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Abstract: The aim of this study was to analyze the influence of thinning on the different growth stages of the
Taiwan red cypress (Chamaecyparis formosensis Matsum) on the aboveground biomass allocation patterns and
vertical distribution of foliage and branch biomass at the tree level. Although numerous studies in various
fields have focused on the influence of thinning effects for Taiwan red cypress, few have assessed the above-
ground biomass allocation of different growth stages, or conducted a long-term thinning observation. In this
study, we examined 3 even-aged plantations in central Taiwan. In 1982, 3 stands, at ages 7, 15, 21 years, si-
multaneously began thinning trials. A thinning study was conducted once 20 years ago, and we assessed the
long-term effects. The effects of thinning in each of the stands were analyzed and compared at the tree level 20
years later. Each component of the aboveground biomass (foliage, branches, and boles) increased with the
thinning intensity, regardless of the age category of the trees; however, the crown mass/ aboveground tree
mass appeared the same for each tree age category, regardless of the thinning intensity. We inferred that this
phenomenon might result from the same proportional increase of crown mass and aboveground tree mass as
the thinning intensity was increased. An allometric function was used to quantify the vertical distribution of
the foliage and branch biomass; the results showed an increase in the accumulation of the branch biomass at
lower heights following thinning, and the same trend was apparent in all 3 plantations.

Additional key words: allometric function; crown mass; tree biomass; thinning effect; thinning intensity;
thinning trial
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Introduction
Taiwan has approximately 2.10 million ha of

forestland distributed around the island, which com-
prises 58.53% of the total land area (Taiwan Forestry
Bureau (TFB) 1995). Taiwan red cypress (Chamaecy-
paris formosensis Matsum), widely distributed across
mountain regions at elevations between 1500 to 2300
m, is one of the most important indigenous and conif-
erous species of cypress in Taiwan, possessing both

ecological and economical value because of its aes-
thetic shape and excellent material properties (TFB
1995; Yen et al. 2009). The Taiwan red cypress and
Taiwan hinoki cypress (Chamaecyparis obtusa (Sieb. &
Zucc.) Endl. var. formosana (Hayata) Rehder) are usu-
ally regarded as a single forest type, namely, a Taiwan
cypress forest, which comprises approximately
48,000 ha of natural forest and 24,800 ha of
man-made forest in Taiwan, meaning that the Taiwan
cypress forest occupies 3.5% of the total forest lands
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in Taiwan (TFB 1995). Numerous scholars in various
fields have studied Taiwan red cypress (e.g. Yen 1999;
Huang et al. 2005; 2010; Lai et al.2005; Yen et al.
2009; Li and Yen 2010; Lin et al. 2011; P. S. Huang et
al. 2011). However, the long-term effects of thinning
on the tree growth and crown properties of Taiwan
red cypress at different growth stages have not been
examined.

Because to harvest Taiwan red cypress will need
long-term plantations, monitoring tree and stand de-
velopment at different stages of growth is vital for de-
termining the long-term effects of thinning, and
hence, selecting an optimal thinning strategy. Various
studies have indicated that thinning has a positive ef-
fect on growth rate and tree size, possibly improving
current biomass accumulation for remaining trees in
coniferous stands (e.g. Brix 1981; Yu et al. 2003;
Varmola and Salminen 2004; Masaki et al. 2006). The
characteristics of trees might change because of thin-
ning treatment and the environment (Brix 1981; Fili-
piak 2005; Jarcuška 2009). Numerous studies on
thinning have indicated that crown properties (e.g.
biomass, shape and structure of crown) might alter
after the thinning process (Baldwin et al. 2000;
Pinkard and Neilsen 2003; Yu et al. 2003). Employing
vertical distribution models to quantify the biomass
and shape of the crown can assist in the interpretation
of crown property differences resulting from thinning
(Baldwin et al. 2000).

Previous studies have indicated that thinning im-
proves the tree growth of Taiwan red cypress (Lee
1985; Lee and Yen 1994; Yen 2002; Li and Yen 2010).
We expected thinning to improve tree biomass accu-
mulation; we also assessed the thinning effects on dif-
ferent growth stages and quantified the vertical distri-
bution of foliage and branch biomass for the Taiwan
red cypress at various tree levels, with paying careful
attention to the long-term thinning effects. This
study explores the effects of thinning that occurred 20
years ago on the tree levels of the Taiwan red cypress
at 3 different growth stages. The objectives were to
assess the aboveground tree biomass after thinning
and to quantify the vertical distributions of foliage
and branches caused by thinning.

Materials and methods

Study plantation
The study area was located in the Ta-An-His

Working Circle (24°N, 121°E), one of the national for-
ests in central Taiwan. The area consisted of 3 planta-
tions planted in 1975, 1967, and 1961. The experi-
mental sites had brown humic soil with a soil depth of
40-100 cm (Lee 1985). The monthly temperature was
14.2–23.0°C (mean 19.2°C) and the rainfall was
2401.9 mm year-1 based on the statistics obtained

from the Sun Moon Lake weather station (Taiwan
Central Weather Bureau 2013). The history of the 3
plantations can be summarized as follows: (1) the
stand planted in 1975 had an area of 22.53 ha; (2) the
stand planted in 1967 had an area of 16.42 ha; and (3)
the stand planted in 1961 had an area of 18.69 ha. All
3 stands were machine-planted at an initial spacing of
1.75 × 1.75 m (3,265 stems ha-1). According to the
site index curves for this study area (Lee and Yen
2000), the dominant tree height of all 3 stands was
nearly 10 m at the index age of 21 years, indicating
that the 3 stands were at similar sites.

In 1982, these 3 stands, at ages 7, 15, and 21 years,
simultaneously underwent thinning treatment (Lee
1985). The basal area (BA) of the stands was adopted
as the criterion for the thinning operation. Each stand
had 4 treatment levels expressed as a percentage of
BA: 45% (heavy thinning); 30% (middle thinning);
15% (light thinning); and 0% (no thinning). Each
level was replicated 3 times. The area of each plot was
0.05 ha (20×25 m), and the experimental area of each
stand was 0.6 ha, resulting in a total experimental
area of 1.8 ha. The thinning process was initiated
from below (thinning the suppressed trees), to im-
prove the growth of the upper (dominant) standing
trees. This thinning study was conducted once 20
years ago, and we assessed the long-term effects. The
stand characteristics of the 3 plantations before and
after thinning are shown in Table 1 (Lee 1985).

To understand the aboveground biomass accumu-
lation and crown characteristics 20 years after thin-
ning, 36 sample trees (one tree per plot according to
the mean diameter at breast height (DBH) of each
plot) were selected for analysis in October 2002. Tree
characteristics were measured in detail for each tree
after felled the 36 sample trees in the field. These
sample trees were felled at a 0.3 m aboveground
height. After measuring the crown parameters (e.g.
crown length, crown width and crown ratio), the sam-
ple trees were cut into 1 m sections from the base (0.3
m) to the top.

For each 1 m section of sample tree, all stems,
branches, and leaves were separately weighed to de-
termine the different components of biomass, and
certain fresh samples were selected to determine the
dry weight by using oven drying. In addition, 5 cm
thick stem discs at DBH and other portions (the up-
per, middle, and lower portions of trees) were taken
from each sample tree. Three branches were taken
from each of the upper, middle, and lower portions of
the crowns; and leaves of 50 g per unit were taken
from each sample branch; in total, 9 branches and 9
leaves of 50 g per unit were obtained from each sam-
ple tree. The samples were then dried at 70°C for
15–25 days until a constant weight was measured for
each component. The biomass of the different compo-
nents was then obtained by using the ratio of
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oven-dried weight to fresh weight for each compo-
nent of the sample trees (details please see Lin et al.
2001; Lehtonen et al. 2004; Yen et al. 2009).

Data Analysis
This study focused on the effects of thinning on

variously aged trees. However, a general rule of tree
development is that tree biomass increases with age.
Before designing this study, we examined 2 factors,
the age and thinning treatment, during the pretest,
and learned that both factors were significant in bio-
mass. In this study, we focused on the thinning ef-
fects, and analyzed the biomass separately for each of
the age classes. After the biomass components were
measured, the foliage, branch, bole, aboveground bio-
mass, and crown mass/tree mass were examined and
the different thinning treatments were compared by
using analysis of variance (ANOVA) and least signifi-
cant difference (LSD) methods. The LSD method has
been widely used in relevant biomass studies (Yen et
al. 2010; Yen and Lee 2011).

The allometric function (with a variable allometric
ratio) was employed to model the vertical biomass
distributions of the foliage and branches at the tree
level, and the types of distribution of foliage and
branch biomass were compared with trees at same
the age but different thinning treatments. This allo-
metric equation was developed by Ruark et al. (1987),
and has the following form:

F(x) = axbexpcx (1)

where x is the relative vertical height of trees calcu-
lated from the vertical height of trees/total tree
height (H). F(x) is the cumulative biomass of foliage
and branches in x, and a, b and c are the parameters of
the allometric model.

Results
The results revealed that foliage biomass, branch

biomass, bole biomass, and aboveground biomass
differed according to the thinning treatment; the ef-
fect of thinning on biomass was clearly shown, and all
previously defined components of biomass increased
alongside thinning intensity (Table 2). However, the
crown mass/aboveground tree mass appeared the
same for each tree age category, regardless of the thin-
ning intensity.

For an explanation of the relationship between the
observed data and the simulated model, Figure 1
shows a sample of 41-year-old trees with heavy thin-
ning. We found that the allometric models fit the ob-
served data well for foliage and branches of trees of all
ages (with high R2 and small RMSE), revealing that
the vertical distribution model had a good predicted
capacity (Table 3). The observed data closely matches
the vertical distribution curves for foliage and branch
biomass that is clearly shown in Figure 1. The distri-
bution type shown in Figure 1 is a cumulative distri-
bution and the foliage and branch biomass within
each interval required calculation to separate the re-
sults from the cumulative distribution.

The results of the foliage and branch biomass dis-
tributions were reproduced from the parameters and
calculated at 1 m intervals to present the distribution
types (Fig. 2). The experiment revealed that more fo-
liage biomass accumulates at a lower relative height
after heavy thinning in 27-year-old trees, but this
phenomenon was not apparent in 35- and 41-y-old
trees. However, an increase in branch biomass accu-
mulation at lower heights followed the thinning,
which was especially apparent after heavy thinning,
regardless of the age category (Fig. 2).

Table 1. Stand characteristics of stem number, mean diameter at breast height (DBH), basal area (BA) and mean height (H)
for 3 different age stands before and after thinned at 1982; the four thinning treatments, namely, heavy thinning, middle
thinning, light thinning and no thinning (Lee 1985)

Stand Treatment
Before treatment After treatment

Number
of tree per ha DBH (cm) H (m) BA

(m2 ha–1)
Number

of tree per ha DBH (cm) H (m) BA
(m2 ha–1)

7-yr-old heavy thinning 2594 5.6 4.77 6.34 1208 6.4 4.64 4.26

middle thinning 2360 5.6 4.63 5.83 1428 6.3 4.60 4.79

light thinning 2464 5.7 4.47 6.27 1660 6.9 4.84 6.01

no thinning 2250 5.7 4.50 6.08 2250 – – –

15-yr-old heavy thinning 1474 12.3 8.60 17.40 626 14.2 9.79 10.47

middle thinning 1436 12.9 7.90 18.68 660 15.4 10.70 13.43

light thinning 1464 13.4 8.37 20.71 998 14.1 9.67 16.61

no thinning 1222 12.7 8.79 17.08 1222 – – –

21-yr-old heavy thinning 1008 16.6 10.83 21.89 448 17.1 13.33 11.16

middle thinning 1390 14.0 9.43 21.32 868 14.6 11.80 16.62

light thinning 1548 15.2 10.67 27.97 1194 16.1 12.67 23.17

no thinning 1352 14.7 9.09 22.89 1352 – – –
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Table 2. Treatment means of tree biomass components for 27-, 35- and 41-year-old Taiwan red cypress and the treatment
means (mean±standard deviation) marked with the same letter are not significantly different at p=0.05 by the LSD
method (in the same line)

Tree age Variable
ANOVA Thinning treatment

F-value P-value
Heavy

thinning
Middle

thinning Light thinning No thinning

27-year-old Foliage biomass (kg) 23.69 0.000 11.3±1.1c 9.0±0.4b 8.0±0.5ab 7.1±0.2a

Branch biomass (kg) 7.11 0.012 16.2±1.3c 14.8±0.8bc 13.3±1.5ab 11.5±1.5a

Bole biomass (kg) 12.28 0.002 48.3±5.8b 33.6±6.2a 28.5±4.5a 25.2±3.1a

Aboveground biomass (kg) 18.01 0.001 75.7±4.4c 57.3±6.7b 49.8±6.3ab 43.8±4.8a

Crown mass/ tree mass 2.73 0.114 0.36±0.04 0.42±0.04 0.43±0.02 0.43±0.01

35-year-old Foliage biomass (kg) 8.62 0.007 11.8±1.4b 11.3±1.1b 10.4±0.9b 7.7±0.9a

Branch biomass (kg) 16.18 0.001 27.7±1.4c 19.8±4.0b 19.0±1.2ab 15.4±0.5a

Bole biomass (kg) 87.26 0.000 93.4±1.9d 78.3±4.3c 61.5±3.0b 49.2±4.6a

Aboveground biomass (kg) 140.10 0.000 132.9±3.8d 109.4±2.1c 90.9±1.7b 72.3±6.0a

Crown mass/tree mass 2.60 0.125 0.30±0.01 0.28±0.03 0.32±0.02a 0.32±0.01

41-year-old Foliage biomass (kg) 14.95 0.001 19.2±1.6b 14.4±0.9a 14.2±1.2a 12.1±1.5a

Branch biomass (kg) 18.94 0.001 39.6±2.8b 27.8±2.0a 28.8±3.3a 25.2±1.8a

Bole biomass (kg) 23.61 0.000 126.3±9.5b 95.3±6.3a 92.6±4.8a 82.4±5.4a

Aboveground biomass (kg) 34.83 0.000 185.0±13.5c 137.4±6.7b 135.5±4.1b 119.7±5.5a

Crown mass/tree mass 0.32 0.811 0.32±0.01 0.31±0.01 0.32±0.02a 0.31±0.01

Fig. 1. Cumulative distributions of foliage and branch biomass from the crown apex to the base expressing by relative tree
height scale and an example of 41-year-old trees with heavy thinning treatment



Aboveground biomass and vertical distribution of crown for Taiwan red cypress... 113

Discussions
The purpose of this study was to interpret the thin-

ning effects on the biomass and vertical distributions
of foliage and branch biomass of 3 different Taiwan
red cypress even-aged plantations 20 years after thin-
ning. Previous studies on the thinning effects of Tai-
wan red cypress plantations have chiefly focused on
growth and yield, with little emphasis on long-term
thinning effects (e.g. Hwang 1977; Yen 2002; Li and
Yen 2010). This study extends the field knowledge, to
include multiple thinning effects occurring from thin-
ning trials initiated 20 years before, especially in rela-
tion to tree levels. The relationship between stand
biomass accumulation and thinning is helpful for as-
sessing forest productivity, and we will extend our re-
sults to the stand levels for Taiwan red cypress in the
future.

Lee and Yen (1994) indicated that the mean
growth rate of Taiwan red cypress shows an increase
in the first 2 to 6 years after thinning, clearly demon-
strating that thinning affected the stocking growth in
this period. Because mean-growth space is created by
thinning and the growth rate is closely related to the

thinning intensity, a heavier thinning intensity is ex-
pected to yield a higher growth rate at the tree level.
Numerous conifer-thinning trials have demonstrated
this phenomenon (Lee and Yen 1994; Baldwin et al.
2000; Yu et al. 2003;Varmola and Salminen 2004).

Because man-made forests in Taiwan were planted
with small spacings, the initial planting density of
man-made Taiwan red cypress forests was more than
3,000 stems ha–1; consequently, competition within
stands occurred earlier than expected (Yen 2002). Lee
and Yen (1994) suggested that Taiwan red cypress
plantations should receive their first thinning in juve-
nile periods (at approximately 7 to 10 years) to im-
prove stand development. By extending previous
studies, our study provides precise results concerning
the aboveground biomass accumulation at the tree
level for Taiwan red cypress plantations 20 years after
thinning. By comparing biomass accumulation and
thinning, a clear trend emerged in the biomass com-
ponents for the 3 different ages of trees; thinning in-
tensity positively correlated with biomass accumula-
tion for each component (foliage, branches, boles and
aboveground biomass) (Table 2).

This study emphasized the thinning effects on
trees of the same age, but did not perform a further

Table 3. The parameters of allometric model (F(x) = axb expcx) for different thinning treatments of 27-, 35- and 41-year-old
Taiwan red cypress

Biomass
component Tree age Treament

Parameter
RMSE R2

a b c

Foliage 27-year-old Heavy thinning 782.99 3.08 –4.51 1.26 0.94

Middle thinning 1341.92 3.19 –5.65 0.18 0.99

Light thinning 406.69 2.65 –4.32 0.24 0.98

No thinning 1653.97 3.29 –6.35 0.13 0.93

35-year-old Heavy thinning 313.24 2.30 –3.53 0.88 0.96

Middle thinning 1255.94 3.15 –5.18 0.71 0.97

Light thinning 306.87 2.30 –3.72 0.42 0.97

No thinning 145.80 1.93 –3.26 0.49 0.94

41-year-old Heavy thinning 263.91 1.94 –2.78 1.14 0.98

Middle thinning 244.13 2.06 –3.02 0.41 0.99

Light thinning 272.65 2.02 –3.23 0.69 0.98

No thinning 268.83 2.10 –3.43 1.06 0.95

Branch 27-year-old Heavy thinning 2236.15 3.82 –5.13 1.14 0.97

Middle thinning 1977.73 3.43 –5.26 0.22 0.99

Light thinning 939.53 3.04 –4.53 1.29 0.95

No thinning 2830.20 3.53 –6.26 1.30 0.94

35-year-old Heavy thinning 732.22 2.68 –3.32 1.19 0.99

Middle thinning 2090.72 3.34 –5.02 5.84 0.91

Light thinning 1041.32 2.87 –4.27 0.62 0.99

No thinning 609.51 2.50 –4.03 0.47 0.99

41-year-old Heavy thinning 413.74 2.09 –2.29 1.59 0.99

Middle thinning 938.75 2.61 –3.72 2.48 0.98

Light thinning 1776.47 2.84 –4.54 4.23 0.96

No thinning 570.01 2.33 –3.26 2.13 0.98
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analysis of the interactions between tree age and thin-
ning intensity. We assumed that the biomass compo-
nent increases with age. After thinning, the spacing of
the remaining trees increased according to the thin-
ning intensity; therefore, assuming that all biomass
components (foliage, branches, and boles) increased
with the thinning intensity is reasonable. In addition,
crown biomass (foliage and branches) increased with

thinning, accompanied by an increase in bole bio-
mass, which might cause the ratio of crown mass to
tree mass to remain constant for trees of the same
age. This ratio changes for different tree ages, and the
changes in the ratio are 0.36–0.43, 0.28–0.32, and
0.31–0.32 for 27-, 35-, and 41-year-old trees, respec-
tively. Baldwin et al. (2000) indicated that the ratio of
crown mass to tree mass increases for stands with

Fig. 2. Foliage and branch biomass distributions within four treatments of the different age categories of the trees, which re-
covered from the parameters of Table 3 and calculating by 1 m per interval
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heavier thinning and wider spacing; the ratio ranged
from 0.11 to 0.15 in loblolly pine. We inferred that
heavier thinning and wider spacing will lead to crown
mass developing more rapidly in loblolly pine; conse-
quently, the ratio of crown mass to tree mass would
increase.

Furthermore, the foliage and branch biomass was
measured, along 1 m intervals of tree height, and
were simulated using the allomeric equation. The re-
sults demonstrated that this model had a good fit for
the vertical distributions of both foliage and branch
biomass of Taiwan red cypress; regardless of the age
category of the trees and thinning intensity (Table 3
and Fig. 1). The example using 41-year-old trees (Fig.
1) showed that the vertical distributions of foliage
and branch biomass of the observed data approxi-
mated symmetrical curves. The allometric model em-
ployed in this study, termed a “variable allometric ra-
tio (VAR) model”, was developed by Ruark et al.
(1987). Hashimoto (1991) adopted the VAR model to
simulate the vertical distribution of foliage biomass
for sugi (Cryptomeria japonica) conifers and obtained a
good predicted capacity for the crown mass. However,
the foliage and branch distributions are a cumulative
distribution from the crown apex to the base (Fig. 1),
which cannot directly show foliage and branch bio-
mass at each interval, although another expression of
this curve could. After reproducing foliage and branch
biomass at 1 m intervals, the vertical distributions of
foliage or branch biomass within each interval were
obtained (Fig. 2).

A comparison of the vertical distribution of foliage
biomass after thinning showed more foliage biomass
accumulation at a lower height after thinning in
27-y-old trees, but this pattern did not emerge in
trees of other ages. We inferred that thinning pro-
moted foliage biomass accumulation, but the type of
distribution might vary with tree age; therefore, this
phenomenon does not apply to all trees after thin-
ning. Previous studies have revealed that thinning
creates more space and a lighter environment for
branch development, especially within lower crowns
(Ginn et al. 1991; Yu et al. 2003; Simard et al. 2004).
Our findings indicate that the VAR model is a useful
tool for quantifying the vertical distribution of crown
mass, which can help interpret the differences in the
distribution of the crown mass resulting from thin-
ning. We found that more branch biomass accumu-
lates at lower relative heights, especially after heavy
thinning treatment, for the Taiwan red cypress after
20 years of thinning and the same trend appeared in
all 3 plantations.

Conclusions
In this study, we examined the long-term thinning

effects on Taiwan red cypress, mainly focusing on

aboveground biomass at the tree level. We expected
thinning to improve each component of biomass ac-
cumulation; we learned that the ratio of crown mass
to aboveground tree mass was not significantly influ-
enced by the thinning intensity, regardless of tree age
category. The vertical distribution of foliage and
branch biomass after quantification readily shows the
changes in crown mass after examining the thinning
effects on Taiwan red cypress. Understanding the re-
lationship between stand biomass accumulation and
thinning is useful for assessing forest productivity,
and we will extend the knowledge of this study to the
stand level in the future.

References
Baldwin V.C. Jr., Peterson K.D., Clark A. III, Fergu-

son R.B. Strub M.R., Bower D.R. 2000. The ef-
fects of spacing and thinning on stand and tree
characteristics of 38-year-old Loblolly Pine. For-
est Ecology and Management 137: 91–102.

Brix H. 1981. Effects of thinning and nitrogen fertil-
ization on branch and foliage production. Cana-
dian Journal of Forest Research 11: 502–511.

Filipiak M. 2005. Changes of Abies alba crown state
and stand quality class in the Sudety Mountains.
Dendrobiology 54: 11–17.

Ginn S.E., Seiler J.R., Cazell B.H., Kreh R.E. 1991.
Physiological and growth responses of eight-year-
old loblolly pine stands to thinning. Forest Sci-
ence 37: 1030–1040.

Hashimoto R. 1991. Canopy development in young
sugi (Cryptomeria japonica) stands in relation to
changes with age in crown morphology and struc-
ture. Tree Physiology 8: 129–143.

Huang P.S., Tso I.M., Lin H.C., Lin L.K., Lin C.P.
2011. Effects of thinning on spider diversity of an
East Asian subtropical plantation forest. Zoologi-
cal Studies 50: 705–717.

Huang Y.S., Hung L.F., Kuo-Huang L.L. 2010. Biome-
chanical modeling of gravitropic response of
branches: roles of asymmetric periphery growth
strain versus self-weight bending effect. Trees 24:
1151–1161.

Huang Y.S., Chen S.S., Kuo-Huang L.L., Lee C.M.
2005. Growth strain in the trunk and branches of
Chamaecyparis formosensis and its influence on tree
form. Tree Physiology 25: 1119–1126.

Hwang K.K. 1977. Studies on the growth of planted
forest of red cypress. Quarterly Journal of Chi-
nese Forestry 10: 95–109. (in Chinese with Eng-
lish abstract).

Jarcuška B. 2009. Growth, survival, density, biomass
partitioning and morphological adaptations of
natural regeneration in Fagus sylvatica. A review.
Dendrobiology 61: 3–11.



116 Tian-Ming Yen, Joou-Shian Lee, Chieh-Lu Li, Yu-Ting Chen

Lai I.L., Scharr H., Chavarria-Krauser A., Kusters R.,
Wu J.T., Chou C.H., Schurr U., Walter A. 2005.
Leaf growth dynamics of two congener gymno-
sperm tree species reflect the heterogeneity of
light intensities given in their natural ecological
niche. Plant, Cell and Environment 28:
1496–1505.

Lee J.S. 1985. Studies on the thinning of Taiwan red
cypress plantation. Technical bulletin of depart-
ment of forestry, National Chung-Hsing univer-
sity. (in Chinese with English abstract).

Lee J.S., Yen T.M. 1994. A study on the growth of
plantations- the effects of thinning to stand struc-
ture and growth. Quarterly Journal of Forest Re-
search 16: 103–113. (in Chinese with English
abstract).

Lee J.S., Yen T.M. 2000. Evaluation of forest potential
productivity of Chamaecyparis formosensis planta-
tions- a study on site index curve. Quarterly Jour-
nal of Forest Research 22: 51–60. (in Chinese
with English abstract).

Lehtonen A., Mäkipää R., Heikkinen J., Sievänen R.,
Liski J. 2004. Biomass expansion factors (BEFs)
for Scots pine, Norway spruce and birch accord-
ing to stand age for boreal forests. Forest Ecology
and Management 188:211–224.

Li L.E., Yen, T.M. 2010. Thinning effects on stand and
tree levels of Taiwan red cypress (Chamaecyparis
formosensis Matsum.) 4 years after thinned. Quar-
terly Journal of Chinese Forestry 43: 249–260. (in
Chinese with English abstract).

Lin K.C, Ma F.C, Tang S.L. 2001. Allometric equa-
tions for predicting the aboveground biomass of
tree species in the Fushan forest. Taiwan Journal
of Forest Science 16: 143-151.

Lin W.R., Chen W.C., Wang P.H. 2011. Effects of for-
est thinning on diversity and function of macro-
fungi and soil microbes. Sydowia 63: 67–77.

Masaki T., Mori S., Kajimoto T., Hitsuma G., Sawata
S., Mori M., Osumi K., Sakurai S., Seki T. 2006.
Long-term growth analyses of Japanese cedar
trees in a plantation: neighborhood competition
and persistence of initial growth deviations. Jour-
nal of Forest Research 11: 217–225.

Pinkard E.A. Neilsen W.A. 2003. Crown and stand
characteristics of Eucalyptus nitens in response to
initial spacing: implications for thinning. Forest
Ecology and Management 172: 215–227.

Ruark G.A., Martin G.L., Bockheim J.G. 1987. Com-
parison of constant and variable allometric ratios
for estimating Populus tremuloides biomass. Forest
Science 33: 294–300.

Simard S.W., Blenner-Hassett T., Cameron I.R. 2004.
Pre-commercial thinning effects on growth, yield
and mortality in even-aged paper birch stands in
British Columbia. Forest Ecology and Manage-
ment 190: 163–178.

Taiwan Central Weather Bureau 2013 http://www.
cwb.gov.tw/eng/index.htm

Taiwan Forestry Bureau 1995. The Third National
Forestry Resources and Land Use in Taiwan. Tai-
wan Forestry Bureau. pp. 1–258. (in Chinese with
English summary).

Varmola M., Salminen H.. 2004. Timing and intensity
of precommercial thinning in Pinus sylvestris
stands. Scandinavian Journal of Forest Research
19: 142–151.

Yen T.M. 1999. Comparisons of direct and in direct
estimation methods for stand structure of
Chamaecyparis formosensis plantations. Quarterly
Journal of Chinese Forestry 32: 347–356. (in Chi-
nese, with English abstract).

Yen T.M. 2002. Stand density management of
Chamaecyparis formosensis plantations. Quarterly
Journal of Chinese Forestry 35: 55–67. (in Chi-
nese with English abstract).

Yen T.M., Ai L.M., Li C.L., Lee J.S., Huang K.L. 2009.
Aboveground carbon contents and storage of
three major Taiwanese conifer species. Taiwan
Journal of Forest Science 24: 91–102.

Yen T.M., Ji Y.J., Lee J.S. 2010. Estimating biomass
production and carbon storage for a fast-growing
makino bamboo (Phyllostachys makinoi) plant
based on the diameter distribution model. Forest
Ecology and Management 260: 339–344.

Yen T.M., Lee J.S. 2011. Comparing aboveground car-
bon sequestration between moso bamboo (Phyllo-
stachys heterocycla) and China fir (Cunninghamia
lanceolata) forests based on the allometric model.
Forest Ecology and Management 261: 995–1002.

Yu S., Chambers J.L., Tang Z., Barnett J.P. 2003.
Crown characteristics of juvenile loblolly pine 6
years after application of thinning and fertiliza-
tion. Forest Ecology and Management 180:
345–352.


