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Bamboos are among the fastest growing and most renewable forest resources, and are
widely grown throughout the tropics and the subtropics. Properties related to their
growth and utilization are beneficial for climate change mitigation and adaptation.
However, these aspects are yet to be extensively researched. This paper studies the
carbon sequestration potential of bamboos, using the example of Moso bamboo
(Phyllostachys pubescens), and examining the impacts of selective harvest. By using
time-series data and allometric equations, the paper develops an original model to
survey the biomass accumulation of a Moso bamboo plantation. The carbon
sequestration potential of bamboo is compared to a fast-growing species that grows in
similar conditions – Chinese fir (Cunninghamia lanceolata). The modelled data
indicate that carbon sequestration of Moso bamboo would only exceed that of Chinese
fir when bamboo is selectively harvested – as this allows effective utilization of
bamboo’s characteristics of fast growth and high renewability; the simulation showed
that a selectively harvested Moso bamboo plantation sequesters 305.77 t C/ha in 60
years. Although this study generated essential findings to determine the potential role
of bamboo in climate change mitigation, it also demonstrated the need for further
research to enable stakeholders to utilize bamboo effectively in these efforts.
Keywords: climate change mitigation; bamboo; sustainable forest management;
carbon sequestration; biomass modelling; harvested wood products

Introduction
Bamboo is highly important as a basic livelihood crop and construction material for rural
populations in Asia, Latin America and Africa, covering an area of about 31.5 million
hectares globally (FAO 2010). China has a rapidly emerging bamboo sector worth US$
11.8 billion annually (Buckingham et al. 2011). Bamboo is relied on heavily by some of
the world’s poorest people, and can be a significant pathway out of poverty (Belcher
1995), with high farmer returns and many options to support sustainable rural livelihoods
(Marsh & Smith 2007). It is relatively easy to manage and is characterized by low
investment costs for processing and inputs as well as flexible time requirements for
seasonal work (INBAR 2004).
Although bamboo is a woody grass and not a tree, bamboo forests have unique but
comparable features and functions to other types of forests within the carbon cycle
(Lobovikov et al. 2011). Bamboo is one of the fastest growing and most renewable forest
resources in the world. Bamboos have rapid growth rates, high annual re-growth after
harvesting and high biomass production (Yen & Lee 2011). These characteristics render it
of interest for climate change mitigation efforts. Bamboo can be integrated into all forestbased climate change mitigation activities, such as afforestation/reforestation, avoided
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deforestation and forest management (Kuehl et al. 2011; Lobovikov et al. 2011). However,
questions have been raised on the importance of bamboo as a carbon sink (Dueking et al.
2011). Data, knowledge and methodologies for scientifically quantifying carbon
sequestration of bamboo are currently limited and need to be further developed and
researched. Generally, ‘remarkably little is known about this entire sub-family of tall
graminaceous plants, despite its everyday utilization, ( . . . ), by about 2.5 billion people’
(Scurlock et al. 2000).
The impacts of climate change on people around the world are going to increase (IPCC
2011) and the largely negative impacts of climate change could be irreversible by 2017 if
no further actions were taken (IEA 2011). Forests will have a central role in international
action in combating climate change (Eliasch 2008). By converting land which currently
stores relatively low levels of carbon into forested land, more atmospheric CO2 can be
removed from the atmosphere and stored in terrestrial ecosystems. This represents a
relevant research area for bamboo, as a potential crop for afforestation and reforestation
measures (Jiang et al. 2011). Moreover, bamboo can be processed into a wide range of
products and as such can represent an effective tool in rural development (Ruiz-Perez et al.
1999). The successful use of bamboo in a wide range of different products demonstrates
the high potential for bamboo as a sustainable ‘potential key substitute for timber, cotton,
construction material and edible products’ (Buckingham 2009). New generations of
bamboo products with longer lifespans have been developed recently (Benton et al. 2011).
These innovative products offer prospects that sequestered carbon can be stored for a
longer period. Further innovations should be encouraged to enhance the number of
available durable bamboo products. In this context, bamboo can play an important role in
reducing pressure on other forestry resources by indirectly reducing deforestation through
the substitution of timber and plywood.
Using bamboo forests within a comprehensive approach to rehabilitate degraded
hillsides, catchment areas and riverbanks has shown promising and quick results (Fu &
Banik 1995). This represents a specific niche for bamboo: afforestation/reforestation with
bamboo on lands on which other plants would not grow, or only grow with limited
productivity. Bamboo is an effective tool to increase livelihood and landscape resilience,
as well as to support local climate change adaptation measures (INBAR 2009; Lobovikov
et al. 2011). Nevertheless, Buckingham et al. (2011) point out that bamboo is marginalized
by international forestry policy that limits its global potential. For example, due to its
botanical definition, some carbon accounting documents failed to include bamboo until
recently. If bamboo were to be adequately recognized within international forestry policy,
it could occupy an important position in climate change mitigation adaptation and
sustainable development (Lobovikov et al. 2009).
Given the complexity of natural systems, and the fact that scientific research on the
carbon cycle in bamboo has only started recently, questions have been raised about the
performance of bamboo as a carbon sink. Magel et al. (2005) argue that growth of the new
shoots in a bamboo forest occurs as a result of transfer of the energy accumulated in culms
through photosynthesis in the previous year. As such, the growth of a bamboo culm is not
driven by its own photosynthesis, but from energy from previous seasons which is stored
in other parts of the bamboo system and, thus, the growth of new culms does not represent
an indicator of sequestration rate. On the basis of this reasoning, the sequestration potential
of bamboo is questioned. However, bamboo ecosystems survive for decades – therefore, it
is not relevant if carbon sequestration occurs in the year before or at the same time as the
growth of new shoots. Moreover, Zhou et al. (2009) argue that the bamboo system requires
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more inputs in the shooting season of young culms – indicating increased nutrient demand
in the growing season.
Depending on the species, most bamboo culms reach maturity after approximately
7– 10 years, after which they deteriorate rapidly, releasing carbon from the aboveground (AG) biomass back into the atmosphere (Liese 2009). Below-ground (BG)
biomass, the root and rhizome system, does not die when individual culms are
harvested. For the bamboo system to be a continuous net sink, the carbon from the
culms has to be stored before deterioration, so that the total accumulation of carbon in
a solid state exceeds the carbon released into the atmosphere. Therefore, this present
study compares managed bamboo forests (with regular selective harvest and carbon
storage in harvested products) with unmanaged forests (without harvest). Bamboo has
properties of fast growth and rejuvenation after cutting, which means that it can provide
a harvestable yield every 1– 2 years once maturity is reached. Its ability to rejuvenate
itself from the BG rhizome system means that it does not require re-planting, as the
bamboo’s root and rhizome system does not die when sustainable and selective harvest
methods are applied.
As a member of the grass family, several bamboo species are characterized by
gregarious flowering. In some cases, all plants from the same species die simultaneously
– resulting in the loss of carbon in the biomass. On the other hand, flowering usually
results in the release of seeds, which can establish new bamboo ecosystems; germination
rates of these fruits are typically low, but the grain quantity is ‘considered sufficient’ to
establish the next generation (Shibata 2002). Although little is known about the flowering
determinants, flowering cycles are known to be relatively constant for economically
important species and global databases provide updated information about surveyed
flowering cycles (INBAR 2011). Whether flowering represents a threat to the
permanence of carbon sequestration in a given bamboo species is largely a question of
risk assessment, the reliability of which depends on the state of information on the
flowering cycle of the species. Where mechanisms are designed for the use of bamboo in
carbon offsets, careful consideration of the flowering risk should be made. For Moso
bamboo, gregarious and partial flowering – i.e. the flowering of individual clumps – are
typical (Shibata 2002). However, Moso bamboo clumps have been observed to flower
with intervals of at least 67 years (Watanabe et al. 1982; Shibata 2002) – thus, the risk of
flowering to the permanence of issued carbon credits can be minimized. In addition,
adequate risk management strategies – such as multi-species plantations – can further
minimize risks.
This study, based on limited data, attempts to quantify bamboo’s carbon sequestration
potential in the case of Moso bamboo (Phyllostachys pubescens Mazel ex J. Houz.) – one
of the most economically important bamboo species in China. Moso bamboo is a
monopodial species which is widespread in East Asia. This paper surveys the impacts of
management – in the form of regular harvest – on carbon storage of bamboo stands. In
addition, the carbon sequestration potential of bamboo is compared to that of Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook.) – a widely spread, fast-growing tree species in
subtropical China, growing in the same areas as Moso bamboo. The paper also surveys and
compares the processes of biomass accumulation in bamboo by modelling the
development of new plantations. On the basis of these findings, the potential of bamboo
in global efforts to mitigate climate change can be defined more precisely. Where
adequate, this study aims to develop policy recommendations. Finally, this study aims at
identifying needs for further research to enable global stakeholders to realize the potential
of bamboo for climate change mitigation.
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Materials and methods
This section outlines the methodology and data sources for the analysis and model. The
models deal with the accumulation of carbon in the bamboo plant (in the form of
accumulated biomass) and do not describe the CO2 fluxes.
With regard to the discussion on bamboo’s performance as a carbon sink, this study
follows a stock change approach. Carbon sequestration is determined by measuring the
difference in standing carbon between year (t þ 1) and year (t), so details of the relocation
of carbon between old and new culms are not relevant. This study focuses on carbon per
unit area, rather than on carbon per culm, considering bamboo as an integrated culm –
rhizome system.
This section is based on the extensive review of literature, focusing on methodologies
for calculating biomass and carbon sequestration of the whole bamboo plant (AG and BG),
and of fast-growing Chinese fir plantations. The longest period is 60 years, which covers
two rotations of Chinese fir – which typically last for 30 years in China. Figure 1
illustrates the typical growth pattern and life cycle of Moso bamboo.
Figure 1 indicates the fast growth of Moso bamboo: within approximately two months
after the emergence of a culm, the final height and diameter are almost reached. It also
demonstrates that the peak of the compressive strength is reached during year 6; moreover,
compressive strength also starts to decrease after year 6. Therefore, from an economic
point of view, it is reasonable to harvest individual culms after year 6, when maturity is
reached. Figure 1 also illustrates the beginning of deterioration of Moso bamboo towards
year 10. For Moso bamboo, selective cutting takes place every 2 years, leaving a fixed
amount of carbon stock standing. The harvested biomass is subsequently replaced by new
culms that fill the voids left by the harvested culms within a year.
Chinese fir and Moso bamboo forests naturally grow at similar sites and require similar
climatic conditions.1 The age classifications of Chinese fir (Tian 2005) and Moso bamboo,
however, are very different, as shown in Table 1. Chinese fir plantations are even-aged,
whereas Moso bamboo stands are uneven-aged.
Bamboo biomass data were used to calculate the bamboo forest carbon stock increases,
based on secondary data sources. From 1997 to 2003, Chen et al. (2004) recorded a timeseries data of the diameter-at-breast height (DBH) of new culms in a Moso bamboo
plantation in China2 (Table 2).

Figure 1. The growth curves of Moso Bamboo. Note: The months on the x-axis refer to the months
within the first year (before emergence); years 1 – 10 refer to years after planting. Source: Fu (2001).
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Table 1. Age classifications of Chinese fir and Moso bamboo plantations (without harvest).
Age (years)
#10
Chinese fir
Moso bamboo
Stand
Individual culm

$36

11 – 20

21 – 25

26 – 35

Young stand

Medium age

Close to maturity

Matured

Old

Young to mature
Matured

Matured
Dying

Matured

Matured

Matured
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Source: Lou et al. (2010) modified.

Table 2 shows that in newly established bamboo plantations, emerging bamboo culms
gradually grow until maturity is reached (after year 10). Due to the lack of data for the
years 8– 60, small increases of DBH were assumed for years 8 and 9 after planting. In
order to avoid overestimations, the final DBH for mature and maximum size culms was
conservatively estimated to be 8.4 cm; other studies state larger mean DBH for bamboo
(8.75 cm; Yen & Lee 2011). It should be considered that changing management or climatic
conditions can impact bamboo sizes during the modelled 60 years.
Based on the DBH data set, Chen et al. (2004) derived an allometric equation for dried
AG biomass per culm of Moso bamboo (see Equation (1)). The AG biomass includes
bamboo culm, branches and foliage:
AG ¼ 211:4970 þ 3:0465 £ DBH þ 0:1117 £ DBH2

ðr 2 ¼ 0:837Þ

ð1Þ

Here, AG represents dried above-ground biomass of individual culms (in kg). Table 3
displays AG calculations (based on Equation (1) and the respective DBH from Table 2)
and above-ground carbon (AGC), using the bamboo carbon ratio 0.5 – according to
Equation (3).
Peng et al. (2002) determined the BG biomass of Moso bamboo in relation to the AG
of the individual culm in the respective age. The BG biomass includes bamboo stump,
rhizome and root system. Table 4 represents the ratio R of AG to BG, the so-called
‘shoot/root ratio’.
Due to the lack of data, it was conservatively assumed that R remains constant after
year 7, as individual culms are usually harvested in year 6 and – as mentioned earlier in
Table 2. Diameter-at-breast height (DBH) of new culms in a newly established Moso bamboo
plantation.
Year after planting

DBH (cm)

1
2
3
4
5
6
7
8a
9a
10 – 60 (maturity)a

3.8
4.5
5.2
5.8
6.5
7.1
7.5
7.9
8.2
8.4

Source: Chen et al. (2004) and our own data.
a
Based on estimations.
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Table 3. Dried above-ground biomass, AG (kg/culm), and above-ground carbon, AGC (kg/culm),
in a newly established Moso bamboo plantation.
Year after planting

AG (kg/culm)

AGC (kg/culm)

1.69
4.47
7.37
9.93
13.02
15.76
17.63
19.54
21.00
21.98

0.85
2.24
3.68
4.97
6.51
7.88
8.82
9.77
10.50
10.99
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1
2
3
4
5
6
7
8
9
10 – 60 (maturity)

this paper – culms reach maturity after 7 –10 years. The BG biomass share adopted here is a
conservative estimate: 29.39% (culms aged 5 and 6 – see Table 4) at its highest,
while other studies have estimated this share at 36.21% (Jiang et al. 2011). Based on R, the
total dried biomass of each Moso culm T (in kg/culm) is calculated for each respective
year:
T ¼ AG þ ðAG=RÞ

ð2Þ

The carbon stock in bamboo biomass (Xu et al. 2007) is calculated according to
Equation (3):
C ¼ 0:5 £ T

ð3Þ

where C is the carbon stock in biomass, 0.5 is the carbon fraction commonly used for trees
and bamboo (Zhou & Jiang 2004; Xu et al. 2007, 2009; Qi et al. 2009) and T represents the
total dried biomass of each Moso bamboo culm. Finally, in order to calculate the total
biomass of a bamboo stand, the figures for individual Moso culms are dynamically added
up, according to the respective growth pattern and culm density (see Tables 5 and 6), and
the total biomass is converted into tons per hectare.
The following Equations (4) and (5) have been selected to calculate the total dried
biomass of a newly established Chinese fir plantation (in t/ha) – using the common density
Table 4. Ratio R of dried above-ground biomass to below-ground biomass of Moso bamboo.
Age of culm
1
2
3
4
5
6
7
8a
9a
10a
Source: Peng et al. (2002) and our own data.
a
Based on estimations.

R

BG biomass of T (in %)

3.196
3.196
2.693
2.693
2.402
2.402
2.751
2.751
2.751
2.751

23.83
23.83
27.08
27.08
29.39
29.39
26.66
26.66
26.66
26.66
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of 2175 trees/ha (Tian 2005):
W 1 ¼ 217:8639ð1 2 e 20:118053t Þ3:340

ðr 2 ¼ 0:998Þ

ð4Þ

W 2 ¼ 168:91357ð1 2 e 20:13344t Þ3:4170

ðr 2 ¼ 0:998Þ

ð5Þ

Typically, Chinese fir is clear-cut harvested after 30 years (resulting in removal of carbon
stocks). Therefore, W1 and W2 represent the total living biomass of Chinese fir in a
plantation during the first and the second cycle, respectively; t represents the Chinese fir
trees’ age. Following the same approach for bamboo, the total biomass is converted into
carbon stock using Equation (3).
One of the most relevant questions regarding bamboo carbon sequestration is to what
extent the rapid canopy closure and early harvest influences the creation of biomass and
carbon sequestration. Therefore, this section aims at analysing carbon sequestration
patterns in newly established bamboo plantations, in two different scenarios: harvested
(i.e. managed) and not harvested (i.e. not managed). Moreover, it compares the carbon
sequestration of Moso bamboo with that of Chinese fir in both the scenarios.
A dynamic growth model has been developed (see Tables 5 and 6). The scenarios are a
combination of reviewed data and our own assumptions supported by in-depth discussion
with experts and relevant researchers. Mature culms are defined as culms with the
maximum DBH of 8.4 cm.
The regular-harvest scenario comprises three periods and represents controlled growth
with tending of emerging shoots as well as selective harvest. The growing period lasts
from the planting of rhizome cuttings with a single young culm until shoots begin to
emerge regularly. The transition period is characterized by a stand with regular emergence
of shoots, selective harvest of an irregular number of culms for tending purposes (which
contributes to the modelled carbon stock) and the coexistence of larger and smaller as well
as mature and immature culms. The steady state is defined in this scenario by regular
emergence and harvest – harvest taking place every 2 years – in a stand made up of
equally sized culms. As can be seen in Table 5, the harvested biomass is fully replaced
within 2 years. The steady state in the no-harvest scenario is defined by a stand that solely
consists of equally sized culms. In both the scenarios, it is assumed that BG biomass
remains constant once the steady state is reached.
In both the scenarios, initially 375 bamboos are planted per hectare. Out of these, 315
are allowed to grow in the first year in the harvest scenario (emergence rate of 84%).
During the first years, more shoots emerge and grow in the no-harvest scenario, as shoots
can emerge uncontrolled.
Results
This section presents the results of the simulations in both the scenarios. The calculations
for Moso bamboo and Chinese fir are based on the methodology outlined in the previous
section.
Comparison of carbon sequestration of Moso bamboo – regular-harvest scenario – and
Chinese fir
In this scenario, harvested culms (i.e. AG biomass) are included in the calculation of
annual sequestered carbon of the Moso bamboo plantation. Based on the dynamic growth
pattern (see Table 5), Figure 2 compares the annual carbon increment of Moso bamboo

a

1

2

3

4

5

(375) 315 299 276 565 720
0
0 315 299 276 565
0
0
0 315 299 276
0
0
0
0 315 299
0
0
0
0
0
315
0
0
0
0
0
0
0
0
0
0
0
0
0
315 614 890 1455 2175

0

6

7

8

160 215 550
720 160 215
565 720 160
276 565 720
299 276 565
315 299 276
0 315b 299b
2335 2550 2785
Growing

Note: M, maximum size culms (with DBH of 8.4 cm).
Source: Chen et al. (2004) and our own data.
a
Planted bamboo.
b
Harvested (and contributing to carbon stock growth).
c
Estimations.

1
2
3
4
5
6
7
Total
Phase

Culm age

10

11

12

550 550 (M) 550 (M) 550 (M)
550
550 550 (M) 550 (M)
215
550
550 550 (M)
160
215
550
550
720
160
215
550
565
720
160
215b
276b 565b
720b
160b
3036 3310
3295
3125

9

Year after planting
14

550 (M) 550 (M)
550 (M) 550 (M)
550 (M) 550 (M)
550 (M) 550 (M)
550 550 (M)
550b
550b
0
0
3300
3300
Transitionc

13

Table 5. Culm density based on a dynamic growth pattern of Moso bamboo – regular-harvest scenario.
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550 (M)
550 (M)
550 (M)
550 (M)
550 (M)
550 (M)
0
3300

Steadyc

550 (M)
550 (M)
550 (M)
550 (M)
550 (M)
550 (M)b
550 (M)b
3850

15 – 59 (odd years) 16 – 60 (even years)
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a

1

2

3

4

0

0

0

0

0

0

0

0
0

3

4

5

6

7

8

9

10
Total
Phase

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

330

330 330

330 330 330

0

0

0

0

330

330

330

330

0

0

0

330

330

330

330

330

330

6

0

0

330

330

330

330

330

330

330

7

0

330

330

330

330

330

330

330

330

8

330

330

330

330

330

330

330

330

330

9

0
0
0
0
0
0
0
0
0
330 660 990 1320 1650 1980 2310 2640 2970

0

0

0

0

0

0

0

0

330

5

Note: M, maximum size culms (with DBH of 8.4 cm).
a
Planted bamboo.
b
Dying/decomposing shoots.

0

(375) 330 330 330 330

0

330b
3300

330b
330b
3300
3300
Growing

330

330

330

330

330
(M)
330
(M)
330
(M)
330

12

330

330

330

330

330

330

330
(M)
330
(M)
330

11

330

330

330

330

330

330

330

330

330
(M)
330

10

Year after planting

330b
3300

330

330

330

330

330
(M)
330
(M)
330
(M)
330
(M)
330

13

Culm density based on a dynamic growth pattern of Moso bamboo – no-harvest scenario.

2

1

Culm
age

Table 6.

330b
3300

330

330

330

330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330

14
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330b
3300

330

330

330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330

15

330b
3300

330

330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330

16

330b
3300

330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330

17

330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330
(M)
330b
3300

18

330 (M)b
3300
Steady

330 (M)

330 (M)

330 (M)

330 (M)

330 (M)

330 (M)

330 (M)

330 (M)

330 (M)

19 – 30
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Figure 2. Comparison of modelled annual carbon stock increment of newly established Moso
bamboo – regular-harvest scenario – and Chinese fir plantations.

and Chinese fir over two growing cycles of Chinese fir (after each growing cycle, Chinese
fir is commonly clear-felled).
Figure 2 shows that Moso bamboo sequesters carbon regularly in the steady state:
every 2 years. The annual carbon increment of Chinese fir peaks in the years 11 (first
rotation) and 40 (second rotation), after which it steadily decreases until all trees are
harvested in years 30 and 60. All harvested AG biomass of Moso bamboo and Chinese fir
is assumed to be stored in durable products. Figure 2 also illustrates that Chinese fir
sequesters carbon at a comparably lower rate during the second rotation, due to site
degradation. Figure 3 compares total accumulated carbon of Moso bamboo and Chinese fir
(during 60 years, i.e. two rotations).
The regular carbon increment of Moso bamboo plantations in the steady state is
represented in a step-wise increase of total accumulated carbon. Figure 3 shows that
during the first years, Moso bamboo sequesters carbon at a comparably quicker rate. In this
scenario – starting in year 7 – bamboo carbon is also stored in harvested AG biomass,
whereas for Chinese fir all sequestered carbon is part of the standing biomass in the
plantation (which is then harvested in years 30 and 60). Once the steady state of the
bamboo plantation is reached, only harvested AG biomass contributes biannually to
the growth of total carbon stocks in this scenario, whereas BG biomass is assumed
to remain constant (including all culms age 1 – 6 years).

Figure 3. Patterns of modelled aggregated carbon accumulation of newly established Moso
bamboo – regular-harvest scenario – and Chinese fir plantations within 60 years.
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According to the applied model, in the regular-harvest scenario, Moso bamboo
sequesters considerably more carbon than Chinese fir in the same time: 305.77 t C/ha
compared to 178.05 t C/ha; which results in mean annual carbon increments of 5.10 t C/ha
for Moso bamboo and 2.97 t C/ha for Chinese fir. Consequently, the modelled carbon stock
of Moso bamboo in the regular-harvest scenario is 1.68 times higher than that of Chinese
fir. It should be noted that it is assumed that all harvested AG biomass of Moso bamboo
and Chinese fir are converted into durable products and are thus stored.3 However, after 60
years, Chinese fir is clear-cut (no remaining standing AG biomass), whereas Moso
bamboo has remaining standing AG and BG biomass.
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Comparison of carbon sequestration of Moso bamboo – no-harvest scenario – and
Chinese fir
It is important to compare and contrast the differences in carbon sequestration between
managed (i.e. regularly harvested) and unmanaged bamboo (i.e. not harvested) stands. As
Liese (2009) describes, an unmanaged, naturally regenerating bamboo forest contains
culms of all ages, including dying and dead ones, the latter ones not being present in a
managed bamboo forest.
In the no-harvest scenario, the emergence of shoots is not controlled; therefore, the
forest grows comparably quicker in the first years in the no-harvest scenario than in the
regular-harvest scenario. For simplicity, a gradual regular growing pattern has been
assumed for this scenario. As demonstrated above, Moso bamboo culms start to deteriorate
after 10 years. For the calculations, a complete instant biological deterioration of the dead
biomass was assumed; it is assumed that the deteriorating culms are replaced by newly
emerging shoots. The steady state of this scenario (after year 18) includes only maximum
size culms. In order to facilitate a comparison, it is assumed that both scenarios have the
same final culm density once the steady state is reached.
The no-harvest scenario is based on the dynamic growth pattern of Moso bamboo (see
Table 6). Figure 4 compares the modelled annual carbon sequestration patterns of Moso
bamboo in the no-harvest scenario and Chinese fir.
In the no-harvest scenario, the annual carbon increment of Moso bamboo is only
comparably faster than that of Chinese fir in the first 3 years. The annual carbon increment
of Moso bamboo begins to decrease after year 10 (when the first culms begin

Figure 4. Comparison of modelled annual carbon sequestration patterns of newly established Moso
bamboo – no-harvest scenario – and Chinese fir plantations.
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Figure 5. Patterns of modelled aggregated carbon accumulation of newly established Moso
bamboo – no-harvest scenario – and Chinese fir plantations.

deterioration). After year 19, new biomass equals deteriorating biomass and there is no
additional carbon increment. Figure 5 compares total aggregated carbon accumulation.
Without harvest, Chinese fir is modelled to accumulate considerably more carbon than
Moso bamboo within the 30-year period of the Chinese fir rotation. Once the steady state is
reached in the bamboo plantation, Moso bamboo’s accumulated carbon remains constant,
whereas Chinese fir’s carbon stock keeps on increasing. Eventually, Chinese fir will also
reach a comparable equilibrium in which newly emerging biomass is equalized by
deteriorating biomass, but much later on than the Moso bamboo, and much later on than
the 30 years of the rotation period. Due to the short lifespan of bamboo culms (and due to
their lack of secondary growth), the Moso bamboo plantation reaches the equilibrium
earlier and consequently sequesters less carbon in this scenario.
It should be noted that in this scenario, carbon sequestration of Moso bamboo continues
after year 19. As demonstrated in Figure 6, Moso bamboo sequesters carbon throughout 30
years, in the form of new AG biomass. However, after year 19 – once all culms reached
maturity – newly emerging AG biomass is equalized by deteriorating AG biomass.4
In this scenario, Moso bamboo sequesters around 49.51 t C/ha within 30 years without
harvest, while Chinese fir sequesters around 98.75 t C/ha. The mean annual increment of
Chinese fir is 3.29 t C/ha and of Moso bamboo, only 1.65 t C/ha. Consequently, the

Figure 6. New above-ground biomass and deteriorating above-ground biomass of Moso bamboo –
no-harvest scenario.
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modelled carbon stock of Chinese fir is 1.99 times higher than that of Moso bamboo in the
no-harvest scenario.
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Discussion
The modelled data indicate that sequestered carbon in Moso bamboo plantations would
only exceed that of Chinese fir when it is managed, i.e. with regular selective harvest. Only
in this way are bamboo’s characteristics as a fast-growing and highly renewable plant
utilized. This may explain why in the literature conflicting results have been reported. For
example, Yen and Lee (2011) state that ‘Moso bamboo is a superior species for carbon
sequestration when compared with China fir’, while Xiao et al. (2010) demonstrate that
carbon pools of Moso bamboo are slightly lower than that of Chinese fir. Regular selective
harvest of Moso bamboo plantations increases their carbon sequestration capacity, which
implies that bamboo plantations can contribute to livelihoods of rural populations while
combating climate change – which represents a significant difference between bamboos
and most trees: bamboo plantations do not need to be ‘locked up’ to provide carbon
sequestration services. Through selective harvest and storage of harvested biomass in
durable harvested wood products (HWP), bamboo’s fast growth and high renewability can
be utilized for high carbon sequestration rates and can simultaneously allow rural
communities to derive livelihood services. Considering the many ways in which bamboos
can contribute to livelihoods – 1500 commercial applications have been recorded by
Scurlock et al. (2000) – this represents a unique opportunity for policy makers.
Moreover, managed bamboo plantations can take pressure off other forest resources –
which are not as quickly renewable as bamboo – if the harvested bamboo is stored in
durable products which can act as substitutes.
This study also shows that the impacts of management and usage of products, in HWP,
determine the role bamboo can play in climate change mitigation. In terms of durability,
studies indicate that bamboo has comparable characteristics to other forest species for
product development (Benton et al. 2011). However, more research into the durability of
harvested bamboo products is necessary to be able to assess whether HWP from bamboo
can represent a permanent carbon sink. It should be pointed out that in the simulation,
Moso bamboo is harvested 31 times in the regular-harvest scenario, whereas Chinese fir is
harvested only twice. Until harvest, the plantation is prone to external risks – which could
potentially limit its sink function. On the other hand, harvested biomass can only be
considered a permanent sink as long as it is processed into durable products – which also
requires specific risk assessments.
The review of related literature shows that the standing carbon for Moso bamboo
plantations varies strongly. The modelled data of this study are within the range described
by the reviewed studies, indicating that the results of the model can be considered a
realistic approximation (see Huang 1987; Huang et al. 1993; Li et al. 1993; Isagi et al.
1997; Chen et al. 1998; Peng et al. 2002; He et al. 2003, 2007; Zhou & Jiang 2004; Xiao
et al. 2007; Qi et al. 2009; Hao et al. 2010; Yen & Lee 2011). Moreover, the reviewed
studies support the conclusion that Moso bamboo can contribute to carbon sequestration in
a similar way as Chinese fir – provided that the harvested resources are turned into durable
HWP with long-term carbon storage. However, the results also illustrate that bamboo and
trees have different sequestration patterns. Trials successfully demonstrated that bamboo
can be applied for the rehabilitation of ecosystems on degraded lands (INBAR 2003). This
indicates potentials for afforestation with bamboo on land which would otherwise not be
suitable for other plants.
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In both the scenarios, the calculated data are based on a maximum culm density of
3300 culms/ha. The culm density is obviously a relevant factor for the calculation of
carbon sequestration per unit area. Reality shows that under intensive management
practices in Moso bamboo forests in China, a density of 3500 culms/ha with DBH of 10 cm
or higher can be reached (Chinese National Standard (GB/T 20391-2006) 2006). However,
it can be expected that intensive management impacts bamboo’s biomass accumulation.
For example, Yen and Lee (2011) demonstrated that higher culm density leads to
decreased DBH, i.e. lower biomass accumulation per culm. There may also be higher
emissions resulting from intensive management practices. On the other hand, studies
indicate that through management techniques, bamboo could sequester higher amounts of
carbon. A Moso bamboo forest without harvest requires approximately 19 years to reach
maturity, which is significantly faster than other timber species adapted to the same
habitat. At the same time, regularly harvested bamboo stands require more frequent
management practices compared to other forests, but can sequester higher amounts of
carbon. Each development stage requires specific silvicultural interventions (Lobovikov
et al. 2009). Therefore, the impacts of management practices on carbon sequestration
capacity, the ecosystem and carbon distribution patterns of bamboo forest are key issues to
be addressed and researched. At present, this issue has received little attention from
researchers (Qi et al. 2009). Zhou et al. (2010) demonstrated that intensive management
decreased total carbon storage in a Moso bamboo plantation. On the other hand, Yen and
Lee (2011) emphasized that ‘thinning is a necessary method to maintain vigor of bamboo
forests’. These findings indicate that sustainable bamboo management is crucial for
achieving continued carbon sequestration within bamboo plantations. Suitable management techniques should be developed and advocated for both bamboo plantations and
natural bamboo forests to realize bamboo’s full potential in carbon sequestration. Tenure
and ownership of bamboo resources are globally diverse: the majority of Asian bamboo
resources (73%) are publicly owned, whereas 63% of African bamboo resources are
privately owned (FAO 2007). These access arrangements also need to be taken into
consideration for the development of specific management measures and the assessment of
bamboo’s potential in climate change mitigation.
Naturally, bamboo often grows within mixed stands; therefore, the processes and
interactions with other plants – also with regard to carbon sequestration – should also be
researched, even more so when considering that it has been observed that ‘the growth
performance of bamboo in mixed stands exceeds the performance found in pure stands’
(Fu 2001).
A study by Chen et al. (2009) estimated that the carbon stocks in Chinese bamboo
plantations will increase from 727.08 Tg C in 2010 to 1017.54 Tg C in 2050 – which
represents an increase of nearly 40%. Similar simulations are lacking for other countries
and regions, but should be developed in order to be able to assess bamboo’s global
potential in climate change mitigation.
Due to the lack of appropriate data, the model and calculations used in this paper have
several limitations. The model does not account for competition within the bamboo
plantation. In addition, variations in the climatic conditions are not considered, and the
data reflect only one bamboo species, Moso. The calculations presented in this study are
based on current climate conditions. Climate change will impact the growth of Moso
bamboo and Chinese fir as well, and may alter their resilience to increased precipitation,
temperature variability, pests and diseases, as well as exposure to extreme weather events
or fires. Species-specific vulnerability studies are needed to determine the resilience of
bamboo resources to climate change. Another limitation of the studies presented is that
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they do not consider soil carbon. Isagi et al. (1997) demonstrated the significance of the
soil carbon pool in Moso bamboo plantations – around 56% of total ecosystem C is stored
in the soil system. Since this study only considered biomass (i.e. vegetative) growth for
estimating carbon sequestration by Moso bamboo, it can be expected that total ecosystem
carbon stocks are considerably larger. Moreover, it is likely that BG carbon stocks are
actually dynamic, even after the stands reached the steady state. However, a quantification
of these effects – based on the existing data – is not possible yet. These limitations
emphasize the need for further research, especially on carbon fluxes and BG biomass
generation within the bamboo ecosystem.

Downloaded by [221.223.234.99] at 06:01 13 April 2013

Conclusions
This study underlines the similarities and differences in carbon sequestration between a
monopodial bamboo and rapid-growing tree plantations. Under regular management
practices in the form of biennial selective harvesting regimes, this study, through modelling
and analysis of the carbon sequestration patterns, indicates that Moso bamboo plantations are
likely to sequester carbon at a somewhat higher level than comparable fast-growing trees.
Moso bamboo thus appears to be a viable option for carbon sequestration within forestry.
Sustainable management and selective harvesting practices are essential for bamboo
stands to utilize and sustain their capacity for carbon sequestration. The quantity of
sequestered carbon of an unmanaged Moso bamboo plantation was calculated to be around
half of that of a Chinese fir plantation. When considering bamboo for afforestation, it
should be realized that mixed stands might increase bamboo’s productivity. This study
also demonstrated that bamboo’s characteristics of fast growth and high renewability
imply potential for simultaneous carbon sequestration and livelihood utilization.
In a mature bamboo stand, the annual net carbon sequestration is constant due to the
occurrence of full re-growth after regular selective harvesting. Moreover, after 60 years,
the model demonstrated that bamboo has remaining standing biomass (with continuing
carbon sequestration potential), whereas Chinese fir is clear-cut after 60 years and carbon
sequestration processes are terminated.
Since harvested bamboo and plantation wood are counted as permanently stored
carbon in the models used, the importance of HWP and their potential to contribute to
carbon sequestration have been highlighted. In order to effectively capitalize on bamboo’s
advantages of fast growth and renewability, carbon accounting methodologies and
mechanisms for HWP need to be developed. Moreover, policy makers should further
support the usage of highly renewable bamboo as a substitute for timber, which can take
the pressure off other forestry resources.
More research is needed to overcome the various limitations of this study, e.g. the
share of carbon in the soil system has to be quantified in order to calculate ecosystem
carbon stocks. Nevertheless, our results provide a strong indication that regularly
harvested bamboo forests can contribute significantly to climate change mitigation. They
also suggest that bamboo deserves more recognition from policy makers and researchers
as a plant capable of providing solutions to climate change mitigation, adaptation and rural
development.
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Notes
1. Since the calculations for bamboo and Chinese fir are based on data from comparable but not
identical locations in China, the differences and similarities in sequestration between bamboo and
Chinese fir should be considered as an indication only, not as absolute and quantitative.
2. Coordinates of the research site: 288310 – 298200 N, 1188410 – 1198060 E.
3. BG biomass of Moso bamboo is assumed to remain constant.
4. In this scenario, it is assumed that BG biomass remains constant after year 19 – once all culms in
the stand reach maturity and the maximum DBH of 8.4 cm.
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