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Abstract: Secondary lucidophyllous forest is one of the dominant forests in human-dominated 
subtropical/warm-temperate regions in East Asia. There were few direct monitoring techniques to 
elucidate the following hypotheses: (a) self-thinning may govern the stand development process 
and (b) wood production decline can be observed during secondary succession in a 
lucidophyllous forest. We conducted a long-term study at a permanent plot in central Japan, since 
1989. The forest consists mainly of Castanopsis cuspidata in a canopy layer, Cleyera japonica, and 
Eurya japonica in a subtree layer. During the 28-year period, the basal area of the stand significantly 
increased due to the growth of C. cuspidata, from 29.18 ± 1.84 (87.8% of total) to 38.71 ± 2.22 m2 ha−1 
(91.9%), while the stem density of C. cuspidata significantly decreased from 666 ± 13 to 404 ± 10 
stems ha−1 in proportion to accumulating biomass (117.8 to 166.6 ton ha−1). The annual woody net 
primary production ranged from 2.40 ± 0.13 to 3.93 ± 0.33 ton ha−1 year−1 as a nearly 70-year-old 
forest. There was no age-related decline of woody net primary production (NPP) was found during 
secondary succession, and the growth of individual tree still increased when the self-thinning 
process governed the stand. 

Keywords: Castanopsis cuspidata; woody NPP; self-thinning; forest development; long-term study 
 

1. Introduction 

Lucidophyllous (evergreen broad-leaved) forests are distributed widely in the subtropical and 
warm-temperate regions of East Asia [1]. Lucidophyllous forests are mainly dominated by 
evergreen species of Fagaceae, Lauraceae, Theaceae, Magnoliaceae, and Hamamelidaceae; beyond 
that, Castanopsis cuspidata is one of the typical dominant species from the coastal area of central Japan 
to southwestern Japan [2]. Ohsawa [3] suggested that the tropical lower montane forests that are 
mainly dominated by evergreen Fagaceae (especially Castanopsis) can be correlated to the horizontal 
subtropical/warm-temperate zone of East Asia as lucidophyllous forests, and the latitudinal 
northern limit reaches sea level at 35° N of central Japan. There have been several long-term studies 
that investigated the structure and the dynamics of the unique forests using large permanent 
quadrats in southwestern Japan; e.g., Aya Research Site from 1989 [4–6] or Tatera Forest reserve 
from 1990 [7–9]. These studies have revealed that diverse gap-forming processes created 
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environmental heterogeneity in the forest floor and contributed to the maintenance of the 
species-rich evergreen broad-leaved forests. 

However, almost all of these unique natural lucidophyllous forests distributed in human 
populated areas have been logged or greatly changed by human activities due to the demands for 
products [10]. Only remnants of evergreen forests can be found in sanctuaries around temples and 
shrines or lie on steep slopes which are not easy to access, and secondary forests of coppice woods or 
pioneer pine forests are dominant in southern and central Japan. Biomass increment in forests 
through secondary succession is one of the most important components of carbon sequestration of 
the terrestrial ecosystem [11]. Particularly, forests in the middle and high latitudes of the northern 
hemisphere, which are the human-dominated areas, had high potential of carbon sequestration 
during the end of the 20th century due to enhancement of plantations or forest recovery during 
secondary succession [12,13]. Moreover, it is well known that wood production declines along with 
ecosystem development [14]. For example, Ohtsuka et al. [11,15] studied net primary production 
(NPP) in a temperate deciduous coppice forest of 18 years after clear-cutting, and stand increment of 
wood parts reached 4.8 ton ha−1 year−1, which was more than two times higher than that of mature 
forest. Forest age-sequence studies revealed that NPP reached a peak during early stand 
development and then gradually declined by as much as 76% [16]. Magnani et al. [17] also reported 
that the age effects accounted for 92% of the total variability in net ecosystem production from boreal 
coniferous to temperate broadleaf forests. Therefore, the age-related changes of wood production 
are crucial for global carbon cycling in the near future. 

The development process of forests is often based on the chronosequence of various stand ages, 
and, thus, many studies conducted on the comparisons of secondary and old-growth lucidophyllous 
forests [10,18–20]. For example, Kubota [19] investigated the structural changes and growth 
dynamics in lucidophyllous forests of four stands of different ages in southwestern Japan and 
revealed that wood production decreased with age from 7.95 (15 years old) to 4.61 (over 100 years 
old) ton ha−1 year−1. Moreover, self-thinning was an important factor in the development of young 
lucidophyllous forests, and the monopolization of Castanopsis sieboldii through secondary succession 
had a negative influence on species diversity [20]. However, in contrast to these chronosequence 
studies, there was a rare investigation directly monitoring stand development over several decades, 
particularly for secondary lucidophyllous forests. Therefore, the long-term investigation of changes 
in forest structure and the development process of secondary lucidophyllous forests were needed. 

Mt. Kinka (35°26′ N, 136°47′ E, the peak is 329 m) is located in Gifu Prefecture, central Japan. 
Almost all areas (597 ha) of Mt. Kinka consist of secondary natural forests (93%) and artificial 
coniferous forests (2%). In particular, the lower slopes of Mt. Kinka are covered by secondary 
evergreen broad-leaved forests that predominated by Castanopsis cuspidata, which were mainly 
recovered after the World War II. Previous studies have showed that the canopy trees of Castanopsis 
in the secondary forests grew faster than other species and underwent intraspecific competition 
(self-thinning) due to the high sprouting capacity [19]. In addition, the changes in forest structure 
always accompany production decline [16]. Therefore, it can be hypothesized that self-thinning 
may govern the stand development process of this secondary Castanopsis forest and that age-related 
wood production decline can be observed due to neighborhood competitions during secondary 
succession. To test the hypothesis, we demarcated a permanent plot in 1989 and have studied forest 
dynamics since then on the lower slope of Mt. Kinka. The objectives of this paper were as follows: (1) 
to assess the community structural change of secondary stands spanning 28 years (1989–2017), and 
(2) to document temporal trends in biomass accumulation and aboveground woody NPP with 
special reference to stand development. 

2. Materials and Methods 

2.1. Study Site 

The study site is located on Mt. Kinka, central Japan (Figure 1). The area surrounding Mt. Kinka 
is an ancient populated town built round Gifu castle, which has sat on top of Mt. Kinka since the 
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11th century. Thus, a typical pioneer tree, Pinus densiflora, which was utilized as fertilizer or fuel by 
residents, predominated on and around this area historically. However, these forests were over-used 
in the 19th century and were managed as productive forests from 1889 [21]. From 1947, harvesting 
was prohibited and they were protected as natural secondary forests, thus most of the individual 
trees have been recruited as secondary forests since 1947. The topography of the area is hilly with 
young soil. The bedrock is composed of sedimentary rock on a chert layer [21]. The study area has a 
subtropical/warm-temperate climate. The annual mean temperature is 16.1 °C, and the mean 
temperature in the coldest month, January, and the hottest month, August, are 4.4 °C, and 28.0 °C, 
respectively. The average annual precipitation is 1866 mm. The climatic data was collected at a 
weather station situated approximately 4 km from the study plot. 

 

Figure 1. (a) location of the study site at Mt. Kinka (▲), central Japan; (b) the square indicates the 
permanent plot of 70 m × 100 m at the lower slope of Mt. Kinka. The contours signify elevation (m 
a.s.l.). 

2.2. Field Methods 

A 0.7 ha study plot (70 m × 100 m) was established on the lower slopes of Mt. Kinka (ca. 60 m 
a.s.l., 35°26′ N, 136°47′ E) in 1989 (Figure 1). The study plot was divided into 70 subplots of 100 m2 
using a compass survey. In May 1989, all stems of tree species with a diameter at breast height 
(DBH) greater than or equal to 10 cm were mapped as x–y coordinates, identified to the species level 
and measured for DBH. A number tag was attached to each trunk at 1.3 m height using a stapler, 
and the measuring position was marked using paint. The DBH of these stems were re-measured in 
May 1995 (six growing seasons after 1989) and October 2004 (10 growing seasons after 1995) at the 
same painted position of the trunks together with those of new recruited stems over 10 cm and dead 
stems during the intervals. In January 2017 (12 growing seasons after 2004), this 0.7 ha plot was 
reconstructed using the tree map and the remaining numbered of tags on trunks, and we had 
identified all tree stems over 10 cm in 2004. Then, all tree stems taller than 1.3 m high were re-tagged 
and their DBH measured together with the dead stems greater than 10 cm in 2004. 

2.3. Aboveground Biomass Increments and Losses 

To estimate aboveground biomass (AGB) of the forest stand at each measurement time (1989, 
1995, 2004 and 2017), we used the allometric equations of an evergreen broad-leaved forest as 
follows [22]: 

log Wf = 0.885 log (DBH)2 − 1.591, (1) 

log Ws = 1.022 log (DBH)2 − 0.710, (2) 
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log Wb = 1.266 log (DBH)2 − 1.852, (3) 

AGB = Wf + Ws + Wb, (4) 

where DBH is the diameter at breast height (cm), and Wf, Ws, Wb are the dry weight (kg) of foliage, 
stems and branches, respectively. 

Stand increment (SI) of AGB during the measurement interval were estimated as follows [23]: 

SI = ∑ BIs + ∑ BIi, (5) 

where BIs represents AGB increments of surviving trees in the plot and BIi represents AGB 
increments of ingrowth trees that reach the minimum DBH (10 cm) during the study period. BIs was 
calculated as the difference between estimated AGB at the beginning and the end of measuring 
intervals using the allometric equations. BIi was calculated as the difference between its estimated 
AGB at the end of the interval and the AGB of a tree of the minimum measured diameter (10 cm). If a 
tree died in the measurement interval, dead necromass (D) of the tree was estimated as the AGB at 
the beginning of the interval. The dead trees can be assumed to have no increment during the 
measurement interval. Subtracting D from SI represents the change of aboveground forest biomass 
(ΔAGB) during the survey interval. Forest woody NPP is the increment of new organic matter that 
was retained by the biomass of stem and branches at the end of the interval [24]. SI of stems and 
branches were adapted as the woody NPP of each measuring interval. 

Relative growth rate of DBH (RGRD) was calculated as shown in Equation (6): 

RGRD = (ln D2 − ln D1)/(t2 − t1),  (6) 

where D1 and D2 is the DBH (cm) at the beginning (t1) and the end (t2) of the year of measuring 
interval, respectively. Annual recruitment rate (R) and annual mortality (M) of tree stems were 
calculated as follows: 

R = NR/N1 × (t2 − t1),  (7) 

M = NM/N1 × (t2 − t1),  (8) 

where NR is the number of recruitment tree stems at the end of the year (t2) of measuring interval, N1 
is the number of total tree stems at the beginning of the year (t1) of measuring interval, and NM is the 
number of dead tree stems in the year t2. 

2.4. Statistical Analysis 

To assess the statistical significance of any differences among forest changes, the 70 m × 100 m 
permanent plot was divided into four plots (35 m × 50 m) according to spatial variation. Differences 
in stem numbers, basal area (BA), AGB, SI, D, woody NPP, RGRD, and mortality among the four 
surveys (May 1989, May 1995, October 2004, and January 2017) were assessed by univariate analysis 
of variance (ANOVA) and post hoc Tukey HSD (Honest Significant Difference) tests using IBM 
SPSS Statistics 22 (New York, NY, United States).  

3. Results 

3.1. Structure and Species Composition of a Lucidophyllous Forest of Mt. Kinka 

The plot contained 26 woody plant species and 1301 living stems ≥ 1.3 m of height, with a BA of 
46.08 m2 ha−1 (Table 1), including evergreen broad-leaved trees (13 species) and deciduous 
broad-leaved trees (13 species). Evergreen broad-leaved tree species occupied 94.51% and 91.70% in 
the number and the BA of the total living tree stems, respectively. Castanopsis cuspidata was the most 
abundant overstory tree species in BA (87.76%), while Cleyera japonica was the most dominant 
understory subtree species based on stem number followed by Eurya japonica (Table 1, Figure 2a–c). 
The plot also contained some deciduous broad-leaved species (e.g., Ilex micrococca, I. macropoda and 
Magnolia obovata), which only comprised 5.49% in BA and 8.30% in stem number. 
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Table 1. Species composition of trees (stems ≥1.3 m of height) in the permanent plot (0.7 ha) in 
January 2017, DBH: Diameter at breast height. 

Species 
Basal Area DBH (cm) No. of Stems 

cm2 ha–1 % Mean Maximum Per Plot % 
Evergreen trees 
 Castanopsis cuspidata 404,424 87.76 28.0 63.9 359 27.6 
 Cleyera japonica 20,592 4.47 5.6 23.0 458 35.2 
 Eurya japonica 6580 1.43 5.0 12.6 206 15.8 
 Quercus glauca 3321 0.72 3.3 37.4 118 9.1 
 Ilex rotunda 350 0.08 3.2 9.7 23 1.8 
 Prunus spinulosa 78 0.02 3.0 4.8 6 0.5 
 Illicium anisatum 56 0.01 4.9 6.1 2 0.2 
 Aucuba japonica 54 0.01 1.9 3.7 10 0.8 
 Ilex latifolia 18 < 0.01 2.2 3.0 3 0.2 
 Cinnamomum tenuifolium 16 < 0.01 3.8 3.8 1 0.08 
 Gardenia jasminoides 13 < 0.01 1.9 2.2 3 0.2 
 Photinia glabra 6 < 0.01 1.3 1.8 3 0.2 
 Ligustrum japonicum 5 < 0.01 2.2 2.2 1 0.08 
Subtotal 435,514 94.51 - - 1193 91.7 
Deciduous trees 
 Ilex micrococca 6213 1.35 42.7 48.4 3 0.2 
 Ilex macropoda 5974 1.30 7.2 25.0 71 5.5 
 Magnolia obovata 4716 1.02 22.9 38.7 7 0.5 
 Eleutherococcus sciadophylloides 3585 0.78 10.2 46.2 11 0.8 
 Rhus sylvestris 2283 0.50 15.8 22.6 7 0.5 
 Quercus serrata 1618 0.35 38.0 38.0 1 0.08 
 Padus grayana 696 0.15 24.9 24.9 1 0.08 
 Clethra barbinervis 95 0.02 5.5 9.0 2 0.2 
 Diospyros kaki 45 0.01 6.3 6.3 1 0.08 
 Hamamelis japonica 25 0.01 4.7 4.7 1 0.08 
 Carpinus laxiflora 22 < 0.01 4.4 4.4 1 0.08 
 Aphananthe aspera 9 < 0.01 2.9 2.9 1 0.08 
 Styrax japonica 8 < 0.01 2.6 2.6 1 0.08 
Subtotal 25,290 5.49 - - 108 8.3 
Total 460,804 100 11.7 63.9 1301 100 

The distribution of the DBH of the dominant tree, C. cuspidata, showed a unimodal pattern; the 
peak was in the 30 cm class and few recruitment stems were observed, although there were some 
sprouting stems less than 5 cm (Figure 2a). Understory subtree species (C. japonica and E. japonica) 
showed an L-shaped pattern with multiple small stems (Figure 2b,c). Beyond that, some tiny 
sprouting stems and single stems were found in I. macropoda (Figure 2f), DBH distribution of the 
three canopy deciduous species (I. micrococca, M. obovata, and Eleutherococcus sciadophylloides) was 
sporadic, and no continuous distribution was found (Figure 2e,g,h). 
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Figure 2. Diameter at breast height (DBH) class distributions of the main four evergreen and 
deciduous broad-leaved species and all tree stems in the permanent plot in 2017, (a): Castanopsis 
cuspidata; (b): Cleyera japonica; (c): Eurya japonica; (d): Quercus glauca; (e): Ilex micrococca; (f): Ilex 
macropoda; (g): Magnolia obovata (h): Eleutherococcus sciadophylloides; (i): Total. Hatched areas represent 
sprouting stems from root suckers (the area of per plot was 0.7 ha). 

3.2. Temporal Changes of Forest Structure 

The stem density of evergreen trees significantly decreased during the 28-years from 684 ± 15 
stems ha−1 to 460 ± 7 stems ha−1, while the BAs of the evergreen trees increased significantly from 
29.51 ± 1.80 to 39.54 ± 2.24 m2 ha−1 (Table 2). In contrast, the stem density of deciduous trees tended to 
decrease at a corresponding rate to the decrease of BA, but the changes were not significant (Table 2). 
Moreover, the numbers of deciduous species of over 10 cm DBH decreased from 12 in 1989 to 7 in 
2017 (Table 3). Overall, recruitment of tree stems was less than the mortality; the total stems 
decreased significantly from 1989 (779 ± 37 stems ha−1) to 2017 (510 ± 16 stems ha−1, Table 2). In 
contrast to decreasing stem number, the BA of the stand increased due to the growth of C. cuspidata, 
from 29.18 ± 1.84 (87.81% of total) to 38.71 ± 2.22 (91.88%). In this case, the stem density of C. cuspidata 
decreased in proportion to accumulating biomass of individual, and the slope of the regression lines 
on the log density to log tree biomass was −1.67 during the 28 years (Figure 3). 

Table 2. Dynamics of basal area (BA; m2 ha−1) and number of stems (stems ha−1) of each species (DBH 
≥ 10 cm) in the permanent plot during the 28-year period a. 

Species 
Number of Stems (ha–1) BA (m2 ha–1) 

1989 (May) 
1995 

(May) 
2004 

(October) 
2017 

(January) 1989 (May) 1995 (May) 
2004 

(October) 
2017 

(January) 
Evergreen 
trees         
Castanopsis 
cuspidata 

666 ± 13 a 626 ± 13 a 519 ± 14 b 404 ± 10 c 29.18 ± 1.84 a 31.42 ± 2.46 ab 35.70 ± 2.06 ab 
38.71 ± 2.22 

b 
Other 
species 

19 ± 5 a 30 ± 6 a 20 ± 5 a 56 ± 7 b 0.33 ± 0.10 a 0.40 ± 0.11 ab 0.43 ± 0.10 ab 0.84 ± 0.14 b 

Subtotal 684 ± 15 a 656 ± 18 a 539 ± 11 b 460 ± 7 c 29.51 ± 1.80 a 31.81 ± 2.41 a 36.13 ± 2.03 b 
39.54 ± 2.24 

c 
Deciduous 
trees 

91 ± 30 a 79 ± 34 a 56 ± 19 a 46 ± 14 a 2.76 ± 0.85 a 2.90 ± 0.94 a 2.45 ± 0.59 a 2.21 ± 0.77 a 

Total 779 ± 37 a 733 ± 38 a 591 ± 21 b 510 ± 16 b 33.23 ± 1.88 a 34.99 ± 2.04 ab 38.31 ± 1.83 ab 
42.13 ± 1.82 

b 
a Different letters within each variable indicate significant differences among the different survey year (p < 0.05). 
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Table 3. Dynamics of species and stems number in the permanent plot (0.7 ha) during the 28-year 
period (DBH ≥ 10 cm). 

Species 1989 (May) 1995 (May) 2004 
(October) 

2017 
(January) 

Evergreen species 
1 Castanopsis cuspidata 518 463 361 298 
2 Cleyera japonica 12 14 15 39 
3 Quercus glauca 2 2 2 1 
4 Eurya japonica 1 1 1 4 
5 Ilex pedunculosa 1 1 0 0 

Subtotal 534 481 379 342 
Deciduous species 
1 Magnolia obovata 15 13 10 6 
2 Eleutherococcus sciadophylloides 24 14 5 3 
3 Ilex micrococca 7 7 5 3 
4 Ilex macropoda 16 16 16 17 
5 Rhus sylvestris 14 9 6 6 
6 Quercus serrata 2 2 1 1 
7 Padus grayana 2 1 1 1 
8 Cerasus jamasakura 1 1 0 0 
9 Hamamelis japonica 1 1 0 0 

10 Gamblea innovans 1 0 0 0 
11 Carpinus laxiflora 1 0 0 0 
12 Styrax japonica 1 0 0 0 
Subtotal 85 64 44 37 
Total 619 545 423 379 
Number of species 17 14 11 11 

 

Figure 3. Relationships between tree density (stems ha−1) and mean aboveground weight (kg) of 
Castanopsis cuspidata in the permanent plot during the study period. The number shows the 
measuring year of the forest biomass. 

The mean annual relative growth rate of DBH (RGRD) of C. cuspidata in each survey interval 
was 0.007 ± 0.0009, 0.012 ± 0.0010, and 0.008 ± 0.0012, respectively, which was highest during the 
second interval of 1995 to 2004. However, comparing the RGRD of C. cuspidate in each DBH class, 
there were no significant changes of RGRD with DBH size during the first interval of 1989 to 1995 
(Figure 4a). Conversely, RGRD of individuals larger than 30 cm DBH size were significantly higher 
for the 2004–2017 period (Figure 4a). Annual mortality of C. cuspidata showed a similar pattern 
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during the three survey periods, and the mortality reduced significantly from the 10–20 cm class to 
the 20–30 cm class; then, the mortality did not show significant differences. Because of different 
growth and mortality pattern of C. cuspidata, with decreasing deciduous trees, the DBH class 
distribution changed from L shape to unimodal during the study period (Figure 5). In this case, the 
study forest was close to being a pure stand of C. cuspidata during the 28 years due to the large DBH 
size and its predominance of BA (Tables 2 and 3). 

 
Figure 4. (a) mean relative growth rate of DBH (RGRD) of Castanopsis cuspidata in each measuring 
interval; (b) mortality of each DBH class of C. cuspidata in each measuring interval. The DBH class of 
the stems is the beginning of each measuring interval (the DBH ≥ 40 cm class includes several stems 
of DBH ≥ 50 cm.). Error bars indicate SE (Stand Error) of the means and the letters indicate significant 
differences among DBH classes in each measuring interval (p < 0.05). Because the tree map was made 
during 1995, we could not check the location of some trees that dies during 1989–1995; therefore, the 
statistical difference of mortality during the 1989–1995 period was not assessed. 

 
Figure 5. Change of diameter at breast height (DBH) class distributions in the permanent plot during 
the measuring period. Open bars represent stems of Castanopsis cuspidata, and shaded area stems of 
other tree species (the area of per plot was 0.7 ha). 

3.3. Change in Forest Biomass and Dynamics 

SI of AGB and dead necromass from tree mortality (D) were monitored in the permanent plot 
for 28 years (Table 4). Due to the SI of C. cuspidata being much higher than D, despite the SI of the 
other species being less than D, biomass of the forest stand increased gradually over 28 years (Table 
5). Almost all the SI came from growth of stems and branches (woody NPP); moreover, growth of C. 
cuspidata contributed more than 90% of the SI in each measurement interval (Table 4). The annual 
woody NPP of all trees during the three survey periods: 1989–1995, 1995–2004 and 2004–2017 was 
2.40 ± 0.13 ton ha−1 year−1, 3.93 ± 0.33 ton ha−1 year−1 and 3.26 ± 0.16 ton ha−1 year−1, respectively (Table 
4). It was highest during the 1995–2004 period when the RGRD of C. cuspidata was relatively high 
(Figure 4a). 
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Table 4. Annual aboveground biomass and wood parts increments (SI) and losses (D) during each 
measuring interval of Castanopsis cuspidata and other tree species (ton ha −1 year −1) a. 

Parts of Biomass Period 
Castanopsis cuspidata Other Tree Species All Trees 

SI D SI D SI D 

Aboveground 
1989–1995 2.30 ± 0.18 a 1.09 * 0.22 ± 0.06 a 0.28 * 2.53 ± 0.17 a 1.37 * 
1995–2004 3.84 ± 0.38 b 1.59 ± 0.43 ab 0.21 ± 0.05 a 0.32 ± 0.17 a 4.05 ± 0.34 b 1.91 ± 0.39 b 
2004–2017 3.15 ± 0.21 ab 1.74 ± 0.21 b 0.20 ± 0.06 a 0.27 ± 0.03 a 3.35 ± 0.17 ab 2.01 ± 0.20 b 

Woody parts (stems 
& branches) 

1989–1995 2.23 ± 0.18 a 1.05 * 0.17 ± 0.06 a 0.26 * 2.40 ± 0.13 a 1.31 * 
1995–2004 3.73 ± 0.37 b 1.53 ± 0.41 a 0.20 ± 0.04 a 0.30 ± 0.16 a 3.93 ± 0.33 b 1.83 ± 0.37 
2004–2017 3.06 ± 0.21 ab 1.67 ± 0.21 a 0.20 ± 0.06 a 0.26 ± 0.02 a 3.26 ± 0.16 ab 1.93 ± 0.19 b 

a Different letters within each variable indicate significant differences among the different measuring 
intervals (p < 0.05). b Because the tree map was made during 1995, we could not check the location of 
some trees that dies during 1989–1995, therefore, the statistical difference of dead necromass (D) 
during the 1989–1995 period was not assessed (*). 

The AGB (including foliage) for all trees with DBH ≥ 10 cm was estimated to be 131.70 ± 7.17 ton 
ha−1, 142.67 ± 8.89 ton ha−1, 162.83 ± 8.32 ton ha−1, and 180.64 ± 8.68 ton ha−1 in the surveys of 1989, 
1995, 2004 and 2017, respectively (Table 5). The major proportion of aboveground biomass was from 
C. cuspidata, and it gradually increased during the study period. In addition, the aboveground 
biomass continued to increase from 1989 to 2017, but showed different patterns among DBH size 
classes during the 28-year period (Table 5). Initially, the aboveground biomass of all trees at 10–30 
cm classes decreased significantly and accounted for most of the total aboveground biomass in the 
1989 survey (69.8%) and 1995 (60.6%). However, in the surveys of 2004 and 2017, the aboveground 
biomass of trees with DBH ≥ 30 cm increased significantly and accounted for most of the total 
aboveground biomass (64.4% and 79.2%, respectively; Table 5). 

Table 5. Change of aboveground biomass of each DBH class of all trees in the permanent plot (10–20 
cm means 10 cm ≤ DBH < 20 cm) a. 

Year 10–20 cm 20–30 cm 30–40 cm ≥40 cm Total 
1989 23.28 ± 2.59 a 68.61 ± 2.40 a 33.56 ± 7.96 a 6.25 ± 2.64 a 131.70 ± 7.17 a 
1995 19.34 ± 2.40 a 67.18 ± 3.26 a 43.03 ± 6.74 ab 13.14 ± 4.46 a 142.67 ± 8.89 a 
2004 8.79 ± 2.09 b 49.26 ± 1.02 b 69.94 ± 3.95 b 34.85 ± 8.40 a 162.83 ± 8.32 ab 
2017 6.05 ± 1.50 b 31.60 ± 3.82 c 63.16 ± 7.13 b 79.83 ± 13.23 b 180.64 ± 8.68 b 

a Different letters within each variable indicate significant differences among measuring intervals (p < 0.05). 

4. Discussion 

This 28-year study showed us the developmental process of a secondary lucidophyllous forest. 
In 2017, there were few canopy trees other than Castanopsis cuspidata, with some pioneer deciduous 
species (Ilex micrococca, Magnolia obovata and Eleutherococcus sciadophylloides) and only one stem of an 
evergreen species, Quercus glauca (Figure 2d). The long-term direct monitoring illustrated that there 
was a simplification of species composition, with the number of species over 10 cm DBH decreasing 
from 17 to 11 due to the exclusion of deciduous species (Table 3). A predominance of the tree C. 
cuspidata also accompanied a decrease in tree density (Figure 3) during the 28-year study, which was 
consistent with our hypothesis. These results further support the previous studies, which suggested 
that the simplification of the species composition in the Castanopsis zone was caused by the lack of 
lucidophyllous elements in the northern limit of their distribution and strong sprouting capacity 
[10,18]. In addition, Kubota et al. [20] studied the biomass accumulation in proportion to decreasing 
tree density in young secondary lucidophyllous forests. They concluded that trees died because of 
self-thinning, which implied intraspecific competition following the –3/2 power low [25]. The slope 
of the relationship between the stem density and dry weight of C. cuspidata during the study period 
was nearly –3/2 (Figure 3), possibly suggesting that self-thinning governs the process of this stand’s 
development. 

Previous studies of AGB and NPP in lucidophyllous forests are summarized in Table 6. Woody 
NPP means the increments of new organic matter are retained by the biomass of stems and branches 
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[24], and is also one of the most important components of carbon sequestration in forest ecosystems 
[26]. Biomass and NPP of old-growth lucidophyllous forests have been well documented, especially 
in Japan (Table 6), and their production ecology has flourished since the 1960s within the IBP 
(International Biological Program), e.g., Minamata Forest [27] and Aya Research site [5]. These 
old-growth forests have a fairly high AGB of more than 300 ton ha−1, and have a woody NPP ranging 
from 3.4 to 8.8 ton ha−1 year−1 (Table 6). In contrast, AGB of young secondary lucidophyllous forests, 
including this study site, were less than 150 ton ha−1 under developmental stages in human 
populated areas, and woody NPP tended to be higher than old-growth forests, which ranged from 
7.5 to 14.1 ton ha−1 year−1 (Table 6). 

Age-related decline of woody NPP seems more important because only a few old-growth 
lucidophyllous forests occur in human populated areas. For example, Tadaki [28,29] revealed that 
the density depended on mortality and a change of production structure in a very young stand of C. 
cuspidata, which had regenerated naturally by coppice-shoots and seeds. An 11-year stand of 42,000 
stems ha−1 decreased to 24,667 stems in a 14-year stand in proportion to biomass increments of 56.4 
to 80.5 ton ha−1 year−1 over three years, and the woody NPP was much higher (14.1 ton ha−1 year−1) 
than it was in the mature lucidophyllous forests. Moreover, the woody NPP reached up to 11.8 ton 
ha−1 year−1 in a 12-year young stand (67.1 ton ha−1 year−1 of AGB) of C. echidnocarpa in subtropical 
China [30]. 

The AGB of the studied stand (131.7 ton ha−1 to 180.6 ton ha−1) was at a medium level compared 
with other lucidophyllous forests (Table 6), and it steadily accumulated during the study period 
(Table 5). Woody NPP ranged from 2.40 ± 0.13 ton ha−1 year−1 (1989 to 1995) to 3.93 ± 0.33 ton ha−1 
year−1 (1995 to 2004) at the study site. Contrary to expectations, age-related wood production decline 
was not observed during the 28-year investigation. The woody NPP of C. cuspidate increased from 
2.23 to 3.06 ha−1 year−1 during the 28-year period irrespective of the significant decrease in density of 
the species (666 ha−1 to 404 ha−1) due to self-thinning (Table 2) in our study site. One reason is that the 
size of dead trees concentrated on the 10–20 cm class, and the size of all tree variability increased. 
Therefore, bigger trees (20 cm ≤ DBH ≤ 40 cm) contributed significantly to wood production, and the 
growth can successfully compensate for the stem wood loss (Figure 4a,b). Moreover, age-related 
decline in wood production is related to intrinsic growth limitation of individual trees and/or 
growth reduction due to local competition among neighboring trees (e.g., self-thinning process) [31]. 
Berger et al. [32] studied the effects of neighborhood competition considering self-thinning and 
natural recruitment, which has not been considered for age-related production decline. They found 
that the wood production decline starts after self-thinning; it can thus be suggested that the study 
site was still during the self-thinning process and the growth of dominant individual tree (C. 
cuspidata) still increased. However, the woody NPP at the study site was relatively low while at a 
developmental stage with medium biomass. This may be due to the low growth of C. cuspidata 
because the lucidophyllous forest in this study is located near the northern limit of its distribution. 
Moreover, Clark et al. [23] suggested that the long intervals typical of forest production studies 
might result in the underestimation of woody NPP. This may be because the biomass increment of 
dead trees during the intervals is possibly ignored, especially with regards to the competitive 
exclusion of trees with high mortality during the study period in the study area (Figure 3). 
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Table 6. Comparison of forest biomass and woody NPP of lucidophyllous (evergreen broad-leaved) forests in East Asia. NPP: Net primary production. 

Latitude and Longtitude Study Site Dominant Species 
No. of Stems 

(ha–1) 
Aboveground Biomass (ton ha–1 )

Woody (Stem and Branch) NPP (ton ha–1 year–1) Reference 
Leaf Stem and Branch Total

35°26′ N 136°47′ E Mt. Kinka, Gifu, Japan  Castanopsis cuspidata 

884 5.4 133.3 138.7 - 

This study 
779 5.6 139.9 145.5 2.2 
604 5.9 156.3 162.2 3.6 
541 6.6 180.3 186.9 3.1 

32°47′ N 130°44′ E Kumamoto City, Japan Castanopsis cuspidata 24,667 8.4 72.1 80.5 14.1 [28] 

32°12′ N 130°24′ E Minamata City, Japan Castanopsis cuspidata 
- 7.8 335.3 343.1 4.6 

[27] - 7.8 369.8 377.6 3.4 
- 6.8 346.7 353.5 4.5 

32°04′ N 131°09′ E Aya Research site, Japan 
Distylium racemosum; 
Persea thunbergii; Quercus 
acuta, salicina, and gilva 

1391 - - 446.4 4.3 [33–35] 

31°12′ N 130°55′ E Mt. Aranishi, Japan Distylium racemosum - 11.4 312.0 323.4 7.4 [36] 

29°48′ N 121°47′ E 
Tiantong National Forest 
Park, China 

Schima superba; 
Castanopsis carlesii  

- 4.9 157.4 162.3 3.5 [37] 

27°42′ N 117°41′ E Wuyi Mountain, China Castanopsis eyrei 1140 12.9 335.1 348.0 8.8 [38] 
26°45′ N 122°13′ E Yona, Okinawa Island, Japan C. cuspidata var. sieboldii 2900 7.7 185.6 193.3 11.4 [21] 
25°24′ N 102°45′ E Songming, China Castanopsis orthacantha 3910 7.8 192.5 200.4 11.3 [39,40] 
25°19′ N 103°33′ E Fuming, China Cyclobalanopsis delavayi - 6.1 86.7 92.8 8.4 [41,42] 

25°19′ N 103°33′ E Puer, China Castanopsis echidnocarpa 
- 7.0 60.1 67.1 11.8 

[31,43] 
- 6.9 124.2 131.1 11.6 

24°51′ N 109°51′ E Huangmian, China 

Schima superba; 
Engelhardtia chrysolepis; 
Castanopsis fissa; 
Cyclobalanopsis glaucoides 

2050 4.9 64.2 69.1 7.5 [44] 

24°10′ N 101°25′ E Ailao Mountain, China 
Lithocarpus xylocarpus; L. 
chintungensis and 
Castanopsis wattii 

1100 7.9 343.6 351.5 6.6 
[45] 

512 7.3 201.4 208.7 4.3 
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5. Conclusions 

Overall, the 28-year monitoring of this lucidophyllous stand showed that the development of 
the forest included decreasing tree stems but with increasing biomass, and also with a decreasing 
number of deciduous pioneer species within the monodomination of C. cuspidata. The trajectory of 
biomass accumulation in proportion to decreasing tree density of C. cuspidata implied that 
self-thinning governs the process of this stand’s development. The woody NPP of this stand was low 
compared with other lucidophyllous forests in East Asia. However, the woody NPP was still 3.26 
ton ha−1 year−1 during the interval of 2004 to 2017 when it was nearly 70 years old. There was no 
age-related decline of woody NPP during secondary succession when the self-thinning process 
governed the study stand. Moreover, the long survey intervals for studying woody NPP with a high 
mortality rate of C. cuspidata may result in the underestimation of tree growth. Therefore, the 
secondary lucidophyllous forest has sequestered a substantial amount of carbon through woody 
biomass increment and will continue with its accumulation of biomass in the future. Further 
long-term monitoring of trends in woody NPP is needed to test the intrinsic growth limitation [32] 
that causes NPP decline in old-growth forests. 
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