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Using Allometric Models to Predict the Aboveground  
Biomass of Thorny Bamboo (Bambusa stenostachya)  

and Estimate Its Carbon Storage

Long-En Li,1)     Yu-Jen Lin,2)     Tian-Ming Yen1,3)

【Summary】

Bamboo dominates in biomass accumulation and carbon storage due to its rapid growth, 
which has been widely reported worldwide. Thorny bamboo (Bambusa stenostachya) is one of the 
most dominant bamboo species in Taiwan due to its multiuse functions. The aims of this research 
were to access the aboveground biomass (AGB) and carbon storage capability of individual culms 
and at the stand level of thorny bamboo using 4 different allometric models: the general (I), general 
(II), WBE, and Ruark. The thorny bamboo of this study was sampled in southern Taiwan; its basic 
biomass accumulation and carbon storage of each aboveground component (leaves, branches, and 
culms) were determined in a previous study (Lin et al. 2011). We further analyzed the allometric 
relationships between the diameter at breast height (DBH) and each aboveground component based 
on various allometric models. The results showed that the general (II) model was the best predictor 
of AGB compared to the other models. We used this model to predict the AGB and carbon storage 
at the stand level obtaining amounts of around 58.5 Mg ha-1 and 26.8 Mg ha-1 C, respectively. The 
results illustrate that thorny bamboo possesses high potential for carbon storage.
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研究報告

刺竹(Bambusa stenostachya)地上部生物量模式 

及碳貯存量之推估

李隆恩1) 林裕仁2) 顏添明1,3)

摘 要

竹類植物由於生長快速，所以具有很高的生物量累積和碳貯存能力，這類研究已在世界各地廣為

發表。刺竹是臺灣最為重要的優良竹種之一，具有多元的用途，本研究以此竹種為主要的研究材料。

研究所採用之樣竹取樣自臺灣南部地區，樣竹地上部各部位(葉、枝和稈)之生物量和碳貯存量已於之

前的研究分析完成(Lin et al. 2011)。本研究進一步以不同的allometric模式，包括general (I)、general 
(II)、WBE和Ruark模式，分析胸高直徑(diameter at breast height, DBH)和地上部各部位的關係，結果

顯示general (II)模式的推估效果最佳，採用此模式推估林分層級地上部生物量及碳貯存量分別為58.5 
Mg ha-1和26.8 Mg ha-1 C，研究結果也顯示刺竹為具有高碳貯存潛力的竹種。 

關鍵詞：生物量、碳貯存量、刺竹(Bambusa stenostachya)、allometric模式。
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台灣林業科學31(1):37-47。

INTRODUCTION
Bamboo forests worldwide are estimated 

to cover an area of approximately 31.5×106 

ha, which are mostly distributed in tropical 
and subtropical zones (Lu 2001, FAO 2010). 
These zones have average higher tempera-
tures and more-frequent rains, what are suit-
able for bamboo habitats with its fast-growing 
characteristics (Lu 2001, FAO 2010). Taiwan 
has abundant bamboo resources because its 
northern and central regions are in the sub-
tropical zone and the southern region is in the 
tropical zone (Lu 2001, Yen and Wang 2013, 
Yen 2015). Over 150,000 ha in Taiwan are 
covered by bamboo forests, which contribute 
various benefits to local farming communi-
ties, including social, economic, and ecologi-
cal values (TFB 1995, Yen et al. 2010, Yen 
and Lee 2011). Most of these bamboo forests 
are classified as plantations and mainly man-
aged by farmers for commercial utilization, 

because bamboo forests provide great ben-
efits to local village people (TFB 1995, Yen 
et al. 2010, Lin 2011, Yen and Lee 2011, Yen 
2015).

Generally, there are 2 main commercial 
uses of bamboo in Taiwan: using its culms 
for raw materials, and edible foods as bam-
boo shoots. Both uses are dependent on the 
bamboo species; for instance, long-branch 
bamboo (Bambusa dolichoclada) and thorny 
bamboo (Bambusa stenostachya) are focused 
on culm production; green bamboo (Dendro-
calamopsis oldhami) and ma bamboo (Den-
drocalamus latiflorus) on bamboo shoot pro-
duction; and makino bamboo (Phyllostachys 
makinoi) and moso bamboo (Phyllostachys 
pubescens) on both culm and bamboo shoot 
production (Lu 2001, Lin 2011, Yen et al. 
2010, Yen and Lee 2011). In addition to com-
mercial production, these bamboo plantations 
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also play important roles in soil and water 
conservation, environmental protection, and 
other ecological services (Lu 2001). In recent 
years, we found that much research has dealt 
with bamboo carbon sequestration worldwide 
because bamboo possesses a high growth rate 
and rapid biomass accumulation (Cheng et 
al. 2009, Yen et al. 2010, Yen and Lee 2011, 
Zhou et al. 2011, Yen and Wang 2013). Some 
studies indicated that bamboo is a great po-
tential species for carbon storage if bamboo 
forests are well managed (Cheng et al. 2009, 
Yen 2015).

Thorny bamboo is one of the important 
economic species of the world and possesses 
many advantages and economic values, such 
as rapid growth, excellent woody properties, 
and short harvest periods under good manage-
ment. However, in Taiwan, many studies con-
cerning bamboo carbon storage were carried 
out on makino and moso bamboo, but few 
have addressed thorny bamboo (Wang et al. 
2009, Yen et al. 2010, Yen and Lee 2011). The 
reason could be that thorny bamboo belongs 
to the sympodial type; it is more complex to 
assess carbon storage, and it is necessary to 
further consider the amount of clumps on site. 
This study investigated the carbon storage of 
thorny bamboo at the individual and stand 
levels. The purposes of this study were: (1) to 
predict allometric relationships between the 
aboveground biomass (AGB) and diameter 
at breast height (DBH), (2) to compare the 
prediction effects among different allometric 
models, and (3) to predict the AGB and car-
bon storage of thorny bamboo at the stand 
level.

MATERIALS AND Methods

Study areas
Study sampling was conducted at 2 sites 

in southern Taiwan, one located in Longci

(22°59′01.9″N, 120°22′02.9″E), and the other 
one in Neimen (22°55′19.7″N, 120°25′17.3″E), 
which belong to low-elevation areas at eleva-
tions of 84 and 126 m, respectively (Lin et 
al. 2011). In these areas, there are abundant 
thorny bamboo forests. The 2 sites have simi-
lar temperature ranges of 24.1~24.7℃ and 
a rainfall range of 1672~1784 mm yr-1 (Lin 
et al. 2011). Detailed information about the 
location, geographic status, and climate con-
ditions of the study sites was described in a 
previous study by Lin et al. (2011). Bamboo 
samples were collected from the Longci and 
Neimen regions, and the AGB components 
of these bamboos were also measured after 
they were cut in the fields. In addition, we 
also sampled a thorny bamboo stand, located 
in the Longci region, as an example to predict 
biomass and carbon storage at the stand level.

Methods
Individual bamboos were stratified 

sampled from the Longci and Neimen regions 
based on their age classes and sizes. In gen-
eral, 1~5-yr-old bamboo was evenly distrib-
uted in a stand if the bamboo was well man-
aged, because older bamboo (over 5 yr old) 
should have been harvested (Yen et al. 2010, 
Yen 2015). The bamboo age can be identified 
directly from its features; however, this work 
was usually assisted by experienced bamboo 
farmers (Lin et al. 2011). In total, 51 bamboo 
samples were selected and cut down in the 
field after their ages was identified and DBH 
was measured, among which 25 bamboo 
samples were from Longci and 26 samples 
were from Neimen. Among these samples, 
weights of 10 samples from each region were 
measured for biomass calculations of differ-
ent components, including leaves, branches, 
and culms; culm weights of the other 31 bam-
boo samples were only measured in the field. 
Because a previous study mainly focused on 
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the bulk density of culms of each bamboo age 
class, more culms needed to be measured (Lin 
et al. 2011). On the other hand, culms are the 
main component of each bamboo; therefore, 
more culm data would be helpful to accurate-
ly calculate the biomass and carbon storage.

In order to determine biomass alloca-
tion, the weights of different components, 
such as leaves, branches, and culms, of each 
bamboo of these 20 samples were immedi-
ately weighed after being separated in the 
field. These samples of leaves, branches, and 
culms were brought back to the laboratory, 
and oven-drying at 105℃ was used to obtain 
an absolute dry weight of each component. 
The fresh culm weights of the other 31 bam-
boo samples were also measured. The process 
biomass determination was based on the ra-
tio of the oven-dried weight to fresh weight 
of each component. The biomass of each 
component can be calculated from the fresh 
weight×(oven-dried weight / fresh weight). 
For instance, the culm biomass equals the 
culm fresh weight×(oven-dried weight of 
culms / fresh weight of culms). Likewise, the 
biomass of leaves, branches, and culms was 
obtained using the same calculation process. 
Extending these samples to the laboratory, 
biomass allocation of all of the individual 
bamboo samples could be predicted. The de-
tailed processes of biomass determination are 
described in a study by Lin et al. (2011). On 
the other hand, the percent carbon contents 
(PCCs) of different-aged culms of thorny 

bamboo were measured and found to be 
46.42, 46.51, 45.37, 44.77, and 46.06% for 
bamboo that was 1~5 yr old, respectively (Lin 
et al. 2011).

After the biomass of each component 
was measured, relationships between biomass 
components and DBH were built based on the 
allometric models. In this study, 4 allometric 
models from reviewed studies were tested 
(Table 1). The allometric relationship has a 
general form in the function: Y = aX b (where 
Y is biomass, X is DBH, and a and b are pa-
rameters) (Ruark et al. 1987). The general 
allometric model was further developed into 
various types to meet data requirements (e.g., 
Ruark et al. 1987, West et al. 1999, Chamber 
et al. 2001, Zianis 2008). These models were 
widely applied to various tree species and 
have had good results on regional or global 
scales (West et al. 1999, Chamber et al. 2001, 
Zianis 2008, Yen et al. 2009).

We used DBH or DBH and tree height 
(H) as independent variables to predict the 
biomass (leaves, branches, culms, and above-
ground total), and the bias between observed 
data and the models was evaluated by the 
root mean squared error (RMSE) and mean 
absolute percentage error (MAPE) for all 
models. The RMSE and MAPE are defined in 
equations (1) and (2) where smaller values of 
these 2 indicators imply a better model fit in 
biomass prediction (Lewis 1982, Kutner et al. 
2005):
RMSE = [ (yi - ŷi)

2 / (n - p)]0.5 and 	 (1)

Table 1. Allometric models used in this study
	 Model	 Model typea)	 Reference
General model (I)	 Y = a×DBHb	 Ruark et al. (1987)
General model (II)	 Y = a×(DBH2×H)b	 Ruark et al. (1987)
WBE model	 Y = a×DBH2.67	 West et al. (1999)
Ruark model	 Y = a×DBHbec×DBH	 Ruark et al. (1987)
a) Y is of leaves, branches, culms, and aboveground biomass; DBH, diameter at breast area height; H, 

culm height; a and b, parameters of models; e, exponential.
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MAPE(%) =  
×100%;	 (2)

where yi is an observation, ŷi is an estimator 
by the model, n is the sample size and p is the 
number of parameters in the model.

Moreover, we predicted carbon storage 
of different components based on biomass 
and the PCC as mentioned above (Lin et al. 
2011). Noticeably, because the PCC only 
showed slight differences with culm age 
(44.77~46.51%), we directly used the mean 
PCC of culm age to predict carbon storage 
at the stand level. The developing pattern of 
thorny bamboo is sympodial, and the stand 
structure consists of clumps (Lu 2001). Since 
culms are distributed within clumps, area 
and clumps should be measured for thorny 
bamboo stands, and then the DBH of culms 
within each clump was measured in detail. We 
adopted a thorny bamboo site at Longci as an 
example to illustrate predictions of AGB and 
carbon storage for the stand level. The site 
was surveyed in January 2013. The process 
of the survey in the field consist of calculat-
ing the clump number after the stand area was 
obtained. Then, some samples of clumps were 
randomly selected from entire clumps, and the 
DBH of each culm was accurately measured 
in the sampled clumps. Since allometric re-
lationships between DBH and AGB (carbon 
storage) were built at the individual bamboo 
level, the model can be utilized to predict car-
bon storage for these clumps. Then, the carbon 
storage of the entire stand was obtained based 
on the ratios of the total clump number to the 
sample clump number; that is, the aboveg-
round carbon storage = aboveground carbon 
storage of the sample clump×(total clump 
number / sample clump number). More-
over, it can also be calculated as the above-
ground carbon storage per ha (Mg ha-1 C).

In summary, the framework of this study 
to predict carbon storage contains 2 main 

parts at the individual and stand levels for 
thorny bamboo. At the individual bamboo 
level, the allometric models were used to con-
struct the relationship of DBH and biomass, 
and the best model was chosen to predict the 
AGB. We employed AGB with the PCC to 
predict the carbon storage for thorny bamboo. 
After the relationships of DBH and carbon 
storage were obtained, we used survey data 
of the stand to estimate carbon storage at the 
stand level. The above method has also been 
widely utilized to predict carbon storage of 
various bamboo species, such as makino 
bamboo (Yen et al. 2010), moso bamboo (Yen 
and Lee 2011, Sun et al. 2013), and ma bam-
boo (Sun 2012).

Results and discussion

Sample characteristics
Samples of individual bamboo bio-

mass were measured by Lin et al. (2011), 
and detailed items with DBH and culm 
height (H) are shown in Table 2. Biomass 
weights of leaves, branches, culms, and 
aboveground total were estimated to be 
0.565±0.295, 1.949±1.235, 19.290±7.293, 
and 22.607±8.922 kg culm-1 for individual 
samples, respectively. Biomass proportions 
of leaves, branches, and culms to the aboveg-
round total were 0.44~8.92, 2.67~18.49, and 
78.78~94.10%, respectively. The maximum 
AGB being allocated to culms is a common 
pattern for most bamboo species, and the ratio 
was > 78% for thorny bamboo.

Model predicting capabilities
Distributions of leaf and branch biomass 

with DBH were disperse and without a clear 
trend (Fig. 1). We further utilized various al-
lometric models (Table 3) to predict these 2 
components using DBH and H. However, test 
results were not satisfactory with these mod-
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Table 2. Characteristics of samples of thorny bamboo (Lin et al. 2011)
	 Characteristic	 N	 Minimum	 Maximum	 Mean	 Std. Dev.
DBH (cm)	 20	 5.9	 10.7	 8.8	 1.4
Culm height (m)	 20	 11.7	 25.0	 18.8	 3.1
Aboveground biomass (kg)	 20	 8.74	 46.40	 22.61	 8.92
Leaves (kg)	 20	 0.10	 1.09	 0.57	 0.30
Branches (kg)	 20	 0.68	 4.25	 1.95	 1.24
DBHa) (cm)	 51	 5.9	 11.7	 9.0	 1.3
Culm heighta) (m)	 51	 10.3	 25.0	 18.2	 3.1
Culms (kg)	 51	 4.12	 43.27	 19.29	 7.29
Leaf biomass proportion (%)	 20	 0.44	 8.92	 2.95	 2.00
Branch biomass proportion (%)	 20	 2.67	 18.49	 8.73	 4.15
Culm biomass proportion (%)	 20	 78.78	 94.10	 88.32	 4.85
a) The dataset using the culm model. DBH, diameter at breast area height; Std. Dev., standard devia-

tion.

Fig. 1. Scatter plots of the aboveground biomass component versus the diameter at breast 
height (DBH) and the predictions of each allometric model for thorny bamboo.

els for leaf and branch biomass, and even the 
WBE model failed to predict leaf data (Fig. 
1, Table 3). We used the MAPE value as an 
indicator to examine models and observations 
and found inaccurate forecasts by the models. 

Lewis (1982) pointed out that a MAPE of > 
50% indicates an inaccurate forecast of model 
fit. Unfortunately, values of MAPE were > 
50% for all models, regardless of whether for 
leaves or branches. This implied that DBH 
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is not a valid variable for predicting biomass 
of these 2 components for thorny bamboo. 
Since leaf and branch data had a dispersed 
distribution (Fig. 1), larger MAPE values 
for the models are expected. Nevertheless, 
only lower biomass proportions of leaves and 
branches to the aboveground total (2.95% for 
leaves and 8.73% for branches) were exhib-
ited by thorny bamboo.

In culm and aboveground biomass pre-
diction, we found that the general model (II) 
was the best predictor of both culm and AGB, 
especially for culm biomass (Fig. 1, Table 3). 
Due to the lower correlation between DBH 
and H for thorny bamboo, adding the H vari-
able into the equations as the general model 
(II) obviously improved the prediction ability 
(producing lower RMSE and MAPE values). 
It was also suggested to predict culms and 

AGB for thorny bamboo using DBH and H as 
allometric parameters, if possible.

Notably, certain nonlinear models might 
be unstable for predictions with different di-
ameter classes; particularly for small trees, 
test results usually showed smaller RMSE 
but greater MAPE values (Ruark et al. 1987, 
Cole and Ewel 2006). This phenomenon was 
also found in our study; for instance, although 
RMSE values were similar among the general 
(I), WBE, and Ruark models in AGB predic-
tions (Table 3), a greater MAPE value was 
exhibited by the WBE model. This implies 
that the WBE model obviously underestimat-
ed values of the small-diameter class of AGB 
as illustrated in Fig. 1d.

AGB and carbon storage at the stand level
Stand characteristics were estimated to 

Table 3. The 4 allometric models for predicting biomass components of thorny bamboo
	 Portion	 Model	 Parameters	 Model fit
		  a	 b	 c	 RMSE	 MAPE
Leaves	 General (I)	 0.8372	 -0.1820		  0.3022	 71.01%

(n=20)	 General (II)	 1.0488	 -0.0854		  0.3018	 70.80%

	 WBE	 -a)	 -	 -	 -	 -
	 Ruark	 0.2803	 0.8384	 -0.1264	 0.3108	 71.05%

Branches	 General (I)	 0.0489	 1.6898		  1.1620	 54.58%

(n=20)	 General (II)	 0.0161	 0.6562		  1.1418	 52.00%

	 WBE	 0.0054	 2.6700		  1.1542	 51.67%

	 Ruark	 0.0434	 1.7940	 -0.0122	 1.1956	 54.58%

Culms	 General (I)	 0.1098	 2.3797		  4.8867	 17.05%

(n=20)	 General (II)	 0.0143	 0.9876		  3.4915	 12.06%

	 WBE	 0.0571	 2.6700		  4.8047	 18.24%

	 Ruark	 0.1195	 2.3069	 0.0083	 5.0283	 17.05%

Culms	 General (I)	 0.1887	 2.0982		  4.4762	 20.79%

(n=51)	 General (II)	 0.0452	 0.8265		  3.3374	 13.98%

	 WBE	 0.0514	 2.6700		  4.6500	 20.32%

	 Ruark	 5.37×104	 6.9237	 -0.5227	 4.4210	 20.20%

Aboveground biomass	 General (I)	 0.1659	 2.2463		  5.2641	 16.37%

(n=20)	 General (II)	 0.0262	 0.9215		  3.8575	 11.54%

	 WBE	 0.0639	 2.6700		  5.2448	 18.22%

	 Ruark	 0.2442	 1.9140	 0.0378	 5.4160	 16.30%
a) The dash symbol indicates that the model could not converge.
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be 22±10 culms clump-1, 86 clumps ha-1 and 
1892 culms ha-1. The detailed diameter dis-
tributions of culms are shown in Fig. 2, and 
culms were mostly distributed in the 8~12-
cm class. Because the general (II) model was 
the best predictor (with smaller RMSE and 
MAPE values), we used this model to predict 
the AGB at stand level for the Longci area. 
Then, we predicted the aboveground carbon 
storage using biomass×PCC, where PCC 
was determined by Lin et al. (2011). The 
AGB and carbon storage were predicted to be 
58.5 Mg ha-1 and 26.8 Mg ha-1 C, respectively. 
The detailed distributions of each aboveg-
round component within diameter classes for 
biomass and carbon storage are illustrated 
in Fig. 3, and the AGB and carbon storage 
were mostly distributed in the 9-13-cm class. 
Comparing the ABG and carbon storage of 
this study to other important bamboo species 
in Taiwan (Table 4), we found higher ABG 
and carbon storage for thorny bamboo at the 
individual bamboo level. However, the ABG 
of stand level varied with management strate-
gies for bamboo forests, including bamboo 
type (sympodial or monopodial), manage-
ment target (for bamboo shoots or culms), 

and the intensity of selective cutting (Yen 
2015). Because thorny bamboo belongs to the 
sympodial type, the ABG was strongly influ-
enced by clumps ha-1. Therefore, increasing 
the number of clumps planted in an area is an 
important way to improve the ABG. Overall, 
thorny bamboo has good potential for carbon 
storage compared to other important bamboo 
species. 

Conclusions

In order to predict carbon storage for 
thorny bamboo forests, various allometric 
models were utilized to predict each AGB 
component. However, leaf and branch bio-
mass values were difficult to predict by al-
lometric models because their distributions 
were dispersed. On the contrary, culm and 
AGB could be quantified by allometric mod-
els, especially using the general (II) model in 
this study. In general, the general (II) model 
showed the best prediction for each biomass 
component, followed by the general (I) 
model, Ruark model, and WBE model, even 
though the WBE model failed to predict leaf 
data. Our study results also indicated that 

Fig. 2. Stand diameter at breast height (DBH) distributions of a thorny bamboo plantation 
in the Longci study area.
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Fig. 3. Distributions of biomass and carbon storage of a thorny bamboo stand at the Longci 
study site. DBH, diameter at breast height.

Table 4. Comparisons of aboveground biomass and carbon storage of this study with other 
important bamboo species in Taiwan
	 Stand	 Individual	 Aboveground	 Aboveground

Speciesa)	 density	 aboveground	 biomass	 carbon	 Reference	 (culms ha-1)	 biomass	 (Mg ha-1)	 storage
		  (kg culm-1)		  (Mg ha-1 C)
Pp	 3967~11,467b)	 5.5~20.5	 38.6~171.3	 19.0~82.9	 Wang et al. (2009); 
					     Wang (2009);
					     Wang et al. (2010);
					     Sun et al. (2013)
Pm	 18,000~ 21,191	 1.9~3.5	 33.6~105.3	 16.3~49.8	 Wang (2009);
					     Yen et al. (2010)
Dl	 300~9085	 8.6~14.5	 12.4~77.9	 3.6~37.7	 Wang (2004);
					     Sun (2012)
Bs	 1892	 22.6	 58.5	 26.8	 this study
a) Pp, Phyllostachys pubescens; Dl, Dendrocalamus latiflorus; Pm, Phyllostachys makinoi; Bs, Bam-

busa stenostachya.
b) Range obtained by means of each stand in each reference.
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thorny bamboo possesses great potential for 
carbon storage at the individual bamboo level 
compared to other important bamboo species 
in Taiwan. The AGB and carbon storage were 
strongly influenced by stand density at the 
stand level. We suggest that increasing the 
number of clumps in an area is a possible way 
to improve its AGB and carbon storage.
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