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Abstract: The purpose of this study was to predict aboveground biomass (AGB) and aboveground
carbon storage (AGCS) in Ma bamboo (Dendrocalamus latiflorus Munro) plantations. A total of
25 bamboo samples were selected and felled based on age and diameter at breast height (DBH)
classes. Two types of allometric equations (with and without an age factor) were used to develop
biomass models for foliage, branches, culms and aboveground parts. Moreover, three intensively
managed Ma bamboo plantations were used in this study to predict AGB and AGCS. The above two
biomass models and a diameter distribution model were used to predict AGB for the three bamboo
stands. The AGCS was predicted based on the AGB and percent carbon content. The results showed
that the proportions of foliage, branches and culms to AGB were 11.1, 23.7 and 65.2%, respectively, at
the individual bamboo level. The mean percent carbon content was predicted to be 41.68, 44.21 and
46.72% for foliage, branches and culms, respectively. The allometric equation with the age factor had
better predictive ability than that without the age factor, with the former having higher R2 and lower
root mean square error values. Compared to the AGB predicted by the allometric model with the
age factor at the stand level, the range of relative error was from −16.56 to 5.26% and from −40.0 to
71.7% for the AGB predicted by the allometric model without the age factor and that by the diameter
distribution model, respectively. According to the allometric model with the age factor, the AGB
and AGCS were predicted to be 35.7 ± 3.4 and 16.3 ± 1.5 Mg ha−1, respectively, in Ma bamboo
plantations. The results also reflected that the current status of Ma bamboo management is intensive
management, where the focus is on harvesting bamboo shoots.

Keywords: diameter at breast height (DBH); clump; culm age; diameter distribution model; Weibull
function; allometric equation

1. Introduction

Taiwan is an important area of global bamboo distribution because its climate and
environment are suitable for bamboo growth [1–3]. More than 150,000 ha of bamboo
forests with high biological diversity and productivity are distributed throughout Taiwan,
which have environmental, economic and social value [1,4]. Biomass accumulation is an
important stand characteristic of bamboo forests because it helps assess various values of
bamboo forests, including productivity and carbon storage capacity. Using an allometric
function based on diameter at breast height (DBH) is considered a realistic approach for
predicting the biomass of bamboo plantations. Usually, the samples used to build the model
are based on a stratified sampling method or cover the entire range of DBH values. The
model could be reasonably scaled to each individual stand when there is a high correlation
between the sample data and the model. As a result, the biomass yield of whole stands
can be obtained from the summation of each individual bamboo. In addition to biomass
prediction, this approach is also suitable for further predicting carbon storage because the
carbon storage of wood plants is usually close to half of their biomass value, i.e., carbon
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storage = 0.5 × biomass. However, determining the percent carbon content (PCC) for a
certain tree or bamboo species helps accurately predict carbon storage if the PCC has
been established. In recent years, bamboo forests worldwide have been discovered to
have high potential carbon storage, with most of those studies being based on the above
approach [2,3,5–10].

The diameter distribution model (DDM) is another available approach to predicting
biomass yield for bamboo forests. A generalized framework of the DDM was proposed
by Hyink and Moser [11] and was employed for projecting timber forest yield. The
structure of the DDM is more complex than that of the allometric function because this
model contains a diameter distribution function (such as the Weibull function) and a yield
function (e.g., the allometric equation for volume or biomass) [2,11,12]. Although the stand
yield predicted by the DDM contains abundant information, the application of this model
is subject to whether the stand diameter can be quantified [2,10]. This model has accurately
predicted biomass yield and carbon storage for Makino bamboo (Phyllostachys makinoi
Hayata) plantations [2,10]. Using the DDM for another bamboo species can demonstrate its
applicability. Ma bamboo (Dendrocalamus latiflorus Munro) is an important bamboo species
because both its shoots and culms have commercial uses; the former is a delicious food and
the latter is a good raw material [1,13–15]. Therefore, pure and mixed plantations are widely
distributed around the plains and low mountainous areas in Taiwan [1,14]. This bamboo
has an apachymorph rhizome morphology. Therefore, it appears as an aboveground clump
structure on land, with each clump containing culms of various ages [1].

To expand the understanding of Ma bamboo, the purpose of this study was (1) to
develop biomass equations based on allometric functions, (2) to employ models to predict
aboveground biomass (AGB), (3) to evaluate the applicability of the DDM for predicting
AGB, (4) to determine the percent carbon content (PCC) and (5) to estimate aboveground
carbon storage (AGCS) for Ma bamboo plantations.

2. Materials and Methods
2.1. Study Areas

The study site was located in Nantou County of central Taiwan. Due to this region’s
abundant rainfall and optimum temperature for bamboo growth, the site is rich in bamboo
resources, with both a broad cultivation area and high biodiversity. According to the records
of the Sun Moon Lake weather station from 1980 to 2020 (a weather station within Nantou
County, near our study site), the annual rainfall was 2343 mm year−1, and the monthly
average temperature was 19.3 ◦C and ranged from 14.4 ◦C (January) to 22.9 ◦C (July) [16].
Among the various bamboo species, some species, such as Ma bamboo, Makino bamboo
and Moso bamboo (Phyllostachys pubescens Mazel), have high economic value [2–4,6,14].
Usually, bamboo species with economic value are planted and managed by farmers on
plantations. The present study addressed Ma bamboo plantations distributed in a low
mountainous area.

2.2. Data Collection

This study was conducted on six Ma bamboo stands managed by farmers in Nantou
County. These stands were located between longitudes of 120◦42′06′′ and 120◦42′29′′ E and
latitudes of 23◦41′56′′ and 24◦42′45′′ N and distributed in a low mountainous area with an
elevation of 348–538 m. Detailed information on these stands is shown in Table 1.

All the bamboo stands examined in this study were plantations. Among these stands,
five were pure stands and one was a mixed stand (stand D). Stand D consisted of Ma
bamboo mixed with betel nut (Areca catechu Linn). Thinning, fertilizing and irrigation were
conducted on stands A, B, C and D, while only thinning was conducted on stands E and F.
Usually, thinning, fertilizing and irrigating are considered intensive management practices,
while only thinning is considered an extensive management practice [6].
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Table 1. Detailed information on the Ma bamboo stands used in this study [14].

Code Stand Type Elevation (m) Longitude and Latitude Treatment

A Pure stand 348 120◦42′10′′ E and 23◦42′42′′ N Thinning, fertilizing and irrigation
B Pure stand 348 120◦42′06′′ E and 23◦42′45′′ N Thinning, fertilizing and irrigation
C Pure stand 524 120◦42′18′′ E and 23◦42′20′′ N Thinning, fertilizing and irrigation
D Mixed stand 534 120◦42′23′′ E and 23◦42′03′′ N Thinning, fertilizing and irrigation
E Pure stand 528 120◦42′29′′ E and 23◦41′58′′ N Thinning
F Pure stand 538 120◦42′29′′ E and 23◦41′56′′ N Thinning

2.3. Fundamental Information on the Stands in This Study

In a previous study, several stand characteristics were analyzed, including mean DBH,
mean culm height (H), clumps per hectare and culms per clump for the six stands [14].
However, the treatments and stand status of the six stands were not consistent. They varied
with the farmers’ management strategies (i.e., intensive and not intensive management)
and stand structure (i.e., pure and mixed stands) (Table 1). To consider the consistence of
stands, we selected three stands and performed intensive management at the stand level
(stands A, B and C). The stand characteristics of these three stands are briefly summarized
as follows. The mean DBH was 7.7 ± 1.6 cm; the mean culm height was 8.9 ± 1.0 m; the
clump density was 467 ± 153 clumps ha−1; the culms per clump was 7.0 ± 3.6 culms
clump−1 for the three stands [14]. In addition, the stand diameter distribution of these three
stands was quantified by the Weibull function, and all passed the Kolmogorov-Smirnov
(K-S) test. This result indicated that the Weibull function effectively quantified the DBH
distribution for these three stands. The a, b and c parameters of the Weibull function were
predicted to be 2.61 ± 1.64, 6.06 ± 0.84 and 3.56 ± 0.61, respectively [14]. For detailed
information on these three stands, please refer to Sun and Yen [14].

2.4. Methods
2.4.1. Sampling to Determine Biomass and Percent Carbon Content

Since Ma bamboo is pachymorphic, we calculated the number of clumps for each
stand, and six clumps were selected as samples for each stand. The number, DBH, H and
age of the culms were measured for each sample clump in the field. After the distribution
of the DBH and age of the culms was obtained from all the sample clumps, we sampled
individual bamboos based on their DBH and culm age. According to these two factors,
the following five DBH classes were classified: I: DBH < 5 cm; II: 5 cm ≤ DBH < 7.5 cm;
III: 7.5 cm ≤ DBH <10 cm; IV: 10 cm ≤ DBH < 12.5 cm; V: DBH ≥ 12.5 cm. Culm ages
ranging from 1 to 5 years old were chosen for each DBH class. Each sample contained
all five age classes, and five different age samples were obtained within each DBH class.
As a result, 25 bamboo samples (5 DBH classes × 5 age classes) were obtained in the
present study.

After the bamboo samples were felled, the culm height was measured and each sample
was divided into 1 m intervals. Different sections of culms, branches and foliage were
separated at each interval and were separately weighed and recorded. As a result, the fresh
weight of different sections of bamboo samples was obtained from the summation of each
interval. Moreover, subsamples from different sections were collected from each bamboo
sample. These subsamples were collected from the upper, middle and lower portions of
the bamboo samples and were separately weighed and recorded.

These subsamples oven-dried at 70 ◦C in the laboratory until their oven-dried weight
was obtained. We used the ratios of the oven-dried weight to the fresh weight of the
subsample to predict the biomass of different sections. For example, foliage biomass
estimation was based on the ratios of the oven-dried weight to the fresh weight of the
foliage subsamples. Likewise, the biomass of branches and culms was predicted by the
same approach. Consequently, the biomass of different sections of individual bamboo
samples was obtained [2]. The subsamples of different sections were ground into a powder



Forests 2023, 14, 854 4 of 14

to determine the PCC by an elemental analyzer (Elementar vario EL III (CHN-OS Rapid,
Hanau, Germany), referring to the PCC as the carbon concentration or carbon content.

2.4.2. Predicting Aboveground Biomass by Allometric Model

An allometric function was used to build the relationships between the biomass of
each section and DBH. Because we had sample data with age attributes, we employed
two methods. One method was to pool all age samples, and the other was to distinguish
different age samples for building biomass equations for various sections. DBH was used
as an independent variable, and the biomass of foliage, branches and culms and AGB
were employed as dependent variables. The model is shown as the following Equation (1),
which is also called the power model [2,17,18]:

Bsection = a × DBH b, (1)

where Bsection is the biomass of different sections, including foliage, branches and culms
and aboveground (leaf, branches and culms); DBH is the diameter at breast height of the
culm; a and b are parameters.

We used the root mean square error (RMSE) to assess the performance (fitness) of the
allometric equations. This indicator was employed to calculate the difference between the
observed and the predicted value, and the detailed formula is as follows [19]:

RMSE =

√√√√√ n
∑

i=1
(Yi −

_
Y i)

2

n− p
, (2)

where Yi and Ŷi are the i observed and the predicted values in the allometric model,
respectively; n is the total number of observations; p is the number of parameters in
the models.

2.4.3. Predicting Aboveground Biomass and Carbon Storage at the Stand Level

We used two approaches to predict the AGB of the stands. In the first approach, the
AGB of the stands was calculated as the summation of the individual AGB values predicted
by the allometric equations. Since allometric equations with and without age factors were
developed in this study, both types of equations were employed for prediction.

The second approach was based on the DDM. The framework of the DDM was
proposed by Strub and Burkhart [20] and Hyink and Moser [11] and is shown in
Equation (3) [11,20].

Y = N
∫ u

l
g(x) f (x)dx, (3)

where N is the number of stems per ha; x is the diameter at breast height (DBH) of stems;
g(x) is the yield function based on the DBH; f (x) is a probability function (PDF); u and l are
the upper and lower DBH limits, respectively, of each DBH class separated by size; Y is the
yield (volume or biomass) per unit area given by g(x) when all DBH classes are calculated.

The DDM contains the following 3 main components: (1) the number of stems of
whole stands, (2) a specific probability density function (PDF) used to quantify the stand
DBH distribution and (3) an allometric function to predict the volume or biomass for each
DBH class calculated by the PDF [2,11,20]. In this study, we surveyed the culms within the
sample clumps to scale out the number of culms for whole stands. The Weibull probability
density function was employed to quantify the DBH distribution.

The Weibull probability density function and its cumulative distribution function
(CDF) form are defined as Equations (4) and (5) [21].

f (x) =
( c

b

)[ (x− a)
b

]c−1
exp{−

[
(x− a)

b

]c
}, (4)
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F(x) = 1− exp{−
[
(x− a)

b

]c
}, (5)

where x is the diameter at breast height and a, b and c are the parameters of the
Weibull function.

In a previous study, Sun and Yen [14] successfully employed the Weibull function
to quantify the DBH distribution for the 3 stands used in this study because all of them
passed the Kolmogorov–Smirnov test. Therefore, we directly used those results in our
study, where the a, b and c parameters of the Weibull function were 1.53, 5.80 and 2.94;
1.80, 5.39 and 4.15 and 4.50, 7.00 and 3.60 for stands A, B and C, respectively [14]. Sun
and Yen [14] used the maximum likelihood estimator and percentile estimator for solving
the parameters of the Weibull function and found the former was better than the latter.
The parameters of the Weibull function used in this study were based on the maximum
likelihood estimator by Sun and Yen [14]. According to these parameters, the probability
of the culm number within DBH classes was calculated by Equation (5) for each stand.
Noticeably, the allometric equations used for the DDM were based on those without the
age factor because culm number within DBH classes counted by the Weibull function did
not contain age information. The AGB of each DBH class was obtained from the above step,
and the AGB of whole stands was calculated from that of all DBH classes.

Because AGCS was calculated as AGB × PCC, the same pattern was observed in the
AGCS and AGB. We used the AGB predicted by the allometric equation with the age factor
to predict the AGCS for the Ma bamboo plantations.

3. Results
3.1. Biomass Distribution in Sample Bamboo

We used age and DBH factors to show the biomass allocation in various components,
and the results are shown in Table 2.

Table 2. The distribution of the diameter at breast height (DBH), culm height (H) and biomass of
different sections of age and DBH classes in Ma bamboo samples.

Item Class N DBH (cm) H (m)
Biomass (kg)

Foliage Branches Culms Aboveground

Age

1-year-old 5 8.4 ± 3.3 1 11.3 ± 2.6 0.870 ± 0.583 2.034 ± 1.365 6.893 ± 4.830 9.797 ± 6.590
2-year-old 5 8.5 ± 3.5 12.2 ± 4.2 1.930 ± 1.075 2.477 ± 1.698 8.400 ± 5.689 12.807 ± 8.182
3-year-old 5 8.2 ± 3.6 10.0 ± 3.3 2.218 ± 1.637 4.904 ± 3.308 10.949 ± 7.572 18.071 ± 11.438
4-year-old 5 8.2 ± 3.3 9.8 ± 3.7 1.831 ± 1.233 4.446 ± 2.755 9.161 ± 6.215 15.439 ± 9.924
5-year-old 5 8.2 ± 3.5 10.1 ± 4.6 1.211 ± 0.758 3.400 ± 2.121 11.986 ± 10.522 16.598 ± 13.030

DBH 2

I 5 4.0 ± 0.3 6.0 ± 1.5 0.395 ± 0.124 0.809 ± 0.190 1.452 ± 0.449 2.656 ± 0.448
II 5 6.0 ± 0.4 8.7 ± 1.6 1.206 ± 0.841 2.292 ± 1.176 4.308 ± 1.129 7.807 ± 2.800
III 5 8.3 ± 0.3 11.3 ± 0.7 1.618 ± 0.876 3.449 ± 2.413 10.501 ± 4.862 15.568 ± 7.273
IV 5 10.6 ± 0.4 12.8 ± 2.8 2.664 ± 1.364 5.503 ± 2.759 13.528 ± 1.036 21.696 ± 4.718
V 5 12.5 ± 0.1 14.5 ± 2.2 2.177 ± 0.781 5.208 ± 0.982 17.599 ± 6.204 24.985 ± 6.716

1 Mean ± standard deviation. 2 I: DBH < 5 cm; II: 5 cm ≤ DBH < 7.5 cm; III: 7.5 cm ≤ DBH <10 cm;
IV: 10 cm ≤ DBH < 12.5 cm; V: DBH >12.5 cm.

We found that the DBH, H and biomass of various sections varied with age, but a clear
age trend was not observed. For example, aboveground biomass was higher in 3-year-old
individuals (18.701 kg), while it was lower in 1-year-old individuals (9.797 kg). However, a
clear trend regarding DBH was observed, where all of the above attributes increased with
increasing DBH.

We used the ratio scale to show the proportion of foliage, branches and culms to AGB
for each age and DBH class. The results are shown in Figure 1.

Among the age classes, the proportion of foliage ranged from 8.9 to 15.1%; that of
branches ranged from 19.3 to 28.8%; that of the culms ranged from 59.3 to 72.2% (Figure 1a).
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Among the DBH classes, the proportion of foliage ranged from 8.7 to 15.5%; that of branches
ranged from 20.8 to 30.5%; that of culms ranged from 54.7 to 70.4% (Figure 1b). Overall, the
proportions of foliage, branches and culms to AGB were 11.1, 23.7 and 65.2%, respectively,
for all samples.
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class and (b) DBH class.

3.2. Predicting Biomass by the Allometric Model

We used an allometric equation to predict the biomass of various sections for each age
class and all age classes for Ma bamboo, and the results are shown in Table 3.

Table 3. The a and b parameters, R2 and root mean squared error (RMSE) of each allometric model
for predicting the biomass of various sections of Ma bamboo.

Age Sections
Y = a × DBHb

Equation Number
a b R2 RMSE (kg) p-Value

1-year-old

Foliage (kg) 0.056 1.284 0.602 0.425 0.034 1—F
Branches (kg) 0.035 1.862 0.966 0.288 <0.001 1–B

Culms (kg) 0.143 1.782 0.908 1.688 0.004 1–C
Aboveground (kg) 0.221 1.745 0.941 1.853 0.002 1–A

2-year-old

Foliage (kg) 0.207 1.043 0.591 0.794 0.023 2–F
Branches (kg) 0.076 1.589 0.640 1.176 0.031 2–B

Culms (kg) 0.180 1.760 0.961 1.299 0.001 2–C
Aboveground (kg) 0.372 1.622 0.902 2.960 0.004 2–A

3-year-old

Foliage (kg) 0.168 1.227 0.608 1.183 0.041 3–F
Branches (kg) 0.375 1.221 0.700 2.109 0.023 3–B

Culms (kg) 0.788 1.252 0.754 4.337 0.018 3–C
Aboveground (kg) 1.329 1.241 0.861 4.925 0.006 3–A

4-year-old

Foliage (kg) 0.177 1.117 0.574 0.929 0.038 4–F
Branches (kg) 0.483 1.062 0.630 1.935 0.026 4–B

Culms (kg) 0.326 1.569 0.923 1.996 0.003 4–C
Aboveground (kg) 0.900 1.347 0.831 4.711 0.009 4-A

5-year-old

Foliage (kg) 0.139 1.033 0.595 0.557 0.030 5–F
Branches (kg) 0.183 1.374 0.900 0.775 0.004 5–B

Culms (kg) 0.038 2.604 0.960 2.423 0.002 5–C
Aboveground (kg) 0.168 2.104 0.960 3.008 0.002 5–A

Total

Foliage (kg) 0.143 1.144 0.423 0.885 <0.001 T–F
Branches (kg) 0.230 1.274 0.500 1.754 <0.001 T–B

Culms (kg) 0.236 1.713 0.747 3.526 <0.001 T–C
Aboveground (kg) 0.542 1.533 0.748 4.971 <0.001 T–A



Forests 2023, 14, 854 7 of 14

In general, a lower R2 was found for the foliage biomass, but a higher R2 was found
for the culm biomass and AGB, regardless of age (Table 3). We pooled all the age data for
each section, and the relationships between the observations and the curves predicted by
allometric equations are shown in Figure 2. The allometric equation well simulated the
culm biomass and AGB, with a higher R2 (0.747–0.748) than that of the biomass of other
sections (R2 from 0.423 to 0.500) (Table 3 and Figure 2).
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3.3. Percent Carbon Contents of Different Sections

The PCC of the foliage, branches and culms for each age class of Ma bamboo are
shown in Figure 3.

For the PCC of each section, a clear age trend, such as an increase or decrease with
age, was not observed. The PCC seemed to be distributed within a certain range for
various sections. The ranges of PCC values were 40.49%–42.58%, 43.46%–45.46% and
46.37%–47.09% for foliage, branches and culms, respectively. These results indicated that
the PCC was higher in culms and lower in foliage, and all ages showed the same trend,
where culms > branches > foliage (Figure 3). Overall, the mean PCC calculated from
all ages was 41.68 ± 0.81%, 44.21 ± 0.72% and 46.72 ± 0.30% for foliage, branches and
culms, respectively.
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3.4. Biomass and Carbon Yield

We used allometric functions with and without an age factor to predict AGB at the
clump and stand levels. The results are shown in Table 4.

Table 4. The prediction of aboveground biomass (AGB) at the clump and stand levels based on the
allometric functions with and without an age factor for Ma bamboo, where the relative error (%) was
calculated as [(ABG predicted by model without age − ABG predicted by model with age)/ABG
predicted by model with age] × 100%.

Stand
Clump Level (kg clump−1) Stand Level (Mg ha−1)

Relative
Error (%)ABG Predicted by

Model with Age
ABG Predicted by

Model without Age
ABG Predicted by
Model with Age

ABG Predicted by
Model without Age

A 118.7 ± 23.9 1 117.7 ± 24.1 35.6 35.3 −0.89
B 54.0 ± 17.4 56.9 ± 20.8 32.4 34.1 5.26
C 78.2 ± 43.3 65.3 ± 35.6 39.1 32.6 −16.58

1 Mean ± standard deviation.

The ABG predicted by the model with an age factor was based on Equations 1–A, 2–A,
3–A, 4–A and 5–A, and that predicted by the model without an age factor was based on
Equation T-A (Table 3). According to the former and latter models, the range of ABG was
predicted to be 54.0–118.7 and 56.9–117.7 kg clump−1 for clump level, respectively, and
32.4–39.1 and 32.6–35.3 Mg ha−1 for stand level, respectively. Since a higher R2 was found
in the former model (R2 from 0.831 to 0.960) for predicting AGB, we used that model as
the basis for calculating the relative error (RE), where RE (%) = [(ABG predicted by model
without age − ABG predicted by model with age)/ABG predicted by model with age)]
× 100% for stand level. The RE ranged from −16.56 to 5.26%.

On the other hand, the AGB predicted by the DDM is shown in Figure 4.
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Figure 4. The aboveground biomass (AGB) predicted by the diameter distribution model for the
three stands of Ma bamboo, where the stand diameter distribution predicted by the Weibull function
and the a, b and c parameters were predicted to be 1.53, 5.80 and 2.94; 1.80, 5.39 and 4.15; 4.50, 7.00
and 3.60 for stands A, B and C, respectively. These parameters were cited from Sun and Yen [14], and
the biomass equation (Equation T–A) was used to predict AGB for each diameter class.

For the DDM, the number of culms per hectare predicted by the number of culms
of sample clumps was 3400, 3300 and 1750 for stands A, B and C, respectively [14]. The
stand DBH distribution quantified by the Weibull function was completed in a previous
study [14]. According to the whole stand culms and the parameters of the Weibull function,
the theoretical culms were calculated for each DBH class. We used a 1 cm interval to
combine the theoretical culms and biomass equation (Equation T–A) to predict the AGB
within each DBH class. Consequently, the AGB of the stands was obtained from the
summation of that from each DBH class and was 61.7, 37.6 and 23.5 Mg ha−1 for stands A,
B and C, respectively.

A comparison of the AGB predicted by the DDM and allometric model with the age
factor is shown in Figure 5.
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From Figure 5, the AGB predicted by the two approaches seemed inconsistent, and
we adopted the RE to calculate their difference based on the allometric model with the
age factor. As a result, the values of RE were 71.7, 16.0 and −40.0% for stands A, B and C,
respectively. This result indicated that the AGB predicted by the DDM was overestimated
for stand C and underestimated for stands A and B compared to the allometric model with
the age factor.

Since the allometric model with the age factor well simulated the AGB, we used it to
combine the PCC for predicting the ABCS of all of the stands. The PCC used to determine
the AGB of individual bamboo plants was calculated by the summation of the proportion
of each section to the AGB × the PCC of each section. In this study, the proportions of
foliage, branches and culms were 11.1, 23.7 and 65.2%, respectively. The PCCs of those
sections were 41.68, 44.21 and 46.72%, respectively. As a result, the PCC of the aboveground
parts was calculated to be 45.57%. Consequently, the AGCS was predicted to be 16.2, 14.8
and 17.8 Mg ha−1 for stands A, B and C, respectively.

4. Discussion

Bamboo resources are important income sources for people in the villages and moun-
tainous areas of Taiwan. Bamboo forests grown for economic benefits are usually planted
and managed by farmers on plantations [6,22]. Bamboo species with economic value are
also called “economic bamboo”, which the culms and shoots are two main products in
Taiwan [6,22–24]. Ma bamboo is one of the most important economic bamboo species and
is widely planted around Taiwan because its culms can provide raw material and its shoots
are considered delicious [14]. In addition to Ma bamboo, other economic bamboo species
include Makino bamboo, Moso bamboo, thorny bamboo (Bambusa stenostachya Hackel),
long-branch bamboo (Bambusa dolichoclada Hayata) and green bamboo (Bambusa oldhamii
Munro) [1,4,22].

Due to the economic value of these bamboo species, numerous studies have evaluated
their economic benefits, biomass accumulation and productivity [1–4,6,14,25,26]. Their
results confirmed that intensive management of bamboo plantations could improve their
productivity and increase farmers’ income. However, the productivity of bamboo planta-
tions might be reflected in the harvesting of a large number of bamboo shoots. Because
fewer bamboo shoots remained for further development and for cutting older bamboo
culms (usually over 4 years old) each year, lower stocks of bamboo plantations existed
when their focus was on harvesting bamboo shoots [6]. In contrast, higher stocks of bamboo
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stands existed when their focus was on harvesting bamboo culms because more new shoots
remained to support further harvests [6]. Therefore, the stock of current bamboo forests
mainly reflects whether they focus on harvesting bamboo culms or shoots but not on their
productivity [6].

In recent years, high-potential carbon storage has been found in bamboo forests
worldwide because bamboo is a fast-growing plant [2,3,5–8,10]. Those studies also covered
various economic bamboo species in Taiwan [2,3,7,10]. Moreover, many relevant studies
of carbon storage were found in bamboo research, such as biomass accumulation for
bamboo forests. The biomass accumulation evaluated by these studies could be calculated
to determine carbon storage [4]. Liu and Yen [4] collected bamboo data from publications
on biomass and carbon storage in Taiwan and transformed the biomass data into carbon
storage based on biomass × PCC. Consequently, all the data were pooled to analyze carbon
storage for various bamboo species, and Ma bamboo possessed high carbon storage, but it
had a high deviation value (48.94± 41.06 Mg ha−1). This result implied that Ma bamboo
has a high potential for carbon storage, while the large variation in carbon storage might
result from different management patterns, such as the focus on harvesting bamboo culms
or shoots.

Due to economic concerns, bamboo shoots have been regarded as a major product of
bamboo plantations in recent decades because they possess more benefits than bamboo
culms. Therefore, farmers favor bamboo management that is focused on harvesting bamboo
shoots, especially since 1980 [6]. The Ma bamboo plantations used in the present study
followed this pattern, where most bamboo shoots were harvested and only a few remained.
However, maintaining some culms and cutting older culms is necessary in bamboo forest
management because this helps the bamboo shoots sprout from rhizomes [1,2]. Therefore,
lower biomass and carbon storage were expected in our study due to the harvesting of a
large number of bamboo shoots.

Although various bamboo species display a similar aboveground structure, individual
bamboo plants still show different proportions of biomass among sections [2,3,25]. In
general, the culm biomass occupies a main component of AGB. However, in Ma bamboo,
the proportion of culms to AGB was lower than that of other economic bamboo species, such
as Makino and Moso bamboos. In the present study, the proportions of foliage, branches
and culms to AGB were 11.1, 23.7 and 65.2% for Ma bamboo, respectively. However, these
values were 7.16, 15.49 and 77.35% for Makino bamboo and 5.21, 14.82 and 79.97% for Moso
bamboo, respectively [2,25]. On the other hand, the PCC was higher in culms (46.72%),
followed by that in branches (44.21%), and it was lower in foliage (41.68%) for Ma bamboo
in this study. The PCC displayed the same pattern (culms > branches > foliage) in other
bamboo spices. For example, the PCCs of foliage, branches and culms were 41.68, 44.21
and 46.72%, respectively, for Makino bamboo and 44.69, 49.29 and 49.43%, respectively, for
Moso bamboo, respectively [2,25].

Usually, harvesting culms as samples to build a model should cover the full range
of age and DBH for bamboo plantations. From the relevant bamboo studies, the number
of samples over 20–25 culms is necessary [3,7,9,27–29]. In general, models consider many
variables or factors that might have better effects on prediction [30]. Our study followed
this rule, indicating that the allometric model with the age factor was better than that
without the age factor. For example, using the former model to predict AGB resulted in a
higher R2 (0.831–0.960) and a lower RMSE (1.853–4.925 kg) than those of the latter model
(R2 = 0.749 and RMSE = 4.971 kg). Therefore, we used the allometric equation with the age
factor as the basis for comparing the AGB predicted by the allometric equation without
the age factor at the stand level. The RE ranged from −16.56 to 5.26%, indicating that the
former model might underestimate or overestimate AGB.

The DDM contains 3 main components [2,11,20]. For the number of culms of whole
stands, we did not use the sample plots but instead used the sample clump for Ma bamboo
in the present study. Because Ma bamboo has a pachymorphic rhizome morphology, it
has a clump distribution on land. The number of culms could be predicted based on the
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sample clumps when the number of clumps in the stands was obtained. Quantifying the
stand diameter distribution plays a key role in the DDM because the DDM cannot be
performed when the stand diameter distribution is not quantified. This is also a limitation
in performing the DDM [2,11,20]. However, there are advantages to using this model to
predict biomass yield, display the biomass distribution in each DBH class and obtain the
biomass yield of whole stands [2].

This study quantified the stand diameter distribution based on the Weibull function.
The advantages of this function have been reported in its application to various forest
types [2,10,14,21,31–34]. Fortunately, the three stands used in this study were successfully
quantified by the Weibull function because all of them passed the K-S test [14]. This result
indicated that the DDM was suitable for use in the three stands. However, the allometric
equation used for the DDM could not include an age factor because the theoretical culms
with each DBH class predicted by the Weibull function did not contain age information.
The AGB predicted by the DDM shows more information, which displays AGB not only at
the DBH level but also at the stand level.

In the present study, we used two types of allometric models and the DDM to predict
the AGB for Ma bamboo plantations. According to the allometric model with the age
factor, the values of RE ranged from −16.56 to 5.26% for the allometric model without
the age factor and from −40.0 to 71.7% for the DDM. Although using the DDM to predict
AGB showed more abundant information, this model still showed a higher RE than the
allometric model with the age factor. Overall, we recommended the allometric model with
the age factor to predict AGB for Ma bamboo plantations when the attribute of culm age
was obtained. However, if the culms do not contain the age information, the allometric
model without the age factor was another alternative. On the other hand, using the DDM
to predict AGB for Ma bamboo plantations, the disadvantage was that this model showed
higher bias in prediction.

Since AGCS was derived from AGB × PCC, the same pattern was expected for the
AGCS as that of the above AGB prediction approaches. Therefore, we used the allometric
model with the age factor to predict an AGCS value of 16.3 ± 1.5 Mg ha−1 for the three Ma
bamboo stands. There was a lower AGCS value in the present study than in the previous
study (48.94 ± 41.06 Mg ha−1) [4]. Because the farmers address the economic benefit of
bamboo forests, the purpose of current bamboo forest management mainly focuses on
bamboo shoot production in Taiwan. The results also reflected the current status of Ma
bamboo management, which is intensive management, where the focus is on harvesting
bamboo shoots.

The limitation of the present study was the small sample size used for developing the
allometric function. If the researchers consider using the age factor and DBH factor for
developing the allometric function in bamboo forests, we suggest that a larger sample size
would be beneficial. Moreover, the potential value of a larger sample and use of a mixed
model that fully represents the nested sampling and it is suggested for this bamboo species
because Ma bamboo appears as an aboveground clump structure on land (culm within
clump within stand).

5. Conclusions

The aim of this study was to predict the stand AGB and AGCS for Ma bamboo
plantations with intensive management. A total of 25 bamboo samples were used to
develop allometric models based on ages and DBH classes. The AGB was predicted by
various models. The AGCS was obtained based on the AGB and PCC. We obtained the
following conclusions:

1. At the individual bamboo level, the proportions of foliage, branches and culms to
AGB were 11.1, 23.7 and 65.2%, respectively. The mean PCC was predicted to be 41.68,
44.21 and 46.72% for foliage, branches and culms, respectively;

2. The allometric equation with the age factor had better predictive ability than that with-
out the age factor because the former equation had higher R2 and lower RMSE values;
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3. At the stand level, although the AGB predicted by the DDM showed more abundant
information, this model still had a higher RE than that predicted by the allometric
model with the age factor;

4. The AGB and AGCS were predicted to be 35.7 ± 3.4 and 16.3 ± 1.5 Mg ha−1, respec-
tively, in Ma bamboo plantations;

5. Our study reflected that the current status of Ma bamboo management is intensive
management, where the focus is on harvesting bamboo shoots;

6. The limitation of the present study was the small sample size used for developing the
allometric function. The potential value of a larger sample and the use of a mixed
model that fully represents the nested sampling and it is suggested for this bamboo
species because Ma bamboo appears as an aboveground clump structure on land.
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