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The Trend of Growth Characteristics of Moso bamboo
(Phyllostachys pubescens) Forests under an unmanaged

Condition in Central Taiwan
Tsai-Huei Chen,”  Dar-Hsiung Wang,”  Shitephen Wang'”’

[ Summary ]

Moso bamboo (Phyllostachys pubescens) is one of the important bamboo species in Taiwan.

In this study, we investigated the stand density, growth characteristics, and aboveground biomass
(AGB) of moso bamboo in an unmanaged condition between 2008 and 2014 in Sanjiaolun Dis-
trict, central Taiwan. The moso bamboo plantations had stand densities of between 5733 =896 and
13,067+551 culms ha” and values of diameter at breast height (DBH) of between 5.5+0.5 and
6.31+0.2 cm. Biomass was estimated by allometric models, and the prediction indicated that the
moso bamboo forest had AGB of 38.4+6.3 to 60.4+6.9 Mg ha. All results indicated that the av-
erage DBH decreased after 2 yr, the density of small bamboo (diameter class < 4.0 cm) increased,
and the AGB of old bamboo was sharply increasing in an unmanaged condition of moso bamboo
forests.
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INTRODUCTION

Bamboo belongs to the Gramineae fam-
ily, and has about 90 genera with over 1200
species globally (Lobovikov et al. 2007).
Bamboo is naturally distributed in the tropi-
cal and subtropical belt between 46° north
and 47° south latitude, but mostly in South
and East Asia, which totally has more than
18 million ha, which is nearly 80% of the
total world bamboo area (Shanmughavel and
Francis 1996, Isagi et al. 1997, Scurlock et
al. 2000, Embaye et al. 2005). Bamboo plays
an integral role in the social, cultural, and
economic lives of the people in Asian coun-
tries (Nath et al. 2009, Tandon and Barik
2012).

Because the Tropic of Cancer crosses
Taiwan and there are high elevations of the
Central Mountain Range, different types of
bamboo can be found here. In total 46 species
and varieties of bamboo are found in Taiwan,
of which 20 are indigenous and are 26 exotic
(Lin 1967). Moso bamboo (Phyllostachys

pubescens), one of the 6 economic bamboo
species in Taiwan (Lu 2001), was introduced
from southeastern China to Taiwan around
the middle of the 18" century by emigrants
(Lai and Hsiao, 1997). Both the culms and
shoots of moso bamboo are very useful (Yen
etal. 2010, Chen et al. 2014).

Village bamboo has many values, and
proper utilization and scientific management
can provide benefits on local, national, and
global levels through providing a livelihood,
and economic and environmental security
for many millions of rural people (Nath et al.
2009).

Recently, some studies indicated that the
biomass of moso bamboo forest notably var-
ied among different sites ranging from 30 to
290 Mg ha™ (Isagi et al. 1997, He et al. 2003,
Kumemura et al. 2009, Wang et al. 2009, Yen
et al. 2010, Chen et al. 2011, Sun et al. 2013),
and was usually lower than those of woody
forests (IPCC 2008).



Taiwan J For Sci 31(2): 75-87, 2016

Growth patterns of moso bamboo differ
from those of woody plants. In the former, the
rapid growth from a shoot to a mature plant
can be completed within a couple of months
(Yen et al. 2010). Due to the fact that new-
born shoots which are then transformed to
culms are produced from underground rhi-
zomes each year, moso bamboo forests form
uneven-aged stands (Isagi et al. 1997, Show
2010, Yen and Lee 2011). Therefore, if selec-
tive cutting is carried out each year in moso
bamboo forests, the sustainable management
of moso bamboo forests would be feasible
(Yen et al. 2010). Furthermore, it was reported
that the aboveground biomass (AGB) of moso
bamboo forests increased 33% with selective
cutting after the first year, and the production
of bamboo culms in high quantity was main-
tained for the next 2 yr (Wang et al. 2010).

However, recently, due to cheap bamboo
imports from China and only slight profits to
support foresters, lots of moso bamboo forests
in Japan and Taiwan have become an unman-
aged condition (Kumemura et al. 2009, Senba
et al. 2010, Lin 2011, Chen et al. 2014).

While many studies have been carried
out on moso bamboo plantations in the past
(Wang et al. 2009, 2010, Chen et al. 2011,
2014), none regarding changes in the stand
structure of unmanaged moso bamboo forest
has been reported yet. Thus, in this study, the
objectives were (1) to investigate the growth
responses of moso bamboo in an unmanaged
condition, (2) to reveal the dynamics of the
stand structure after a period of an unman-
aged condition, and (3) to estimate the AGB
of different-aged moso bamboo forests. We
hypothesized that the average diameter at
breast height (DBH) would decrease, the den-
sity of small bamboo (diameter class < 4.0
cm) would go up, and the AGB of old bamboo
(age = 5) would sharply increase in moso
bamboo forests in an unmanaged condition.
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MATERIALS AND METHODS

Study area

The study area was located at Sanjiaolun
(23°55'55"N, 120°53'46"E) in Nantou County,
central Taiwan. Nantou County is dominated
by bamboo forests that played very important
roles in the local economy a few decades ago.
The elevation of the study site is 769 m with
a monsoonal subtropical climate. The aver-
age annual temperature and average annual
precipitation in the study area from 1970 to
2015 were 15.3°C and 1558 mm, respectively
(TCWB 2015). The moso bamboo forest of the
study site was planted 30 yr ago.

Sample plots

Starting in 2008, the moso bamboo for-
est on the site began to be in an unmanaged
condition. Three square plots of 100 m” each
(10X 10 m) were set up. In these plots, all
bamboo culms were tagged, and their DBH
and height were measured annually.

Diameter distribution model (DDM)

The DDM, a type of approach to stan-
dardize a description of the diameter distribu-
tion, is based on a probability density function
(PDF). Being quite flexible in shape and eas-
ily used, Weibull’s function was quite often
used to describe the DBH distribution in tim-
ber plantations (Bailey and Dell 1973, Clutter
et al. 1983, Wang et al. 2006). Yen et al. (2010)
for the first time used Weibull’s function to
simulate the distribution of diameters in bam-
boo plantations in Taiwan. The PDF of the
2-parameter model for the Weibull random
variable, y, utilizing notation by Dubey (1967)
based on Weibull (1951), is:

K X k-l XK
fo 1) = K(K) T azo0 ; (1)
0 %<0,
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where A and « are parameters of the Weibull
function.

It is characterized by the scale param-
eter, A, and the shape parameter, k. We used
Eq. (1) to make the DDM of the moso bam-
boo plantation between 2008 and 2014.

Stand density and AGB estimates

Stand density was taken as the number of
standing bamboo culms of different ages per
hectare during 2008 to 2014. The AGB for
each culm was estimated using an allometric
equation (Eq. (1)) developed from a moso
bamboo plantation (Lu and Liu 1982).

AGBi=10 (-0.9950+2.2465 X log D) and (3)
AGB = [(YAGBi) kg/1000] X [1,000,000 m*/
(10X 10 m)] ; @)

where AGB; is the AGB per culm expressed
in kg, D is the DBH expressed in cm, and
AGB is the aboveground biomass expressed
in Mg ha™'.

Analysis of the stand structure
The number of diameter classes, the
frequency and density of bamboo culms in
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different ages, and the AGB were determined
every sampling time. Furthermore, they were
calculated each year independently.

Statistical analysis

Data presented in this paper are the
average of 3 replicates. A 1-way analysis of
variance (ANOVA) was conducted to test
unmanaged effects on the stand structure and
AGB. When the 1-way ANOVA indicated a
significant treatment effect, the least signifi-
cant difference (LSD) test was used to recog-
nize means in different years. An o level of
0.05 for significance was used in all statistical
analyses, which were performed using SAS
9.2 (SAS Institute, Cary, NC, USA).

RESULTS

The trend of DBH after being unmanaged
Overall, average DBH values in all ages
and in age 1 yr in 2008 and 2009 were higher
than those between 2010 and 2014 (Fig. 1).
In the first 2 yr of no management the aver-
age DBH in all age classes was significantly

Oage 1
B average
b b b
c 0 be be bc
2011 2012 2013 2014

Fig. 1. Trend of diameter at breath height DBH at an age of 1 yr and on average after non-

management of the moso bamboo stand.
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higher, at 6.49£0.18 and 6.35£0.19 cm than
these with no significant change in any of
the other years, at 5.84+0.09, 5.70%+0.16,
5.78+£0.24, 5.64+0.30, and 5.48£0.45 cm
from 2008 to 2014, respectively (Fig. 1).

The trend of DBH in age 1 yr shows that
it was higher in 2008 at 5.53 +0.18 cm and in
2009 at 5.61 ==0.26 cm. However, after reach-
ing a peak, DBH fell rapidly to 4.52+0.08
cm in 2010. There was a sharp increase over
the next 2 yr, with the DBH of newly born
bamboo reaching a peak of 5.22+0.27 cm in
2012. It then fell again to 4.67+0.77 cm in
2014 (Fig. 1).

Regarding the trend of average DBH in
all ages after no management, it was notably
high in the first 2 yr, but was low after the
third year (Fig. 1).

Over the period of 2008 to 2014 as a
whole, there was an increase in the number
of culms ha below diameter class 7 cm (Fig.
2). Moreover, peaks of newly born bamboo
culms (i.e., age 1 yr) were always below di-
ameter class 7 cm (Fig. 3).
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Diameter distribution

Regarding the distribution of diameter
classes, it is evident that the largest propor-
tion of bamboo culm was in class 4.1~6.0 cm
every year, and there was a steady increase in
diameter classes 0~2.0 and 2.1~4.0 cm over
the past 7 yr (Table 1).

Out of 5 diameter classes, diameter class
4.1~6.0 cm had the highest proportion of
bamboo culms that fluctuated between 52.1%
and 60.6% from 2008 to 2014. The proportion
of bamboo culms in diameter class 6.1~8.0
cm dipped from 30.8% to 14.2% between
2008 and 2014. On the other hand, there
was a moderate increase in smaller diameter
classes over the past 7 yr, with the percentage
of bamboo culms rising from 8.1% to 25.7%
in diameter class 2.1~4.0 cm, and from 1.2%
to 5.2% in diameter class 0~2.0 cm (Table 1).

It can be seen that the total culm density
increased between 2008 and 2013 (Fig. 4). In
2008, the density of bamboo culms was 5733
culms ha™. It then rose moderately over the
next 3 yr, with the density of culms reaching a

——2008
e 2009
--#=-2010
==>€--2011
—+—2013
——2014

5

6 7 8 9 10 11

Diameter class (cm)

Fig. 2. Diameter distribution of all ages in the moso bamboo stand from 2008 to 2014.
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Fig. 3. Diameter distribution at an age of 1 yr in the moso bamboo stand from 2008 to 2014.

Table 1. Percentages of bamboo culms in each diameter class after non-management

Year

Diameter 2008 2009 2010 2011 2012 2013 2014
class (cm)

0~2.0 12+1.8" 14+13 43%2.1 49+2.0 36x1.2 3.7x3.1 52+£55
2.1~4.0 81x£33 12.7x2.7 199+£22 228438 23.6*35 249+52 257%95
4.1~6.0 599+8.0 60.6x£8.7 53.1+x52 532£50 52.1+56 533%£35 54.6+4.1
6.1~8.0 30.8%+10.3 254+£87 22.7%x55 19.1£6.1 208*+44 17.8£58 142146
8.1~10 0.0%£0.0 0.0£0.0 0.0x0.0 0.0%£0.0 0.0£0.0 03x04 0.3%0.5
" Mean =+ standard deviation.

14,000 - m8.1~10.0

12,000 { 06.1~8.0
o 4.1~6.0
< 10,0004 02.1-4.0
_E 8000 4 B0~2.0
=
L2
= 6000
37
5 4000
)

2000 4

2008 2009 2010 2011 2012 2013 2014

Fig. 4. Trend of the diameter distribution after non-management in a moso bamboo stand
from 2008 to 2014.
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flat of 12,000 culms ha (Fig. 4). From 2012
to 2014, the density fluctuated between 11,833
and 13,067 culms ha” (Fig. 4). Noticeably,
the density of culms in diameter classes 0~2.0
and 2.1~4.0 cm went up from 67 to 567 culms
ha”, and 467 to 2633 culms ha™ from 2008 to
2011, and then it fluctuated between 433 and
600 culms ha for diameter class 0~2.0 cm,
and between 2633 and 3167 culms ha™ for di-
ameter class 2.1~4.0 cm from 2012 to 2014.

The dynamics of frequency for each age
range

Table 2 reveals the proportion and den-
sity of bamboo culms of different ages from
2008 to 2014. It indicates that there was a
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continual increase in the age of = 5 yr in an
unmanaged condition over the next 7 yr.

After 3 yr in an unmanaged condition,
among bamboo culms of different ages, culms
aged = 5 yr had the greatest proportion that
fluctuated between 41.1 and 30.2% from 2011
to 2014. On the contrary, proportions of bam-
boo culms with respect to ages 1~4 yr were
dipped below 25% after 2010 (Table 2).

The total density of all ages increased
from 2008 to 2013, then dropped in 2014 (Fig.
5). Furthermore, the most important thing is
that the density of old bamboo culms (i.c., age
over 4 yr) grew from 267 culms ha” in 2008
to 5767 culms ha” in 2011 after 3 years in
an unmanaged condition, and then, at a high

Table 2. Dynamics of the frequency of different ages after non-management in a moso

bamboo stand (%)

Ye?;;,ge 2008 2009 2010 2011 2012 2013 2014
1 2914370 209443 201430 237417 118+3.1 163+£19 17.6+1.9
2 243+48 244431 163433 158+34 215415 11.5+30 19.6%3.0
3 333497 204+41 191424 133427 115+3.1 175+17 113+17
4 42460 280+81 163437 147420 103+22 93+16 152+1.6
>5 00+0.0 3.6+50 243449 302487 385+95 41.1+58 39.6+58
Y Mean =+ standard deviation.
14,000 - m=s
12,000 - |4
a3
Elo,oooa .
£ 8000 ol
g
Z 6000 -
g
2 4000 -
2000 -
O,
2008 2009 2010 2011 2012 2013 2014

Fig. 5. Density of culms of different ages after non-management in a moso bamboo stand.
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density fluctuated between 5767 and 7033
culms ha' from 2011 to 2014 (Fig. 5).

The trend of AGB after non- mangement

The trend of total AGB was the same as
that of the culm density, and increased rap-
idly from 38.4 Mg ha" in 2008 to 59.2 Mg
ha™ in 2011 after non-mangement (Table 3).
Then, the total AGB fluctuated between 60.4
and 51.7 Mg ha"' from 2011 to 2014 (Table
3). The most notable point to mention is that
after non-mangement, the AGB of age =
5 yr increased dramatically from 0 to 24.7
Mg ha" between 2008 and 2011, and the
higher proportion of total AGB fluctuated be-
tween 21.2 and 28.7 Mg ha' from 2011 to
2014 (Table 3).

DISCUSSION

Plants play a variety of roles to accumu-
late and sequester carbon dioxide from the
atmosphere into plant biomass (IPCC, 2008).
A key issue in the profitability of bamboo
plantations is the productivity of those planta-
tions (Hunter and Juni 2002). Many studies
focused on the contributions to AGB of not
only woody trees (Gifford 2000, Fukuda et al.
2003, Losi et al. 2003, Lamolom and Savidge
2006, Nogueira et al. 2008, Salimon et al.
2011) but also bamboos (Yen et al. 2010,
D’Oliveria et al. 2013, Rockwell et al. 2014).

Our original hypotheses that a lack of
management would affect DBH, density of
bamboo culm, and AGB, were supported by
our findings. On the whole, the average DBH
dipped slightly, the density of small bamboo
culms increased, and the AGB of old bamboo
rose after non-mangement. This discussion
reveals 3 objectives mentioned above.

Impacts on DBH

Previous studies pointed out that the av-
erage DBH increased after selective cutting
which focused on small or old culms (e.g.,
Wang et al. 2010), but there was no evidence
to support the hypothesis that average DBH
would decrease if bamboo plantations were in
an unmanaged condition. In our study, the av-
erage DBH significantly decreased to a lower
level from the third year with no managment
(Fig. 1), and there was a steady increase in
culm density in the smaller diameter class (e.g.,
0~2.0 and 2.1~4.0 cm) from 2008 to 2014 (Ta-
ble 1, Fig. 4). Moreover, the DDM approach in
the diameter distribution analysis showed that
the density of small culms would increase the
same as the results shown in Fig. 1.

The trend of DBH across the investi-
gated years apparently followed the assumed
hypothesis of bamboo forests in previous
studies (i.e., the DBH of culms would drop if
bamboo forests are unmanaged) (Wang et al.
2009, Yen et al. 2009). This study is the first

Table 3. Dynamic of aboveground biomass (AGB) of different ages after non-management

in 2 moso bamboo stand (Mg ha™)

Age (yr) 2008 2009 2010 2011 2012 2013 2014
1 91+1.1" 83424 65+1.1 122402 72425 90+3.1 7.0+15
2 113429  91+1.1 82423 58+1.6 113+01 65+28 86+28
3 160+54 113429  89+1.1  78+20 54+13  99+05 5720
4 31431 160+54 108440 87+09 77+21 36+10 92+04
=5 00400 20+28 155453 247+10.1 287493 243+86 212+65
Total 384%63 467+40 498+65 592+79 604+70 532430 51.7+84

Y Mean = standard deviation.
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to show that there was a decrease in the aver-
age DBH after 2 yr in an unmanaged condi-
tion.

Dynamics of frequency and density for
each age range

Our study indicated that there was a con-
tinual increase in the frequency and density
from young to old bamboo in an unmanaged
condition from 2008 to 2012 (Fig. 5, Table
2). In order to maximize the carrying capac-
ity, bamboo stands need to be harvested by
selectively cutting old bamboo to create space
for new-born bamboo growth, and therefore,
maintaine a high productivity of the bamboo
forest (Embaye et al. 2005, Wang et al. 2010).
Selection cutting is vital to maintain the vigor
of bamboo stands (Yen and Lee 2003, Wang
et al. 2009), and to enhance regeneration due
to an open canopy and soil disturbance in the
bamboo forest (Larpkern et al. 2011, Montti
etal. 2011).

Moreover, selecting cutting is more prof-
itable to land owners and culm manufacturers.
On the average, about 20% of culms are cut
every year in a managed condition according
to previous studies (Wang et al. 2009, Yen et
al. 2010). However, this has not been verified
by experiments. In this case, this study sug-
gested that about 30% of old bamboo culms,
aged > 4 yr, could be logged by selective cut-
ting at the first year, and about 40~50% after
the second year in an unmanaged condition
(Table 2).

A healthy system of roots (rhizomes)
and culms is quite important to build up a
productive bamboo stand. For monopodial
bamboo, rhizomes provide nutrition for
bamboo shoot development. Then, through
photosynthesis of the foliage, the resulting
soluble carbohydrates feed back to rhizome
growth and regeneration (Wang 2012). Thus
a mutual interrelated system of rhizomes and
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culms is formed in a bamboo stand (Hsiao
2010). The age distribution of culms affects
rhizomes regeneration, in that the regenera-
tion capacity of rhizomes increases first with
an increase in age because of the expansion
of the leaf surface area and root system. Lat-
er, however, in older bamboo, due to a rapid
decrease in vigor caused by a diminution of
the leaf surface area, its root regeneration
ability will be sharply diminished. Therefore,
the age distribution structure of bamboo is
crucial to culm growth and regeneration of
bamboo forests.

Ideally, to reach the maximum produc-
tivity in a bamboo forest, the age distribu-
tion of bamboo should be managed so that
the proportion of young bamboo (e.g., aged
1, 2, and 3 yr) is greatest and is the least for
old bamboo (e.g., aged > 4 and 5 yr) (Wang
et al. 2010, Chen et al. 2014). However, the
age distribution in our study showed a quite
non-profitable trend of age allocation in the
unmanaged bamboo stand because of a con-
tinual increase in the frequency and density
of old bamboo in an unmanaged condition
from 2008 to 2014 (Fig. 5, Table 2). In other
words, our study suggests that a sustainable
yield of bamboo is not maintained if the bam-
boo is abandoned. Therefore, bamboo forests
must be managed by the selective cutting of
old culms aged > 5 yr for sustainable usage.

Changes in the ABG in different ages
The trend of AGB among ages over time
showed the same trend as that for the density
of culms; it increased rapidly over 3 yr from
2008, and then fluctuated between 60.4 and
51.7 Mg ha from 2011 to 2014 (Table 3).
While in unmanaged bamboo forests, both the
density of culms and AGB in the stand will
continue to increase up to the carrying capac-
ity of AGB in the bamboo forest because of
the accumulation of aged culms (D’Oliveira
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et al. 2013), so the AGB distribution of the
age structure should be of greeater concern
for the health and vigor of bamboo stands.
Our study showed an inappropriate AGB dis-
tribution among ages, in that the proportion
of young culms was much lower than that of
old culms after 2010. This finding suggests
that for bamboo forests, after 2 yr after being
abandoned, the structure of AGB in the age
distribution will change into an undesirable
stage over time.

In East Asia, AGB production in differ-
ent moso bamboo stands has a wide range of
30 to 290 Mg ha™' (Wu 1983, Li et al. 1993,
Isagi et al. 1997, Peng et al. 2002, He et al.
2003, Xiao et al. 2007, Wang et al. 2009,
2010, Yen et al. 2010, Chen et al. 2011, 2012,
2014). In an unmanaged condition, the AGB
(51.7 Mg ha) observed during the last mea-
surement in this study was still lower than
these of most earlier studies in a managed
condition, at 73.2~91.6 (Chen et al. 2011) and
85.4 Mg ha' (Chen et al. 2014).

Because of cessation of selective cutting
in an unmanaged condition, both the density
of culms and AGB continued to increase until
they were similar to adjacent unmananged
bamboo forests (D’Oliveira et al. 2013).

Notably, the AGB of old bamboo sharply
increased after being unmanaged from 2008
to 2011, and then was much higher compared
to young bamboo and fluctuated after 2011
until 2014. Due to the weak vitality, high
mortality, and mature property of old bam-
boo, it is essential to remove it to maximize
bamboo culm production.

CONCLUSIONS

In response to the research hypothesis,
we investigated the growth responses of moso
bamboo in an unmanaged condition, exam-
ined dynamics of the stand structure after

being unmanaged, and estimated the AGB
for different ages of a moso bamboo forest.
Overall, we confirmed that the average DBH
had decreased after 2 yr of no management,
the density of small DBH bamboo had grown,
and the AGB of old bamboo had increased in
an unmanaged condition in the moso bamboo
forest.
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