Hokkaido, northern Japan.  During 1961–1980, mean monthly temperatures in July 
and January were 17.9 and –12.1˚C, respectively.  Mean annual precipitation was 1573 
mm.  Snow-cover season extends over half the year, and snow depth was ca. 2–3 m.  
Kira’s warmth index (WI) has often been used in Japan to explain climatic zones and 
vegetation patterns along latitude and altitude (Kira, 1949; Ohsawa, 1995).  WI is 
calculated as Σ (mt – 5), where mt is mean monthly temperature above 5˚C.  WI 
expresses the approximate effective heat for plant growth.  WI in this study site was 
44.6, representing a sub-boreal zone.  The forest around this study site was dominated 
by deciduous broad-leaved species such as Quercus crispula, Acer mono, Betula ermanii, 
Kalopanax pictus, Tilia japonica and Acer japonicum and by conifers such as Abies 
sachalinensis and Picea glehnii.  The forest floor was densely covered with dwarf 
bamboo Sasa senanensis.  The canopy height of Sasa was ca. 2 m, and the mean leaf 
area index of Sasa was 2.8 m2/m2. 
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3. Methods 
 
3.1. Field measurements 

A 1-ha plot (100-m × 100-m) was established in 1982, and further divided into 
400 5-m × 5-m quadrats.  All trees taller than 2.0 m in trunk height were tagged and 
measured for x-y coordinates, trunk diameter at breast height (DBH) and trunk height.  
In 1992 and 1998, DBH, trunk height and crown projection area were measured for all 
living trees taller than 2.0 m.  New trees growing over a height of 2 m during the 
successive censuses were recorded, and were defined as recruits.  Dead trees during the 
successive censuses were also recorded in 1992 and 1998.  Crown projection area was 
calculated based on the four lengths (NSWE) from the base of a trunk to the edge of the 
crown in 1992 and 1998.  Wood cores were taken at 1.3 m in trunk height during 
1997–1998 for all trees larger than 6.0 cm in DBH, and ring widths were read to the 
nearest 0.01 mm with a binocular. 
 
3.2. Data analysis 
3.2.1. Spatial distribution 
 In this paper, two life phases were defined: sapling (2.0–9.9 m in trunk height) 
and canopy tree (taller than 10.0 m in trunk height).  The crown projection area of each 
canopy tree was drawn on a map, and we determined canopy gaps in each 5-m × 5-m 
quadrat; quadrats with less than 50% of canopy coverage were defined as canopy gaps in 
this study.  We focused on four dominant species, Quercus crispula, Abies 
sachalinensis, Acer mono and Acer japonicum, in this study.  To examine the 
canopy-gap dependency of the spatial distribution of saplings (2.0–9.9 m tall) and 
recruits of the four species during 1982–1998, the observed and expected densities of 
gap and non-gap saplings (or recruits) were compared by the χ2-test.  The expected 
number of gap saplings (or recruits) was calculated as the product of the gap area ratio 
(gap area/plot area) and the total observed number (gap plus non-gap) of saplings (or 
recruits).  We used data in 1982 for saplings and data during 1982–1998 for recruits, 
because the sapling class includes recruits if we use data in 1998 for saplings.  We 
could not define gap or non-gap for the outer quadrats of the 1-ha plot, because we did 
not measure the crown projection area of surrounding trees adjacent to the 1-ha plot.  
Therefore, we used the quadrats in the inner 80-m × 80-m plot for the analysis of the 
gap-dependency of the spatial distributions of saplings and recruits. 

The spatial association between saplings, recruits and canopy trees was analyzed 
by using Iwao's ω index (Iwao, 1977), which has often been used to analyze the spatial 
association between two populations (Kohyama et al., 1994; Yamamoto et al., 1995; 
Manabe and Yamamoto, 1997; Takahashi et al., 2001).  This index is calculated by the 
following equations: 
 

(1) ω (+) =
γ −γ (ind )

1− γ ( ind )

for γ ≥ γ ( ind )

or 
 

(2) ω (−) =
γ −γ ( ind )

γ ( ind )

for γ ≤ γ ( ind ),

 
where 
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where mX and m*X (or mY and m*Y) are mean density and mean crowding of species X 
(or species Y), respectively.  Mean crowding on species X by species Y is denoted as 
m*XY, and that on species Y by species X is denoted as m*YX.  This index ranges from 
–1.0 to 1.0.  ω equals 0 for mutually independent distributions, ω > 0 for positive 
association, and ω < 0 for negative association (see Iwao [1977] for more details).  We 
examined the spatial association between canopy trees and saplings, between canopy 
trees and recruits and between saplings and recruits.  We used data in 1982 for canopy 
trees and saplings and data in 1998 for recruits to avoid auto-correlation between 
saplings and recruits, i.e., saplings in 1982 do not include recruits in 1998.  We used 
the quadrat size of 10-m × 10-m for calculating ω.  We conducted a randomization test 
to determine significant differences in the observed ω from random distribution between 
saplings, recruits and canopy trees.  The data sets of two layers as canopy trees and 
saplings (or recruits) were re-assorted randomly.  We calculated ω for all the possible 
combinations of the two layers, i.e., 2 reflections × 4 rotations × 10 x-sifts × 10 y-shifts 
of the canopy layer, keeping the spatial distribution of saplings (or recruits) fixed.  The 
number of possible combinations was 800.  If the observed ω fell in either of the 5% 
tail of the calculated-ω-distribution, the observed ω between the examined two layers 
was assumed to be significantly different from random. 
 
3.2.2. Intra- and interspecific competition 

We analyzed the effects of intra- and interspecific competition on the growth rate 
of DBH for the four dominant species, applying the following equation (cf. Hara et al., 
1995; Kubota and Hara, 1995; Nakashizuka and Kohyama, 1995; Takahashi and 
Kohyama, 1999),  
 

where Gk (t, x) is the absolute growth rate in DBH (yr–1) of species k of size x at time t, 
and Ci (t, x) is the cumulative basal area (cm2/m2) of neighboring trees of species i larger 
than size x at time t.  Coefficient a0, a1 and a2i are constants.  Target individual trees 
were divided into five arbitrary DBH classes chosen to arrange similar vertical strata 
(0–4.9, 5.0–9.9, 10.0–19.9, 20.0–39.9, over 40.0 cm in 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 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.  Hara et al. (1995) examined changes in R2 of the Gk 
(t, x) function with varying neighborhood radius from the target tree in a cool-temperate 
forest in southwestern Japan, and found that the maximum R2 was obtained at a radius of 
5 m in most species examined.  Therefore, the quadrat size of 10-m × 10-m is 

(5) Gk (t,x) = x[a0 − a1 ln x − a2iCi(t, x)]
i=1

n

∑ ,
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appropriate as a neighborhood area when target trees are assumed to be at the center of a 
10-m × 10-m quadrat.  This definition of neighborhood area sometimes brings about a 
crude measure of local crowding if target trees are near the edge of a quadrat, i.e., a 
target tree near the edge of a quadrat will be affected by trees at the adjacent quadrat but 
not much by trees at the other end of the same quadrat.  However, the number of 10-m 
× 10-m quadrats used in this analysis was 100 in total, which could include a large 
variation in local crowding from canopy-gap conditions to entire closed-canopy 
conditions.  In addition, the results are comparable with other studies because this 
definition of neighborhood area has often been adopted (cf. Kohyama 1992, 1993, 
Kubota and Hara 1995, Nakashizuka and Kohyama 1995, Takahashi and Kohyama 
1999).  We also performed the spatial competition analysis, considering 
distant-dependent competitive effects of neighbors, like Hara et al. (1995), and we 
obtained the same results as this non-spatial competitive analysis described by the 
equation 5.  Therefore, for simplicity, the non-spatial analysis was conducted in this 
study, using with the neighborhood area of 10-m × 10-m. 

Cumulative basal area of neighboring trees of each species [i.e., ∑Ci (t, x)], was 
calculated for each target individual tree.  In this study, the species other than the four 
dominant species were treated as “one species” for the calculation of Ci (t, x).  
Multiple linear regression analysis was conducted for Gk (t, x)/x (i.e., relative growth 
rate) for each species.  The forward stepwise method was used to remove and to enter 
explanatory variables.  This study set the P-value to enter at 0.05 and that to remove at 
0.10 (Sokal and Rohlf, 1995).  The dependent and independent variables were 
ln-transformed, if necessary, before statistical analysis to improve homoscedasticity.  
Residual analyses were also performed, and extreme outliers were excluded. 
 
4. Results 
 
4.1. Changes in tree density and basal area during 16 years 
 In total, 17 and 18 species (> 2.0 m tall) appeared within this 1-ha plot in 1982 
and 1998, respectively.  This forest was dominated by the four species (Acer mono, 
Abies sachalinensis, Quercus crispula and Acer japonicum), and these four species 
accounted for ca. 74% of the total density in both years, 1982 and 1998 (Table 1).  
Acer mono, Abies sachalinensis and Quercus crispula are canopy species, while Acer 
japonicum is an understory species.  In terms of basal area, Quercus crispula occupied 
ca. 67% of the total basal area in both years, and the basal area of the other species was 
less than 15% (Table 1).  Total tree density (> 2.0 m tall) increased from 651 to 758 
trees/ha during 1982–1998 (Table 1).  Recruitment rate and mortality in total were 1.59 
and 0.57%/yr, respectively.  Recruitment rate exceeded mortality for all the species 
except for Quercus crispula that had no recruits (Table 1).  Recruitment rate was 
negatively correlated with the observed maximum DBH of each species (Pearson 
correlation coefficient R = –0.88, P < 0.001, n = 10, Fig. 1).  This tendency was 
persistent even if Quercus crispula and Viburnum furcatum were excluded (R = –0.77, P 
< 0.05, n = 8).  Total basal area increased from 36.79 to 40.79 m2/ha during this period 
(Table 1).  The loss of basal area by death (0.30%/yr) was ca. one-third of the gain by 
growth of surviving trees (0.95%/yr).  Most of the species showed a positive balance 
of basal area (Table 1).  Acer japonicum lost the greatest amount of basal area among 
the component species because the largest tree died.  The coverage of canopy gaps was 
23.3% in 1992.  15.3% of the examined area changed from gaps to closed canopy 
during 1992–1998, while 5.0% changed from closed canopy to canopy gaps.  As a 
consequence, the canopy-gap percentage decreased from 23.3% to 13.3% during this 



Takahashi et al.  7 

period. 
 
4.2. Species population dynamics 
 This study focused on the four dominant species, Quercus crispula, Abies 
sachalinensis, Acer mono and Acer japonicum (Table 1).  The frequency distribution of 
DBH of Quercus crispula was bell-shaped with a peak at 55 cm in 1998, while the three 
species other than Quercus crispula showed reverse-J shaped distribution (Fig. 2).  The 
frequency distribution of tree height of each species was similar to that of DBH (Fig. 3): 
Quercus crispula showed a bell-shape with a peak at 23 m, and the maximum height 
was 24.5 m, while most of the other three species were shorter than 10 m.  Tree age of 
Quercus crispula (> 6.0 cm in DBH) was concentrated at around 200 years, and 73% of 
them were between 180–220 years (Fig. 4).  In contrast, tree-age distribution of the 
other three species was weakly reverse-J shaped or a rough plateau (Fig. 4).  The 
maximum tree age of the three canopy species was 446 years for Quercus crispula, 178 
years for Abies sachalinensis and 300 years for Acer mono, whereas that of Acer 
japonicum (understory species) was 74 years. 
 For the three species (Abies sachalinensis and two Acer spp.), spatial distribution 
of saplings and that of recruits during the 16 years were random irrespective of the 
presence/absence of canopy gaps (χ2-test, P > 0.05, Table 2).  This suggests that 
canopy gaps did not contribute to the recruitment of the three species.  Spatial 
distribution of saplings and recruits of the three species (Abies sachalinensis and two 
Acer spp.) was negatively correlated with that of canopy trees of Abies sachalinensis 
and Acer mono, while it was positively correlated with that of canopy trees of Quercus 
crispula (Table 3, Fig. 5).  The number of canopy trees of Acer japonicum and that of 
saplings of Quercus crispula were only 2 and 15 trees/ha respectively in 1998, and 
therefore we could not analyze their spatial distribution.  The spatial distribution of 
recruits of the three species (Abies sachalinensis and two Acer spp.) was positively 
correlated with that of saplings of the same three species (Table 3; Fig. 5).  However, 
the spatial association between Abies sachalinensis and Acer japonicum was unclear for 
saplings and for recruits.  Effects of minor tree species other than the four dominant 
species on the spatial distribution of recruits of the three species (Abies sachalinensis 
and two Acer spp.) were probably negligible, because the number of canopy trees of 
these minor species was only 19 trees/ha in total. 
 The effects of intra- and interspecific competition on growth rate in DBH were 
examined by multiple linear regression analysis.  Quercus crispula suppressed the 
growth rates of the three species (Abies sachalinensis and two Acer spp.) and that of 
itself (Fig. 6).  This reflects the dominance of Quercus crispula in the upper canopy 
(Fig. 3).  Acer mono and Acer japonicum co-occurred (Table 3), and the growth rate of 
Acer mono was reduced by Acer japonicum (Fig. 6).  Negative or positive interactions 
were not detected for other combination of species. 
 
5. Discussion 
5.1. Stand development 
 In this forest, Quercus crispula dominated in the most upper layer and was older 
than the other species, but its regeneration was discontinuous.  Sano (1997) showed a 
similar pattern in another Quercus crispula forest near our study site.  Some 
researchers reported that Quercus crispula forms secondary forests by vegetative 
sprouting after large disturbances such as typhoon or after cutting (Kamitani, 1993; Ida 
and Nakagoshi, 1994; Namikawa et al., 1997).  Therefore, it is likely that Quercus 
crispula regenerated after a large disturbance in this forest before the establishment of 
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other species.  In addition, density and basal area of the most species, except for 
Quercus crispula, increased during the census period, and canopy closure proceeded.  
Thus, it is suggested that this forest is still developing and that species composition and 
size structure of each species are not stable in time. 
 
5.2 Effects of Sasa on regeneration 
 Mortality of trees taller than 2 m in this forest was 0.54%/yr.  This is quite low, 
compared with other forests.  Mortality of other deciduous broad-leaved forests in 
Japan ranges between 0.6–4.3%/yr (Nakashizuka et al., 1992; Hara et al., 1995; Masaki 
et al., 1999; Umeki and Kikuzawa, 1999).  In general, high density causes high 
mortality both at the individual tree and stand levels (Welden et al., 1991; Umeki and 
Kikuzawa, 1999).  Umeki and Kikuzawa (1999) reported that the average density of 
trees larger than 5 cm in DBH was 724 trees/ha in 38 plots with various densities of 
dwarf bamboo Sasa in Hokkaido.  In contrast, the density of our study site (> 5 cm in 
DBH) was only 492 trees/ha.  There have been many reports that the presence of Sasa 
in the understory reduces the regeneration rate of trees (Nakashizuka and Numata, 1982; 
Nakashizuka, 1988; Taylor and Qin, 1988; Takahashi, 1994, 1997; Kudoh et al., 1999).  
In this forest, saplings and recruits of the three species (Abies sachalinensis and two 
Acer spp.) did not concentrate in canopy gaps.  The density of Sasa increases in 
canopy gaps or under brighter conditions, resulting in reduced recruitment of trees 
(Sano, 1988; Takahashi, 1997).  Therefore, the dense Sasa cover of this forest may 
have reduced the recruitment of trees, which also resulted in low mortality due to low 
density of trees. 
 
5.3 Pattern of recruitment and species coexistence 
 The spatial distribution of saplings and recruits of the three species (Abies 
sachalinensis and two Acer spp.) was negatively correlated with that of canopy trees of 
Abies sachalinensis and Acer mono, but was positively correlated with that of canopy 
trees of Quercus crispula.  These relationships are probably ascribed to abiotic factors 
such as light conditions rather than to species-specific biotic factors, because saplings 
and recruits of the three species (Abies sachalinensis and two Acer spp.) showed a 
relatively similar manner in spatial dispersion.  Most of the canopy trees of Abies 
sachalinensis and Acer mono were shorter than those of overtopping Quercus crispula 
in this forest.  Light intensity at the forest floor is progressively reduced when the 
crown base is near the ground level (Kikuzawa et al., 1988; Ishizuka and Kanazawa, 
1989), because much light can penetrate into the forest floor from various directions 
when the crown base is high.  It is expected that light intensity is lower under the 
lower-positioned crowns of Abies sachalinensis and Acer mono than under the 
higher-positioned crowns of Quercus crispula.  Therefore, the saplings of the three 
species probably could not recruit under the crowns of Abies sachalinensis or Acer 
mono. 
 We detected only the competitive effect of Quercus crispula on the growth rate 
of all species and that of Acer japonicum on the growth rate of Acer mono.  These 
patterns of intra- and interspecific competition correlate with their spatial patterns, i.e., 
the saplings and recruits of the three species (Abies sachalinensis and two Acer spp.) 
were found more under the crowns of Quercus crispula than under the crowns of their 
own canopy trees.  However, the quite low mortality indicates that intra- and 
interspecific competition was not strong for trees taller than 2 m in this forest.  
Therefore, trees can grow and survive once over 2 m in trunk height.  Several authors 
have reported that competitive effect on growth rate of adult trees (DBH > 5 cm or 
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trunk height > 2 m in most studies) was small in other deciduous broad-leaved forests 
and conifer-hardwood mixed forests in Japan, and suggested that recruitment processes 
were more determinant for species coexistence than competition between adult trees 
(Hara et al., 1995; Kubota and Hara, 1995; Hiura and Fujiwara, 1999).  The results of 
the present study are in accordance with those of previous studies, i.e., competitive 
effect on growth rate of adult trees was not large at this density and cannot be a major 
structuring force of the tree community.  A possible reason for the weak competition is 
the low density of trees due to the dense Sasa cover in the forest floor.  As a 
conclusion, our long-term study revealed that this forest is not in equilibrium in terms of 
species composition and size structure, and factors affecting recruitment processes 
(disturbance, crown stratification and Sasa in the forest floor) are more important for 
species coexistence than competition between trees taller than 2 m. 
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Figure legends 
 
Fig. 1.  Relationship between recruitment rate (%/yr) during 1982–1998 and the 
observed maximum DBH for 10 component species in a 1-ha plot in a sub-boreal 
conifer-hardwood mixed forest, northern Japan.  The observed recruitment rate and 
maximum DBH (listed in Table 1) were arcsine- and ln-transformed, respectively.  
Species abbreviations are the same as in Table 1. 
 
Fig. 2.  Frequency distributions of trunk diameter at breast height for the four 
dominant species in a 1-ha plot in a sub-boreal conifer-hardwood mixed forest, northern 
Japan, in 1998. 
 
Fig. 3.  Frequency distributions of tree height for the four dominant species in a 1-ha 
plot in a sub-boreal conifer-hardwood mixed forest, northern Japan, in 1998. 
 
Fig. 4.  Frequency distributions of tree age at breast height for the four dominant 
species larger than 6.0 cm in DBH in a 1-ha plot in a sub-boreal conifer-hardwood 
mixed forest, northern Japan, in 1998. 
 
Fig. 5.  Spatial dispersion of the four dominant species in a 1-ha plot in a sub-boreal 
conifer-hardwood mixed forest, northern Japan.  Each square denotes a 20-m × 20-m 
quadrat.  Crosses, open circles, small and large solid circles represent recruits during 
1982–1998, saplings (2.0–9.9 m tall), small canopy trees (10.0–19.9 m) and large 
canopy trees (over 20.0 m tall), respectively, in 1982. 
 
Fig. 6.  Results of multiple linear regression analysis for Gk (t, x) function of four 
dominant species (Quercus crispula, Abies sachalinensis, Acer mono, Acer japonicum) 
in a sub-boreal conifer-hardwood mixed forest, northern Japan.  An arrow from species 
i to species k indicates a negative competitive effect of species i on species k in the Gk (t, 
x) function, chosen by forward stepwise regression (P < 0.05), i.e., DBH growth rate of 
species k is reduced by species i.  Positive interaction was not observed.  The 
ajusted-R2 were 0.106 (P < 0.001, n = 130) for Quercus crispula, 0.432 (P < 0.001, n = 
100) for Abies sachalinensis, 0.169 (P < 0.001, n = 135) for Acer mono and 0.261 (P < 
0.001, n = 62) for Acer japonicum.  Species are arranged according to their dominant 
vertical strata. 
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Table 1.  Changes in basal area and density of trees (taller than 2 m) between 1982 and 1998, and the observed maximum tree size of each 

species in 1998 in a 1-ha plot in a cool-temperate conifer-hardwood mixed forest, northern Japan.  Only species with density ≥ 10 trees/ha in 

1998 are listed.  Species are arranged by basal area in 1998. 

  

 Basal area (m2/ha) Density (trees/ha) Maximum Species 

     DBH Height  abbre- 

Species 1982 1998 1982 1998 Dead (%/yr) Recruit (%/yr) (cm) (m) viation 

  

Quercus crispula 24.63 27.60 140 137 3 0.13 0 0.00 127.6 24.5 Qc 

Abies sachalinensis 4.84 5.38 123 137 16 0.81 30 1.52 60.0 25.0 As 

Acer mono 3.22 3.37 153 178 13 0.53 38 1.55 62.0 19.0 Am 

Betula ermaneii 2.16 2.25 31 33 2 0.40 4 0.81 76.6 24.0 Be 

Acanthopanax sciadophylloides 0.39 0.47 50 56 8 1.00 14 1.75 22.9 16.5 Asc 

Magnolia obovata 0.23 0.30 30 38 3 0.63 11 2.29 28.0 17.0 Mo 

Sorbus commixta 0.14 0.27 19 26 3 0.99 10 3.29 25.1 14.0 Sc 

Acer japonicum 0.29 0.24 71 100 3 0.26 32 2.82 15.0 11.0 Aj 

Sorbus alnifolia 0.18 0.12 9 11 3 2.08 5 3.47 28.2 13.0 Sa 

Viburnum furcatum < 0.01 0.01 3 17 0 0.00 14 29.17 4.9 3.9 Vf 

Others 0.72 0.78 22 25 5 1.42 8 2.27 

  

Total 36.79 40.79 651 758 59 0.57 166 1.59 

  



Table 2.  Number of recruits (passing the minimum boundary of 2 m in height during 1982–1998) and saplings (2.0–9.9 m tall) in the 

gap grids and the non-gap grids of the 80-m × 80-m quadrat in a 1-ha plot in a cool-temperate conifer-hardwood mixed forest in 
northern Japan.  Data in 1982 and 1992 were used for saplings and canopy conditions, respectively (see text).  Gap and non-gap grids 

occupied 23.4% and 76.6%, respectively, in 1992.  Degree of freedom is 1 for χ2 test.  Species abbreviations are the same as in Table 
1. 

  

 As Am Aj 

  

Recruits 

 Gap grids 2 2 8 

 Non-gap grids 19 17 21 

 χ2 statistics 2.26 1.76 0.28 
  

Saplings 

 Gap grids 12 10 7 

 Non-gap grids 46 63 44 

 χ2 statistics 0.24 3.83 2.66 
  

 



Table 3.  Results of spatial correlation, using ω index, among canopy tree (taller than 10.0 m in trunk height), sapling (2.0–9.9 m) 
and recruit (during 1982–1998) of the four dominant species in a cool-temperate conifer-hardwood mixed forest, northern Japan.  

The quadrat size used in the analysis was 10-m × 10-m.  Data in 1982 were used for saplings and canopy trees.  Value in 
parentheses is the number of observations.  Species abbreviations are the same as in Table 1. 

  

 Canopy tree Sapling Recruit 

       

  Qc As Am As Am Aj As Am 

Species† n (125) (38) (27) (85) (126) (70) (28) (35) 

  

Sapling 

 Abies sachalinensis (85) 0.27**  –0.26 –0.30 

 Acer mono (126) 0.23* –0.52* –0.74** 0.30** 

 Acer japonicum (70) 0.21* –0.21 –0.58* 0.07 0.25* 

Recruit 

 Abies sachalinensis (28) 0.34** –0.62* –0.21 0.51*** 0.42*** 0.05 

 Acer mono (35) 0.29* –0.47 –0.89* 0.39** 0.69*** 0.23* 0.47***  

 Acer japonicum (34) 0.11 –0.61 –0.89* 0.10 0.14 0.55*** 0.03 0.32* 

  

*, P < 0.05; **, P < 0.01; ***, P < 0.001 by randomization test. 
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