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Abstract

Background: Given the large bamboo resource base with considerable potential to act as an important carbon sink,
Ethiopia has included bamboo in the national Reducing Emissions from Deforestation and Forest Degradation and
enhancing forest carbon stocks (REDD+) and Clean Development Mechanisms (CDM) programs. However, little is
known about the carbon stock and sequestration potential of bamboo forests. As a result, this research was con-
ducted to quantify the carbon sequestration and storage capacity of Oxytenanthera abyssinica forests in the Lower
Beles River Basin, northwestern Ethiopia. To this end, a total of 54 circular plots, each measuring 100 m? with a radius
of 5.64 m, were established to conduct the inventory in Assitsa and Eddida bamboo forests, the typical bamboo sites
in Lower Beles River Basin. Biomass accumulation of bamboo was estimated using an allometric equation based on
diameter at breast height (DBH) and age. Soil samples were taken from two different soil depths (0-15 and 15-30 cm)
to determine soil organic carbon.

Results: Results indicate that the mean biomass of the bamboo forests in the study area accounted for about

177.1 3.1 Mg ha~". The mean biomass carbon and soil organic carbon stock of the bamboo forests were

8324 15MgCha~'and 704 1.7 Mg C ha™', respectively. Therefore, the mean carbon stock of the O. abyssinica bam-
boo forests was 152.5 4 2.5 Mg C ha™' t0 559.8 4 9.0 ton CO, ha™".

Conclusion: This study highlights the importance of assessing bamboo’s carbon stock and sequestration potential
for enhancing its role in climate change mitigation and sustainable resource management. The O. abyssinica bamboo
forests of the study area have significant carbon stock and sequestration potential. Therefore, sustainable manage-
ment of these crucial vegetation resources will enhance their role in providing ecosystem services, including climate
change mitigation.
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Background
In today’s world, climate change is one of the greatest
challenges for humankind. Consequently, climate change
mitigation has received the earnest attention of scientists,
resource managers, and policymakers [1]. In this regard,
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terrestrial C sinks because they store a large amount of
C in vegetation and soil and interact with atmospheric
processes through the absorption and respiration of CO,
[4-7]. Currently, forest resources, particularly tropical
forests, are experiencing increasing pressure due to the
growing population and land-use conversion resulting in
deforestation and degradation [8]. Hence, the mounting
rate of tropical deforestation makes the search for alter-
native natural resources critical. The characteristics of
bamboo make it a perfect solution for the environmental
and societal consequences of tropical deforestation [9].

Bamboo forests are an integral component of the tropi-
cal and sub-tropical forest ecosystems, covering 35 mil-
lion hectares globally [10], and play an important role
in climate change mitigation [11]. Plants sequester CO,
during photosynthesis and thus play an important role
in climate regulation. However plants like bamboo have
an extraordinary capacity to absorb CO, from the atmos-
phere [12-14]. Bamboo is one of the fastest-growing
plants [15], with growth rates ranging from 30 to 100 cm
per day and a harvesting cycle of 3 to 5 years, compared
to 10 to 50 years for most timber species [16—-19]. On
account of their fast growth and short harvesting cycle,
bamboo forests have been known to have higher C stor-
age per hectare than fast-growing tropical and sub-
tropical trees under comparable conditions [7, 12, 18].
For example, Moso bamboo (Phyllostachys edulis) for-
est in China sequestered 5.10 Mg C ha™! during a single
year—a rate that is 33% higher than a tropical moun-
tain rainforest and 41% higher than a 5-years old stand
of Cunninghamia lanceolata, a fast-growing Chinese fir
[20].

Indeed, bamboo has a lower total ecosystem C (94—
392 Mg C ha™!) than timber forests (126—699 Mg C ha™?)
[20, 21]. When C stored in harvested carbon-intensive
bamboo products is taken into account, a managed giant
bamboo species like Moso (Phyllostachys Pubescens) may
store much higher carbon than a Chinese fir (296 versus
237 Mg C ha™!) growing under the same circumstances
[22]. The management of bamboo has a significant effect
on its C sequestration potential. For instance, appro-
priately managed (sufficient water, adequate nutrients,
appropriate thinning, and regular harvesting) Moso bam-
boo sequester more C (296 Mg C ha™!) than bamboo in
the natural state (49.5 Mg C ha™') [21, 22]. In contrast,
deforestation of bamboo forests could lead to significant
C emissions, causing negative feedback to climate change
[11].

Besides benefits for C accounting, bamboo provides
many other ecosystem services. Bamboo is adaptive to
adverse site conditions [23]; thus, it can be planted in
degraded landscapes contributing significantly to the res-
toration of degraded lands, which are essential to combat
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desertification [24, 25]. With its extensive rhizome and
root network and dense canopy, the presence of bam-
boo improves soil stabilization, increases slope stability,
reduces soil erosion and run-off, and improves retention
of nutrients and regulation of water flow in rivers and
lakes [1, 12, 14, 26].

Given the potential for bamboo to act as an impor-
tant C sink, there is a strong need to integrate bamboo
into national and international policies and mechanisms
aimed at managing the effects of global climate change [1,
27]. The most prominent international policy framework
in this regard is the United Nations Framework Con-
vention on Climate Change (UNFCCC), with its Clean
Development Mechanism (CDM) and Reducing Emis-
sions from Deforestation and Forest Degradation and
enhancing forest carbon stocks (REDD+) [27]. Taking
this view ahead, Ethiopia has amended its forest defini-
tion to include bamboo in the national REDD+ readiness
and CDM projects.

Ethiopia set a vision to become a middle-income coun-
try with net-zero CO, emission by 2030. In this regard,
the implementation of REDD+ is expected to contrib-
ute 50% of the emission reduction target [28]. More
profoundly, Ethiopia has prepared forest reference level
(FRL) and submitted it to the United Nations Frame-
work Convention on Climate Change (UNFCCC) in
2016 mainly to achieve result-based payment for verified
emissions reductions [29]. Because of its suitable climate
and environment for bamboo growth, Ethiopia possesses
about 1.4 million hectares of bamboo resources [30].
Thus, it can be expected that Ethiopia plays a vital role
in C sequestration and, thereby, climate change mitiga-
tion through bamboo forests. There is, therefore, a strong
need to assess the C stock and sequestration potential of
bamboo forests.

Globally, bamboo forests have received glutted atten-
tion for their high potential to sequester CO, from the
atmosphere. Several studies have been conducted on C
stock and sequestration potentials of bamboo and dem-
onstrated their potential as an efficient and effective C
sink. Most of these studies were confined to Asia, mainly
China [3, 7, 11, 14, 26, 31-34] and India [35-40], and
focused on the common bamboo species, Moso bamboo
[2, 7, 26, 31-34, 41]. Hence, further research is needed
to reduce uncertainties in the underlying data, result-
ing from a lack of standardization of methods, a lack of
research for many bamboo species, and limited research
of belowground and soil organic carbon [20]. Another
limitation identified by the same study is the under-rep-
resentation of regions such as Central America, South
America, and Africa, while most of the studies concen-
trated in Asia, mainly in China and India.
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In Ethiopia, a few studies have been conducted on
organic C stock and sequestration. However, most of
these studies limited their scope to tree species while
much less emphasis is given to the bamboo species.
Given the large bamboo resource base on one hand, and
the looming climate change on the other, information on
C stock and sequestration potential of bamboo forests is
critical for developing strategies that increase productiv-
ity (increase carbon stock) while reducing greenhouse
gas emissions (enhancing carbon sequestration). In view
of this backdrop, this study was conducted to estimate
the biomass, C storage, and sequestration of Oxytenan-
thera abyssinica forests in the Lower Beles River Basin,
north-western Ethiopia.

Methods

Description of the study area

This study was conducted in two O. abyssinica forests
of Mandura District in the Lower Beles River Basin. The
District is located between 10° 50’ 55” to 11° 10’ 10” N
and 36° 02’ 48” to 36° 32/ 42” E in north-western Ethiopia
(Fig. 1). It covers about 1045 km? and is situated between
808 to 2186 m in north-western Ethiopia savannah low-
lands. The largest portion of the District (lowland) is
covered with basement complex rock when the plateau
basalts cover few areas in the north-eastern part, specifi-
cally, the Kar Mountain escarpments [42]. The nitosols,
cambisols, luvisols, and leptosols are the main soils of the
sub-basin [43]. Temperatures range from a maximum of
35 to 40 °C to a minimum of 18 to 20 °C [44]. The rainfall
shows a unimodal distribution and ranges approximately
from 1300 to 2000 mm [43]. Generally, the District
has a wet tropical climate (wet kolla) except few areas
around the Kar Mountain, which is wet sub-tropical (wet
woynadega).

The District has various types of vegetation resources
that include Boswellia papyrifera (Del.) Hochst., Anogeis-
sus leiocarpa (DC.) Guill. & Perr., Stereospermum kunthi-
anum Cham. and the species of Terminalia, Combretum,
and Lannea. The solid-stemmed Savanah or lowland
bamboo [Oxytenanthera abyssinica (A. Rich.) Munro],
locally known as Shimel, is one of the main vegetation
types grown in the District [45]. It is a sympodial or
pachymorphic rhizome bamboo species growing in the
vast savannah lowlands of north-western Ethiopia [46]
and takes the lion-share (85%) of bamboo resources of the
country [47, 48]. Hence, two bamboo forest sites, namely,
Assitsa and Eddida bamboo forests, were selected for the
inventory based on their forest coverage and accessibility.
These bamboo forests are under two separate manage-
ment systems. The Assitsa bamboo forest is managed pri-
vately, while the Eddida forest is protected and managed
by the state organ, the Ethiopian Biodiversity Institute.
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Bamboo grown in the Eddida forest is banned from har-
vesting by law.

Sampling and data collection techniques

According to Huy and Long [49], if the forest investiga-
tion area is small (<about 20 ha) with discrete distribu-
tion, the application of random, systematic, or cluster
layouts is not feasible and necessary; instead, typical sam-
pling is applicable. In this case, 2-3 plots may be estab-
lished in each forest block based on average density and
bamboo size. Accordingly, a total of 54 circular plots,
each measuring 100 m* with a radius of 5.64 m, were
established to conduct the inventory. Circular plots are
more efficient because the actual perimeter of the plot
is smaller than the square or rectangular plots; thus, the
number of bamboo culms on the edge is limited [49].

In each plot, culms were classified based on their ages
and, then, counted. A total of 30 culms per plot were
randomly selected from each age group. Culm diam-
eter was measured at 1.3 m height using a caliper, and a
graduated stick (graduated bamboo culm marked at 1 m
intervals) was used to measure the height of culms. The
culm age was determined based on the exterior color of
the culm, features of the culm sheath, and the develop-
ment of branches and leaves [50]. Hence, culm ages were
determined as follows: (a) 1-year-old bamboo culms are
those that emerged in the current year and have only a
few leaves, the sheath on the culm, and the culm has pale
surface color covered with a white powder; (b) 2-years-
old bamboo culms have few sheaths at the base of culm
with some beginning to rot, well-developed branches
on 5th and 6th internodes, and the white powder on the
culm surface also beginning to disappear while the culm
is turning dark green; (c) 3-years-old bamboo culms have
no sheaths, and the culm bottom turned dark green, sym-
bolizing near maturity, and characterized by the appear-
ance of few lichens and mosses on culm surfaces; and (d)
4-years-old culms have no sheath, and the culm color is
light yellowish green with an abundance of lichens and
mosses, and (e) 5-years-old or older bamboo culms have
the culm surface covered with an abundance of mosses
and lichens and had turned brownish green in color [18,
50].

Soil carbon is likely to vary with depth. As a result,
most soil carbon samplings define one or more soil lay-
ers, usually by the distance in centimeters from the soil
surface [51]. According to IPCC [52], 30 cm is suggested
as the default sampling depth for forest soil to determine
carbon content. Lowland bamboo is a shallow-rooted
plant where the average depth of dense roots reaches
30 cm [53]. As a result, it makes sense to define the top
layer as 0-30 cm and subdivide it further into 0-10 and
10-30 cm layers [54]. Accordingly, in this study, a total
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of 108 (54 plots x 2 depths) soil samples were taken from
two different soil depths: 0-15 cm and 15-30 cm for
determining the soil texture, moisture, pH, concentra-
tions of organic carbon (OC), and total nitrogen (TN).
The soil samples collected from each depth were com-
posited separately, labeled, and placed in durable plas-
tic bags. Similarly, a total of 108 (54 plots x 2 depths)

undisturbed soil samples were taken at the middle of
each plot using a soil core sampler to estimate soil bulk
density.

Soil laboratory analyses
Soil samples were analyzed in the Agricultural Research
Laboratory of the Ethiopian Institute of Agricultural
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Research in Pawi, Ethiopia. Before conducting the
chemical analyses, soil samples were air-dried and
pounded with pestle and mortar, and passed through a
2 mm sieve. Then, the soil moisture content was deter-
mined by the percentage loss of soil sample after it was
oven-dried at 105 °C divided by the dried soil weight in
gram [55], while soil texture was determined through
the hydrometer method [56]. The bulk density analy-
sis was carried out using the core sampling method
[57], where each sample was dried at 105 °C for a mini-
mum of 48 h. The volume of the core sampler (VC) was
determined by using the formula: VC = mrhwhere
r is the radius and h is the height of the core sampler
[VC = 3.14 x (25cm)? x 5cm = 98.125cm?]. Soil pH
was determined in 1:2.5 pH-H,O ration using the Beck-
man Zeromatic-II pH meter. The Walkley and Black [58]
and micro-Kjeldahl methods [59] were used to determine
SOC and TN concentrations, respectively.

Data analyses

Estimation of biomass, carbon stocks and CO, sequestration
The aboveground biomass (AGB) storage of O. abys-
sinica forests was estimated using an allometric model
developed by Amoah et al. [18]. The model was devel-
oped by harvesting randomly selected 1-2, 3-4, and
5-6 year-old culms of O. abyssinica in Ghana. Five culms
per age group were harvested; thus, a total of 15 culms
were harvested from five plots (10 x 10 m) based on age
and diameter. The mean DBH of the sampled culms was
1.92 (1-2 year), 1.84 (3—4 year), and 1.1 for 5-6 year-old
culms. The model has a robust predictive power with
R? in the range between 0.868—0.916. In this model, the
relationship between AGB and DBH were predicted by a
simple allometric function:

Y = a x DBHP

where Y=aboveground biomass and a and b are
parameters.

AGB; (1 — 2 years) = 2.632 x DBH"#%!
AGB;(3 — 4 years) = 1.910 x DBH**!°

AGB3 (5 -6 years) = 2.304 x DBH??33

Then, the total aboveground biomass (TAGB) was cal-
culated by summing up of aboveground biomass of each
age class as follows
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TAGB = AGB; + AGB; + AGB;3

Oxytenathera abyssinica species has pachymorphic rhi-
zome, hence invest more resources to belowground parts
for its structural stability. As a result, is stores higher
amount of belowground biomass. Hence, the high AGB
to belowground biomass (BGB) ratio of 1:4 was used to
estimate the BGB [60]. The BGB was then computed as
follows:

BGB = AGB x 0.25.

Then, total belowground biomass
(TBGB) = BGB; + BGB; + BGBs. Finally, C storage and
CO, equivalent potential of the bamboo forest was cal-
culated from total biomass (TB) (total aboveground and
belowground), respectively, as follows [52]:

Carbon(C) = Cfraction(0.47) x TB; and CO; = C x 3.67

Soil carbon and nitrogen stock

The amount of carbon and nitrogen stored per hectare
was derived from soil depth (cm), bulk density (g cm?),
and the percentage of soil organic carbon (SOC) and
total nitrogen (TN) based on the following formula [61]:
SOC stock = BD * d * %SOC; and TN stock = BD *d * %TN
where SOC stock==Soil organic carbon stock per unit
area (Mg C ha™'), TN stocks=total nitrogen stocks
(Mg N ha™1), BD =soil bulk density (g cm®), d=depth of
the sampled soil layer (cm), % SOC = percentage organic
carbon and TN (%) =total nitrogen concentration. Then,
the CO, sequestration potential of bamboo forest soil
was calculated by multiplying C with 3.67 [52]. Bulk den-
sity (BD) was calculated from the following formula [61]

where BD = Bulk density (g cm?); MS = Mass of the dried
soil (g); VC =volume of core sampler (cm?).

Statistical analysis

A pairwise comparison was conducted to assess the mean
difference of bamboo forests and soil depth depending on
soil properties. Also, multiple mean comparisons were
employed for each variable (texture, soil moisture, pH,
bulk density, nitrogen content, organic carbon content,
soil organic carbon, and nitrogen stock) at @ = 0.05 using
the DUNCAN test. Correlation analysis was carried out
to test the association between soil bulk density and SOC
along with soil depth.
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Table 1 Stand structure of O. abyssinica forests in the study area
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Age (year) Assitsa forest Eddida forest
Culm Clump Mean DBH (cm) Mean height (m) Culm Clump Mean DBH (cm)  Mean height (m)
density density density density
(ha™") (ha™") (ha™") (ha™")
1-2 3207 4+041 1144£0.12 3485 45+£027 1224047
3-4 5921 384042 11.0+£0.12 5505 41+£027 11.9£052
5-6 3236 35+04 10.8+0.12 6035 38+0.23 1184053
Total 12364 671 3.8+041 11+£0.12 15025 518 41+£0.25 11.96 +0.50
Results culms (5505 culms ha='=36.6%) made up 76.8% of

Culm density and stand structure of O. abyssinica forests

The culm density of O. abyssinica stand showed sig-
nificant variation between the study sites, Assitsa
(12,364) and Eddida (15,025) bamboo forests. In terms
of culm age composition, 3—4 year-old bamboo culms
were the most common (5921 culms ha~!=47.9%) in
the stand, while 5-6 and 1-2 year-old culms made up
26.1% (3236 culms ha™!) and 25.9% (3207 culms ha™!)
of the culms in Assitsa forest, respectively. 5—6-year-
old culms (6035 culms ha~!=40.2%) and 3-4-year-old

the bamboo stand in Eddida bamboo forest, while
1-2-year-old culms shared the remaining proportion
(3485 culms ha™' =23.2%) (Table 1).

The 1-2 vyear-old culms have the highest thick-
ness (DBH) both in Assitsa (4 £+ 0.41 cm) and Eddida
(4.5 cm £0.27) bamboo forests. In contrast, 5-6 year-
old culms had the lowest DBH value of 3.5 +0.4 and
3.8 cm=%0.23 for Assitsa and Eddida bamboo forests,
respectively. As age increases, the thickness of bamboo
culm decreases (Table 1, Fig. 2).
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Fig. 2 Field photos showing O. abyssinica bamboo culm age in the study area
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Biomass and carbon storage potential of O. abyssinica
forests

Results indicate a significant variation in the total bio-
mass storage (AGB and BGB) between the bamboo for-
ests of the study area (Table 2). The mean biomass was
higher in Eddida (185.1 + 3.1 Mg ha™') than Assista
(154.3 & 5.2 Mg ha™') bamboo forests. The mean total
biomass and biomass C stock of the studied bamboo for-
ests were 177.1 £ 3.1 Mg ha™! and 83.2 Mg+ 1.5C ha™},
respectively.

Physicochemical properties of soils of O. abyssinica forests
The sand fraction was the dominant (63.3 + 0.1%) tex-
tural class, while the silt textural class shared the smallest
(14.2 £ 0.5%) proportion on both topsoil (0-15 cm) and
subsoil (15-30 cm). SOC and N content decreased, while
BD and moisture content increased along with soil depth.
Likewise, soil ;H decreased as soil depth increased. The
SOC concentration decreased from 5.3 to 2.8% in the
Eddida forest and 3.4 to 2.4% in the Assitsa bamboo for-
ests for 0—15 to 15-30 cm soil depths, respectively. TN
concentration on the topsoil to sub-soil layer decreased
from 0.38 to 0.21 and 0.25 to 0.18% in the Eddida and
Assitsa bamboo forests, respectively. The analysis indi-
cates that SOC and TN concentration varied significantly
(P<0.05) across soil depth (Table 3).

While associating BD and SOC content, a strong corre-
lation (r=—0.7) was found in the study. The result indi-
cated that as BD increases, OC decreases, and vice-versa
(Fig. 3). SOC concentration decreased from 4.8 on the
topsoil to 2.6% on the sub-soil layer, while BD increased
from 1.19 to 1.36 g cm ™ on the topsoil to subsurface soil.
Soil BD was significantly different (P<0.05) across soil
depths. Soil ,H values decreased on the topsoil to sub-
soil from 5.88 to 5.66. Conversely, soil moisture increased
from 9.57 (0-15 cm) to 11.13% in 15-30 cm soil depth.
The lower moisture content in the topsoil could be due
to the surface soil exposure to solar radiation and distur-
bances, which would lead to loss of soil moisture through
the evapotranspiration process.
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Table 3 Soil physicochemical properties and carbon stocks of O.
abyssinica forests

Parameters Soil depth (cm) Bamboo forests
Assitsa Eddida

Clay, silt and sand (%) 0-15 20:10:70 18:16:66
15-30 22:12:66 28:18:54

Soil pH 0-15 5994055 586+0.80
15-30 584+£0.36 5.5840.35

SOC (%) 0-15 34+0.19 537+0.17
15-30 24+0.14 28°+0.14

TN (%) 0-15 025+0.01 0.38°40.12
15-30 0184010  021°£000

BD (g cm™) 0-15 134°4+039 1.14°4+0.27
15-30 15524027  130°+027

Moisture (%) 0-15 823+£0.56 9.69°+0.31
15-30 9.60 £ 1.00 1257°+0.72

TN stock (Mg N ha™")  0-15 5044017  649°+£022
15-30 436£022 4.18°+0.19

SOC stock (Mg Cha™")  0-15 6740+£260 90.25°+3.62
15-30 56.07+332 54.08°+266

Values are means and standard errors (Mean + SE). Letters along columns
denote significant difference at P <0.05

SOC soil organic carbon, TN total nitrogen, BD soil bulk density

Total carbon stocks and sequestration potential of O.
abyssinica forests

Mean biomass (AGB and BGB) C and SOC stocks
(0-30 cm) were 72.5 +2.4 and 61.7 Mg £2 C ha™!
for Assitsa bamboo forest, respectively, and 87 +1.4
and 72 Mg +£2.0 C ha! for Eddida bamboo for-
est, respectively (Table 4). The mean total biomass C
and SOC stock of the two forests was 159.5 £3.9 and
133.7 Mg +4 C ha™*, respectively. Therefore, the mean
total C stock of the O. abyssinica forests in February 2020
was 293.2 + 8 Mg C ha™! with 1076 + 20.2 ton CO, ha™.

Discussion

Culm density and stand structure of O. abyssinica forests
Results indicate that O. abyssinica forests of the present
study area have significant variations in both clump and
culm density. The Eddida bamboo forest had a higher
(15,025 culms ha™!) culm density than the Assitsa

Table 2 Biomass and carbon storage potential of O. abyssinica forests

Bamboo forest AGB (Mg ha™") BGB (Mg ha™") TB (Mg ha™") CS (Mg Cha™)
Assitsa 123474416 30.86 4 1.04 154344520 72.54 4 244
Eddida 14807 £ 246 37014061 185.10£3.077 86.99 % 1.44
Mean = SE 141694256 3542 4 0.64 177124321 83.24 +1.50

AGB above ground biomass, BGB below ground biomass, TB total biomass, CS carbon stock
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Fig. 3 The relationship between organic carbon (OC) and bulk density (BD)

Table 4 Total carbon stocks and CO, sequestration of O. abyssinica forests

Bamboo Carbon pools

Forest AGB (Mg Cha™") BGB (Mg Cha™") SOC (Mg Cha™") TCS (Mg Cha™) CO, Seq. (ton ha™")
Assitsa 58034 1.95 1450 4048 61.7341.94 134.27 +£307 492.80+11.28
Eddida 69.59+1.15 17394028 72574223 158914244 58322+ 896
Mean + SE 66.59 % 1.20 16.64 +0.30 69.70+1.83 152524245 559.78 4 9.02

AGB above ground biomass, BGB below ground biomass, SOC soil organic carbon (0-30 cm), TCS total carbon stock, CO, seq. CO, sequestration

bamboo forest (12,364). Conversely, clump density was
higher in the Assista bamboo forests (671 ha™') than
Eddida bamboo forest (518 ha™!). The harvesting inten-
sity and season play a significant role in determining the
overall culm density of the studied bamboo forests. Sev-
eral harvested culms were observed, where some clumps
had fewer culms in the Assitsa bamboo forest during the
field survey and inventory. In contrast, in Eddida bam-
boo forest, where bamboo harvesting is only allowed
for research purposes, most bamboo culms have been
in their natural stand since the bamboo forest reserve
establishment.

Compared to the present study, a much lower den-
sity of 4374 culms ha™' was recorded for O. abyssinica
from Cameron [62]. Densities of 6267 culms ha™! was
reported for the same bamboo species from Ghana [18],
while 8840 culms ha™! was reported for highland bam-
boo (Yushania alpina) from Ethiopia [63]. Comparable
densities of 20,467 culms ha™! were reported by Mulatu

and Fetene [64] and 20,748 culms ha™! [65] for highland
bamboo (Yushania alpina) in Ethiopia. Generally, bam-
boo stand density depends on plant species, tending
operations, harvesting intensity, and site conditions [18,
32, 50].

Moreover, this study indicated that the youngest
(1-2 year old) culm has the highest DBH (4.25 & 0.34).
As the age of bamboo culm increases, DBH tends to
decrease. Unlike trees, bamboo have no secondary meris-
tem; the cambium, thus, lacks special tissues to accumu-
late or shade metabolic residues [66, 67]. Consequently,
the existing bamboo tissues have to function for many
years without forming any new tissues [68]. The aging of
bamboo culms is associated with significant structural
and chemical changes in the parenchyma and fiber tis-
sues, including cell wall thickening, declining moisture
content, and an increase or decrease in certain nutrient
ions [68, 69].
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Biomass and carbon storage potential of O. abyssinica
forests

The results revealed that total biomass stored by bamboo
forests was higher in the Eddida (185.1 + 3.1 Mg ha™)
than in the Assista bamboo forest (154.3 & 5.2 Mg ha™?).
The studied bamboo forests stored total mean biomass of
177.1 + 3.2 Mg ha™! in the AGB (141.7 £2.6) and BGB
(35.4 £0.6). The AGB stored by bamboo forests of the
present study sites is much greater than the correspond-
ing reported values of 28 Mg ha™* AGB for O. abyssi-
nica from Cameron [62], and 100 Mg ha™! of AGB from
Kenya [70] and 110.7 Mg ha~' AGB from Ethiopia for
Yushinia alpina [63]; 99 Mg ha™! [64] and 108.7 Mg ha™!
[65] for total biomass of Y. alpina in Ethiopia. Likewise,
114 Mg ha—! AGB was reported for B. vulgaris, while sig-
nificantly lower values of 4.2 Mg ha™! were recorded for
O. abyssinica in Ghana [18]. Generally, the results indi-
cated that bamboo stand biomass accumulation depends
upon culm size (diameter), species, density, and manage-
ment practice.

The present study found that the total organic car-
bon stored by bamboo forests varied between the study
sites. The total biomass C stored by bamboo forests was
higher in the Eddida (87 + 1.4 Mg C ha™') than in Assitsa
bamboo forest (72.5 & 2.4 Mg C ha™'). The aboveground
carbon stored by the studied bamboo forests (58.0 £ 1.6—
69.6 + 1.2 Mg C ha™!) is much greater than the values
reported for the same species, in Ghana (2 Mg C ha™)
(18] and Cameron (13.1 Mg C ha™!) [62]. Similarly, lower
values of 33.9 Mg C ha™"! for B. vulgaris var vitata and
50.8 Mg C ha™! for B. vulgaris from Ghana [18]. The total
biomass C stored by the studied bamboo is consider-
ably higher than 40-43.5 Mg C ha™! for Y. alpina were
reported from Ethiopia [71]. Compared to timber plant
species, C stored by the studied bamboo forests biomass
is much higher than a value of 22.3 Mg C ha™! stored by
herbivore exclosures, and 58.1 Mg C ha™! for managed
natural dry forests of north Ethiopia [72]. Generally, C
storage of bamboo forests biomass depends on species,
management practices, and site conditions [32, 50].

Soil organic carbon content of O. abyssinica forests

Soils of the study landscape are slightly acidic, and sandy
clay loam in texture. Soil pH ranged between 5.9 and 5.7
in the topsoil and sub-surface soil layers, respectively.
Soil bulk density and moisture content increased with
increasing soil depth. Conversely, the quantity of C and
N stored in the bamboo forest soil decreased along with
increasing soil depth. This indicates that organic matter
concentration is higher at the topsoil (0-15 c¢m) than at
the sub-surface soil layer. In this regard, similar studies
conducted so far confirmed that SOC decreased while
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bulk density increased with increasing depth in bamboo
forest soils [1, 12, 33, 73, 74].

SOC storage (0-30 cm) ranged from 61.7 to 72 Mg
C ha™! with a mean of 70 & 1.7 Mg C ha™! for bamboo
forests of the study area. C stored in the bamboo forest
soils (70 Mg C ha™!) is lower than C stored in the bam-
boo forest biomass (83.2 & 1.5 C Mg ha™?). Similar to the
present study, vegetation biomass has been reported to
accumulate higher carbon than forest soils in Ethiopia
[75, 76]. A meta-study by Yuen et al. [20] based on 184
bamboo carbon studies review confirms that the SOC in
bamboo forests ranges from 70 to 200 Mg C ha™. In gen-
eral, the results indicated that bamboo forest soils have
an important role in the sequestration of atmospheric
CO,, as do the soils of tropical forests.

Total carbon stocks and sequestration potential of O.
abyssinica forests

The total carbon stock of the studied bamboo forests
(134.3 & 3.1-159 + 2.4 Mg C ha™!) is within the range
of values 94-392 Mg C ha™!, estimated by Yuen et al.
[20] for total C stored in bamboo plant biomass and soil
(bamboo ecosystem). Compared to other forest species,
C stored in the bamboo ecosystem of the studied forests
is lower than the reported values of 340.9 Mg C ha™"! for
dry Afromontane forests of north-western Ethiopia [76],
400 Mg C ha™! for Yegof mountain natural vegetation of
north-east Ethiopia [77], and 354.5 Mg C ha™" for Euca-
lyptus Saligna plantations in central highlands of Ethiopia
[78], and 496.3 and 277.4 Mg C ha™! were reported for
natural forest and coffee agroforestry, respectively, from
eastern Ethiopia [79]. Likewise, our C estimate is lower
than C estimates of 337 and 274 Mg C ha™* for primary
and secondary tropical forests of Singapore [80]. How-
ever, our result was higher than the reported values of
77-135 Mg C ha™! for diversified woody-based dryland
agroforestry systems in northern Ethiopia [81]. The total
C stock of the studied bamboo forests was comparable
with the values of 134.1 Mg C ha™! for Schizostachyum
pergracile bamboo forest of Manipur northeast India
[12], and 145.4 Mg C ha~! Moso bamboo (Phyllostachys
pubescens Mazel ex Houz.) from southern China [74].

By and large, this study signifies the reporting and veri-
fication of Ethiopia’s performance in terms of emissions
reduction or carbon removal via its bamboo resources. In
addition, a considerable amount of revenue can be gener-
ated through selling carbon credits in the carbon market
via the Clean Development Mechanism (CDM) projects
that will enhance the socio-economic development of
Ethiopia.

Due to resource constraints, we were unable to develop
an allometric model for estimating both aboveground
and belowground biomass in this study. We used a
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published allometric equation developed by Amoah et al.
[18] to estimate AGB. The model was indeed developed
from the same species (O. abyssinica), but it may not
accurately estimate the AGB as the site conditions vary
from place to place. At the same time, BGB was calcu-
lated based on the root to shoot ratio method provided
by Singar et al. [60]. This may underestimate or overes-
timate the BGB stored by the studied bamboo forests.
Therefore, a local or site and species-specific model has
to be developed to determine the biomass and C storage
capacity of lowland bamboo forests with better precision.

Enhancement of bamboo stands to maximize biomass
carbon storage
It is estimated that about 35 billion tons of CO, equiva-
lent is produced each year by human activities [82]. By
virtue of its fast growth, bamboo offers one of the quick-
est ways to sequester vast amounts of that CO, from the
atmosphere [83, 84]. Several studies have evidenced that
the CO, sequestration potential of bamboo equals or sur-
passes that of fast-growing trees over short periods [12,
24, 27, 31, 84]. Indeed, studies have reported that regu-
larly managed Moso bamboo accumulates higher bio-
mass and, hence, more carbon by a factor of 2.39 than
fast-growing tree species, such as Chinese fir [31, 83, 85].
Bamboo forests of the study area can accumulate
339.4 Mg ha™! biomass and store 293.2 Mg ha™! of C,
and sequester 1076 tons of CO, ha™'. If the bamboo for-
ests had been properly managed, they could have stored
more carbon. Furthermore, bamboo could provide an
important and long-term C sink if harvested bamboo
culms are turned into durable products such as perma-
nent construction materials, furniture, art, etc. [22, 50].
Due to recent technological developments, bamboo is
being used to produce various durable products that can
last for 30 years or more [22]. Over 30 years, a significant
amount of carbon can be locked into durable bamboo
products. Thus, managing bamboo forests will enhance
their capacity to store C in its ecosystem and products.
During field survey and inventory, it was observed
that bamboo forests were not managed. In Assitsa for-
est, bamboo was harvested and managed traditionally by
farmers based on the lesson they learnt from their fathers
and forefathers and personal experiences. Their knowl-
edge, however, is insufficient to appropriately manage
bamboo forests. In this regard, an earlier study by Kel-
bessa et al. [46] reported that the farmers and communi-
ties have a relatively low level of knowledge and skills to
manage bamboo forests. In the state-owned Eddida for-
est, bamboo harvesting is prohibited except for research
purposes. Hence, most bamboo culms are in their natural
state, where the majority (76.3%) are old (5-6 year old)
and matured (3—4 year old) culms, while young culms
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share the remaining proportion of 23.7% of the stand.
In this respect, harvesting of matured and old culms
has been recommended to stimulate the growth of rhi-
zomes and roots, increase shoot production in a clump,
and have positive carbon sequestration [4, 18, 27, 50].
However, harvested culms should be turned into dura-
ble products (such as bamboo furniture, flooring, and
houses) for effective long-term sequestration of carbon
[20, 83].

Moreover, in the studied bamboo forests, it was
observed that improper harvesting and management
practices occurred extensively, such as harvesting of
young and immature culms, cutting of bamboo culms at
the higher position from root base, and unseasonal har-
vesting mainly, during wet seasons. Nevertheless, only
matured culms of age three and above are recommended
for harvest [86]. Furthermore, bamboo should be har-
vested during the dry season, when the culm’s moisture
content is low and new shoots, which mostly emerge dur-
ing the wet season, are not damaged. Moreover, cutting
bamboo culms at higher positions does not relieve bam-
boo stands from clump congestion; rather, it hinders the
emergence and growth of new shoots [69].

Generally, adopting scientific harvesting and man-
agement techniques plays a crucial role in enhancing
the biomass productivity of bamboo stands and carbon
sequestration. Moreover, improved management prac-
tices such as weeding, soil loosening, selective thinning
of old and malformed culms, and nutrient management
increase the productivity of bamboo stands. In addition,
protecting bamboo stands from disturbances such as
wildfire and animal interferences for grazing is reported
to increase culm yield by 158-519% [69].

Conclusions

This study confirms the critical role of lowland bam-
boo forests in C sequestration and, thus, climate change
mitigation. The lowland bamboo forests of the study area
can accumulate 339.4 Mg ha™! biomass and store 127.6,
31.9, and 133.7 Mg C ha~! in its AGB, BGB, and soil,
respectively. Hence, these forests could store a total of
293.2 Mg C ha™! and sequester 1076 ton CO, ha™" in their
ecosystems. C stored in the studied bamboo forests is
lower than in dry Afromontane forests (340.9 Mg C ha™?)
of north-western Ethiopia [76], Eucalyptus Saligna plan-
tation (354.5 Mg C ha™!) of central highlands of Ethio-
pia [78], and natural forest (496.3 Mg C ha™!) and coffee
agroforestry (277.4 Mg C ha™') of eastern Ethiopia [79].
Our result, however, was higher than the previously
reported values of 77-135 Mg C ha™! for diversified
woody-based dryland agroforestry systems in northern
Ethiopia [81]. The total C stock of the studied bamboo
forests was comparable to that of the Schizostachyum
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pergracile bamboo forest (134.1 Mg C ha™') of Manipur,
northeast India [12] and the Moso bamboo (Phyllos-
tachys pubescens Mazel ex Houz.) of southern China
(145.4 Mg C ha™) [74].

If the bamboo forests are properly managed and har-
vested culms are turned into durable products, they
could sequester more C and provide an essential and
long-term C sink. However, bamboo have been managed
rudimentarily, hindering their sustainability and role in
sequestering more C and providing other ecosystem ser-
vices. Therefore, we strongly recommend the sustainable
management of bamboo forests to enhance their pro-
ductivity and function in providing ecosystem services,
including climate change mitigation.
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