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A B S T R A C T

Carbon fractions under different bamboo species viz., Bambusa balcooa, Bambusa bambos, Bambusa nutans, Den-
drocalamus hamiltonii, Dendrocalamus asper and Dendrocalamus strictus were evaluated to understand the potential
of these different bamboo species in soil rehabilitation in Himalayan foothills. The highest accumulation of the
different carbon fractions likes very labile (6.12 mg g�1), less labile (2.55 mg g�1) and non-labile (11.40 mg g�1)
was observed under D. hamiltonii, while highest labile fraction (3.17 mg g�1) was recorded under D. strictus. The
highest active (8.85 mg g�1) and passive pool (13.95 mg g�1) were recorded under D. hamiltonii. Higher carbon
management index (CMI) was obtained under D. hamiltonii (186.04) which was comparable with D. strictus
(182.66) and B. nutans (179.24). Among all the six species, D. hamiltonii had the highest buildup of active and
passive pool in both the soil depths. Bamboo plantations irrespective of the different species helped in enhancing
the SOC fraction and enhanced C buildup in the soil in comparison to the open fallow land and holds potential in
combating the problems of land degradation and soil rehabilitation.
1. Introduction

Approximately 31.10 billion tons of net world carbon dioxide (CO2)
emissions have increased by the year 2010 and it is estimated to set a new
record in 2019 reaching an all-time high of 43.1 billion tons. This
increased atmospheric CO2 concentration not only aggravates the climate
change phenomenon (IPCC, 2007) but also poses a serious environmental
threat in the form of land degradation. Agriculture sector (including
intensive cropping, forestry, land-use changes and improper farm man-
agement) contributes a whopping 24 per cent to the total global CO2
emissions (IPCC, 2014). Therefore, there is an urgent need to develop
methods for reducing carbon emissions and sequestering them in the soil
(Sanderman and Baldock, 2010). The rerouting of atmospheric C into the
soil system is the underlying principle for achieving Land Degradation
Neutrality (LDN) as the soil organic C (SOC) holds the key to deter and
.
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reverse the process of land degradation https://www.iamrenew.com/en
vironment/manage-soil-organic-carbon-to-pursue-land-degradation
-neutrality-report/. Since, accretion of soil organic C and its fractions and
the increment in the Net Primary Productivity (NPP) are the two key
indicators or proxies for rehabilitation of degraded lands (Chappell et al.,
2019). Therefore, any management practice which helps to achieve both
would be the key to attain success.

In this direction, International Bamboo and Rattan Organization
(INBAR) and many researchers (Sohel et al., 2015; Kaushal et al., 2020a)
have underlined the significance of bamboo for reclamation of degraded
lands across the globe. The fast-growing nature of bamboo species makes
it capable to sequester more carbon, resulting in substantial “carbon--
gain” through increased primary productivity as well as enhancing the
SOC (inbar.int) and potentially take part in global climate change miti-
gation. Worldwide, there are approximately 1500 species of bamboo
t 2021
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://www.iamrenew.com/environment/manage-soil-organic-carbon-to-pursue-land-degradation-neutrality-report/
https://www.iamrenew.com/environment/manage-soil-organic-carbon-to-pursue-land-degradation-neutrality-report/
https://www.iamrenew.com/environment/manage-soil-organic-carbon-to-pursue-land-degradation-neutrality-report/
mailto:amitudu@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e07850&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e07850
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e07850


R. Kaushal et al. Heliyon 7 (2021) e07850
from 87 genera (Ohrnberger, 1999) of which India has around 136
species belonging to 23 different genera (IFSR, 2017). India stands sec-
ond after China in terms of world bamboo genetic resources. The total
estimated bamboo area of India is 15.69 m ha with a standing stock of
189m tons. The scientific community is taking a keen interest in studying
the role of bamboo in carbon storage (INBAR, 2010) and making it a
prospective net C sink (Kleinhenz and Midmore, 2001). High litterfall
and fine roots of bamboo help in improving the quality of degraded soil
and sequestering soil C (Nath et al., 2015a, b). Bamboo produces phy-
tolith occluded carbon (PhytOC) from decomposing vegetation that stays
long in the soil (Huang et al., 2014). According to Parr et al. (2010)
sequestration of PhytOC in bamboo corresponds to 11 per cent of the
current CO2 increase.

The dynamics of soil carbon is critical and contributes significantly to
carbon cycling and sustainability of terrestrial ecosystems (Chen et al.,
2004). Labile or active pool and passive pool are two broad groups of
SOC fractions; the labile pool comprises of the microbial biomass C and
other fractions which are subjected to rapid decomposition and cycling
within the soil system while the passive pool encompasses the more
complex carbonaceous materials which are resistant to decomposition.
Soil quality and mineralization pattern is determined by the relative
proportion of different soil carbon fractions (Ghosh et al., 2012) and
thorough knowledge about these fractions in any land-use system will
help to determine the soil quality and sustainability. Further, indices
derived from the various SOC pools like the Lability index (LI) and
Carbon Management Index (CMI) helps to determine the suitability of
land use for sustainable development. Though the C sequestration po-
tential of bamboo is well established (Nath et al., 2009; Nath and Das,
2011; Kaushal et al., 2016), however, there is no study that reflects the
changes in the SOC pools under bamboo plantations which are significant
from the C storage point of view, since a minute change in the SOC pools
could change the atmospheric CO2concentration (Guo and Gifford,
2002). Thus, the current study was initiated to answer these specific
questions (a) How the bamboo plantations impact the dynamics of
different fractions of SOC and is the impact species-specific (b) How does
Figure 1. Location m
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Lability Index of C and the CMI vary across the different bamboo species
and (c) Identifying the best bamboo species suited for rehabilitation of
degraded land, particularly with the focus on the North-West Himalayan
region. This study would be a step forward towards the achievement of
the goals of LDN in India.

2. Material and methods

2.1. Study site

The present study was undertaken at the Agroforestry Research
Centre of G.B. Pant University of Agriculture and Technology, Pantnagar,
Distt. Udham Singh Nagar, Uttarakhand, India. The experimental site is
located at 29

�
N latitude, 79.3

�
E longitude at an altitude of 243 m above

mean sea level in the Himalayan foothills (Figure 1). The study site is
humid sub-tropical with cold winters and hot summers. The maximum
daily temperature in summer reaches up to 42 �C and the minimum
temperature goes down to 0.5 �C in winter. The monsoon sets in the
second/third week of June and remains by the end of September. The
mean annual rainfall is about 1450 mm, of which 80–90 per cent is
received during the monsoon. The soils of tarai region are developed
from alluvium, medium to moderately coarse textured materials under
predominant influence of tall vegetation and moderate to well drain
conditions. The soils are weakly developed with mollic epipedons and
horizons and are classified as Mollisols.
2.2. Experimental setup

Six bamboo species viz., Bambusa balcooa, Bambusa bambos, Bambusa
nutans, Dendrocalamus asper, Dendrocalamus hamiltonii, and Den-
drocalamus strictus were planted at a spacing of 5 m � 5 m in the year
2005 in Completely Randomized Block Design (CRBD) in three replica-
tions. Nine plants were planted in each plot for each species covering an
area of 225 m2. In total there were 18 plots (6 species � 3 replications)
covering an area of 4050 m2.
ap of study site.
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These bamboo species were chosen from the priority list of the In-
ternational Network on Bamboo and Rattan (INBAR) and National
Bamboo Mission, India. The experimental field was intercropped with
cowpea and mustard for the first 4 years. After the fourth year, mounding
operation (heaping of soil near the base of clump) was carried out
annually to provide support to the new culms. Regular weeding and
cleaning were done to manage the experiment. Regular pruning was also
done in all the species to manage the culms. The bamboo culms were
harvested regularly after the 6th year.
2.3. Soil sampling

Bulk soil samples were collected from each replication of the six
bamboo species as well as the open plot (fallow) without bamboo during
the year 2019 (fourteen years after the establishment of the bamboo
plantation). Soil samples were collected from two soil depths 0–15 cm
and 15–30 cmwith the help of an auger as majority of roots (fine root and
coarse roots) in bamboo species are confined to 0–30 cm soil depth
(Kaushal et al., 2020b). For each plot, rhizosphere soil samples were
collected from six random locations under the canopy and mixed to
obtain a composite sample of about 1000 g. The soil samples were
air-dried in shade, ground and sieved for the analysis of various C frac-
tions. A total of 42 soil samples for the six bamboo species and open
fallow comprising of two soil depths were analyzed for the various soil
carbon fractions. The open fallow was a site adjoining the bamboo
experiment which was devoid of anthropogenic management and free
from canopy interferences. However, natural vegetation existed at the
site and it served as the control plot or reference for comparison of the
impact of the different bamboo species on the soil C fractions.
2.4. Analysis of different soil organic carbon fractions

The different Soil Organic Carbon (SOC) fractions were determined
by the Modified Walkley and Black Method using 5, 10 and 20 ml of
concentrated sulphuric acid (H2SO4) which corresponds to three acid
aqueous solution ratios of 0.5:1, 1:1 and 2:1 which correspond to 12 N,
18 N and 24 NH2SO4, respectively (Chan et al., 2001; Ghosh et al., 2010).
The oxidation of soil organic C with varying strengths of acid allows the
total soil organic C to be separated into four distinct fractions of
decreasing oxidisability which are given in Table 1. These four fractions
together correspond to the total organic C present in the surface and
sub-surface layer (Chan et al., 2001).

The separation of SOC into different fractions based on their oxidis-
ability allows grouping SOC into two distinct groups, the easily oxidis-
able or labile fraction (corresponding to Fraction 1 and 2) and the stable
or resistance fraction (Fraction 3 and Fraction 4). SOC fractions with
different stability serve as a good indicator for monitoring the soil quality
and deciphering the capacity of the soil to sequester C (Blair et al., 1995;
Chan et al., 2001; Barreto et al., 2011). The easily oxidisable or labile
fractions (Fraction 1 and 2) are more sensitive to changes in management
practices and exhibits greater variations among treatments while the
stable fractions (Fraction 3 and 4) are least affected by management
Table 1. Methods used for calculating various C fractions and Carbon management I

Fraction 1 (VLP) - Very labile Organic C oxidizable under 12 N H2SO4

Fraction 2 (LP) -Labile Difference in oxidizable organic C extracte

Fraction 3 (LLP) - Less labile Difference in oxidizable organic C extracte

Fraction 4 (NLP) – Non labile Difference in organic C extracted with 24

Active pool (AP) VLP þ LP (unstable/labile),

Passive pool (PP) LLP þ NLP (stable/non -labile).

Lability index for the organic carbon (LI) [(Cfrac1/TOC) � 3 þ (Cfrac2/TOC) � 2 þ
Carbon pool index (CPI) Sample total C (mg/kg)/reference total C

Carbon management index (CMI) (Blair et al., 1995) CPI � LI � 100.
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practices and do not exhibit much variation. Thus, studying these four
fractions in any ecosystem would fairly indicate the capacity of the
ecosystem to store and sequester C in soil and about the long term sus-
tainability of the ecosystem.

The active carbon pool (ACP) and passive carbon pool (PCP) is
calculated from the four different fractions and is related to the oxidis-
ability of the C in soil (Table 1). The ACP is the summation of Fraction 1
and Fraction 2 which is the easily oxidisable/labile/active part as the
name suggests while the passive C pool is the stable/recalcitrant/less
reactive pool which is oxidised and extracted with more difficulty
(Fraction 3 and 4). Distribution of C either in the active or passive pool
have a direct bearing on various soil physical, chemical and biological
properties and have implications concerning atmospheric C retention.

The Lability Index (LI), Carbon Pool Index (CPI) and the Carbon
Management Index (CMI) were calculated as per standard protocol out-
lined by Blair et al. (1995) (Table 1). The CMI is a derivative of the LI and
CPI. The Lability Index mainly throws light on the nature or oxidisability
of the SOC fractions, while CPI as an independent index is not popularly
used IN SOC studies. The CMI is widely accepted as an indicator for soil
degradation or improvement in response to land use changes (Sainepo
et al., 2018). It takes into account both the quality and quantity of SOC
and effectively monitors short term changes in soil C pools (Blair et al.,
1995; Sodhi et al., 2009).
2.5. Statistical analysis

The impact of different bamboo species on SOC fractions and various
indices such as LI, CMI was compared using two-way analysis of variance
(ANOVA), and the means comparisons in posthoc analysis were per-
formed using Tukey's Honest Significant Difference (HSD) test for
factorial randomized complete block design (RCBD). Correlation analysis
between the different soil C fractions, LI and CMI was also carried out
using Pearson's correlation coefficient method. Experimental data with
significant skewness were transformed prior to statistical testing,
wherelog10(x) transformation were done for positively skewed data
(Frctn.2, Frctn.3, Frctn.4, PP, CPI, CMI), and log10 [max (xþ1)-x] trans-
formation were done for negatively skewed data (Frctn.1, AP, LI). All
statistical analyses were done using the R-studio (R version 4.0.2) sta-
tistical software.

3. Results

3.1. Variation in different SOC fractions

SOC fractions differed significantly between various bamboo species
at both soil depths. The very labile carbon fraction (frac1) was signifi-
cantly (p < 0.0001) higher at 0–15 cm depth (5.85 mg g�1) than 15–30
cm soil depth (5.09 mg g�1) (Table 2). Among the different bamboo
species (Table 3), frac1 significantly (p < 0.0001) increased under
D. hamiltonii (46.4%), D. strictus (45.2%), B. balcooa (44.74%), B. nutans
(33.5%), D. asper (28.0%) and B. bambos (17.9%) as compared to control
(open). The interaction between soil depth and bamboo species
ndex (CMI).

d between 18 N and 12 N H2SO4 (18 N–12 N H2SO4)

d between 24 N and 18 N H2SO4(18 N–24 N H2SO4)

N H2SO4 and TOC determined by CHN analyzer (TOC–24 N H2SO4).

(Cfrac3/TOC) � 1].

(mg/kg), where reference total carbon is the total carbon content (mg/kg) of control plots



Table 2. SOC fraction, active, passive pools and carbon management index at
different soil depths.

Parameters Soil depth (cm)

0–15 15–30

Frac1 5.85a 5.09b

Frac2 2.52a 2.22b

Frac3 2.37a 1.61b

Frac4 10.65a 9.02b

AP 8.37a 7.32b

PP 13.02a 10.63b

LI 1.16b 1.18a

CMI 173.25a 153.61b

Table 3. SOC fraction, active, passive pools and carbon management index under different bamboo species.

Species Frac1 Frac2 Frac3 Frac4 AP PP LI CMI

B. balcooa 6.05a 1.82d 1.89c 9.32c 7.88b 11.21d 1.24a 167.57a

B. bambos 4.93c 2.42c 1.99c 9.04cd 7.35c 11.04d 1.17bc 152.52ab

B. nutans 5.58b 3.17a 2.30b 10.07b 8.75a 12.37c 1.20b 179.24a

D. asper 5.35b 2.50c 1.57d 9.37c 7.85b 10.95d 1.20b 159.72ab

D. hamiltonii 6.12a 2.72b 2.55a 11.40a 8.85a 13.95a 1.15c 186.04a

D. strictus 6.07a 2.70b 2.25b 11.02a 8.77a 13.27b 1.17bc 182.66a

Open 4.18d 1.27e 1.37e 8.65d 5.45d 10.02e 1.06d 116.26b

Figure 2. Interaction between species and soil depth on different carbon fractions.
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(Figure 2a) was also found significant (p < 0.0001). The significantly (p
< 0.0001) higher labile carbon (frac2) (Table 2) was recorded at 0–15 cm
soil depth (2.52 mg g�1) as compared to 15–30 cm (2.22 mg g�1). Under
different bamboo species, significantly (p < 0.0001) higher (Table 3)
frac2 was observed under B. nutans (3.17 mg g�1) and decreased under
D. hamiltonii (2.72 mg g�1) which was at par with D. strictus (2.70 mg
g�1). The labile carbon increased under B. balcooa (43.3%), D. strictus
(45.2%), D. hamiltonii (114.2%), D. asper (96.8%), B. nutans (149.6%)
and B. bambos (90.5%) over the control. The interaction between soil
4

depth and species (Figure 2b) on frac2 was found significant (p <

0.0001).
The less labile carbon fraction (frac3) at 0–15 cm depth (Table 2) was

significantly (p < 0.0001) higher (2.37 mg g�1) than 15–30 (1.61 mg
g�1). However, among the different bamboo species (Table 3) the
significantly (p < 0.0001) higher frac3 was recorded under D. hamiltonii
(2.55 mg g�1), and lower under D. asper (1.57 mg g�1). The percentage
increase for frac3 under different bamboo species was as D. asper (14.6%),
B. bambos (45.3%), B. balcooa (38.0%), D. strictus (64.2%), D. hamiltonii
(86.1%) and B. nutans (67.9%) over the control. The interaction effect
between soil depth and species (Figure 2c) on frac3 was significant (p <

0.0001). The higher frac3 was observed at 0–15 cm soil depth under
B. nutans (3.15 mg g�1) and lowest at 15–30 cm in open (1.10 mg g�1).
The significantly (p < 0.0001) higher non-labile carbon fraction
(frac4) was observed at 0–15 cm soil depth (10.65 mg g�1) than 15–30
cm (9.02 mg g�1) (Table 2). The significantly (p < 0.0001) higher
(Table 2) non-labile carbon fraction (frac4) was observed under
D. hamiltonii (11.40 mg g�1) and lower under B. bambos (9.04 mg g�1).
The non-labile carbon pool increased under B. balcooa (7.7 %), D. strictus
(27.4%), D. hamiltonii (31.8%), D. asper (8.3%), B. nutans (16.4%) and
B. bamboos (4.5%) over the control. The interaction for frac4 between soil
depth and species was also found to be significant (p < 0.0001). The
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highest frac4 (Figure 2d) was recorded at 0–15 cm soil depth under
D. strictus (12.2 mg g�1) and lowest at 15–30 cm in open (7.9 mg g�1).

3.2. Active and passive carbon pools

Soiil depth 0–15 cm soil depth had a significantly (p< 0.0001) higher
ACP (8.37 mg g�1) as compared to 15–30 cm (7.32 mg g�1) soil depth.
Among the different bamboo species (Table 3), the significantly higher
APwas recorded under D. hamiltonii (8.85mg g�1) whichwas statistically
at par with D. strictus (8.77 mg g�1) and B. nutans (8.75 mg g�1). The
interaction (Figure 3a) between soil depth and species was also found to
be significant (p < 0.0001). The highest ACP was recorded at 0–15 cm
soil depth under D. hamiltonii (10.85 mg g�1) and lowest in open (6.0 mg
g�1). The ACPwas increased by 44.0%, 34.9%, 44.5%, 62.4%, 60.5% and
60.9% under D. asper, B. bambos B. balcooa, D. hamiltonii, B. nutans and
D. strictus, respectively over the control. Similarly, PCP were significantly
(p< 0.0001) higher at 0–15 cm soil depth (13.02 mg g�1) than 15–30 cm
(10.63 mg g�1) (Table 2). Among the different bamboo species (Table 3),
the significantly higher PCP was observed under D. hamiltonii (13.95 mg
g�1) followed by D. strictus (13.27 mg g�1), B. nutans (12.37 mg g�1) and
B. balcooa (11.21 mg g�1). PCP were increased under B. balcooa
(11.18%), D. strictus (32.4%), D. hamiltonii (39.2%), D. asper (9.3%),
B. nutans (23.4%) and B. bambos (10.2%) over the control. The interac-
tion effect on PCP (Figure 3b) between soil depths and species was also
significant (p < 0.0001). The highest PCP was recorded at 0–15 cm soil
depth (14.9 mg g�1) under D. strictus and lowest at 15–30 cm (9.0 mg
g�1) in open/fallow.

3.3. Lability Index (LI) and Carbon Management Index (CMI)

The significantly (p < 0.003) higher (Table 2) lability Index (LI) was
recorded at 15–30 cm soil depth (1.18) as compared to 0–15 cm (1.16). It
Figure 3. Interaction between species and soil depth on
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increased (Table 3) under B. balcooa (17.0%), D. strictus (10.4%),
D. hamiltonii (8.5%), D. asper (13.2%), B. nutans (13.2%) and B. bamboos
(10.4%) over the control. The interaction between soil depth and species
(Figure 3c) was found significant (p < 0.0001). The highest LI was
recorded at 0–15 cm soil depth (1.24) under B. balcooa and lowest at
15–30 cm (1.04) in open.

However, the significantly (p < 0.02) highest (Table 2) CMI was also
recorded at 0–15 cm soil depth (173.2) as compared to 15–30 cm
(153.6). Among the different bamboo species (Table 3), significantly (p<

0.0001) higher CMI was observed under D. hamiltonii (186.0) which was
at par with D. strictus (182. 7), B. nutans (179.2) and B. balcooa (167.6)
than decreased under D. asper (159.7), B. bambos (152.5) and control
(116.3). It increased under B. balcooa (44.0%), D. strictus (57.1%),
D. hamiltonii (60.0%), D. asper (37.4%), B. nutans (54.2%) and B. bamboos
(31.2%) over the control. The interaction between soil depth and species
(Figure 3d) was also found significant (p< 0.0001). The highest CMI was
recorded at 0–15 cm soil depth under D. strictus (194. 5) and lowest at
15–30 cm in open (104.3).

3.4. Correlation analysis

The correlation analysis graph (Figure 4) shows that fraction 1 is
significantly positively correlated with fractions 2, 3 and 4 as well as with
ACP, PCP, lability and CMI. Likewise, fraction 2 is also significant and
positively correlated with fractions 3 and 4 as well as active, passive
carbon pools, lability and carbon management index. Fraction 3 is
significantly positively correlated with fraction 4, active, passive carbon
pools and carbon management index but non-significantly with the
lability index. Fraction 4 is also non-significantly positively correlated
with lability index. Active carbon pools are also significantly and posi-
tively correlated with passive pools, LI and CMI. Likewise, passive pool is
significantly positively correlated with CMI but non-significantly with LI.
SOC pools, lability and carbon management index.



Figure 4. Correlation between carbon fractions, LI and CMI under different bamboo species.
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The lability index and carbon management index are also significantly
positively correlated with each other.

4. Discussion

4.1. Labile C fractions or active C pool

It is now well accepted that bamboo species have the efficiency to
control soil erosion and reduce the risk of land degradation by conserving
the natural resources (Tardio et al., 2018; Singh et al., 2014, Kurothe
et al., 2012). Bamboo due to fine mesh-like root system helps in binding
the soil aggregates together and preventing soil erosion. The results of th
e study revealed the ability of bamboo species to effectively build up
organic carbon. The current study also showed that significantly low
carbon content was recorded in an open condition as compared to
different bamboo species in both surface (0–15 cm) and sub-surface
(15–30 cm) after fourteen years of plantation. This shows the positive
influence of bamboo species in the building of soil carbon in both soil
depths. Bamboos complete their growth cycle within a short period
(120–150 days) due to their vigorous growth rate. This characteristic of
bamboo makes it a highly effective species for sequestration of soil C
(Nath et al., 2015). The higher carbon pools under various species of
bamboo may be due to the continuous litter addition and the develop-
ment of ample fine root biomass by the different species of bamboos
(Kaushal et al., 2020a,b). The greater percentage of C in the upper soil
layer (0–15 cm) could be attributed to the presence of litter debris in this
layer; which facilitates the availability and supplying of mineralizable
and easily hydrolysable carbon leading to higher activity and population
of microbes (Kaur et al., 2008; Benbi et al., 2015). Kumar et al. (2020a)
also observed that tree-based agroforestry systems have significant labile
carbon pool as compared to open land. Other researchers have reported
that tree species contribute to the enhancement of the soil's organic
carbon content due to the continuous addition of huge quantities of litter
and higher concentrations of fine roots (Munoz and Beer, 2001). Growing
trees, shrubs and herbs with a flourishing rooting system and litter sup-
plement may also increase soil carbon storage, which has been confirmed
by a positive correlation between soil organic carbon and litterfall
(Singh, 2005). Our results indicated that the highest active pools were
contributed by the D. hamiltonii amongst all bamboo species in both the
6

soil depths. This could be attributed to higher coarse and fine root
biomass incorporated by D. hamiltonii. Contrary to this, the lowest active
carbon pool was observed under D. asper, which probably contributed to
the lowest biomass of coarse and fine roots (Kaushal et al., 2020b; Kumar
et al., 2020b). D. hamiltonii is a species of the sub-tropical to subtem-
perate region growing up to an elevation of 1500 m and prefer
medium-textured slightly acidic soil (pH 5–6). This favorable
agro-climatic condition for the species could have triggered better
stocking of C in the soil system compared to other bamboo species.

The contribution of coarse and fine roots and their decomposition
control the addition of carbon into the soil. However, a higher proportion
of fine roots would indicate a higher rate of decomposition, leading to a
lesser buildup of soil C in comparison to the coarse roots which would
decompose at a slower rate. This plays a dynamic role in the building up
of organic carbon over time and plays a significant role in C turnover as
well as in the long-term productivity of any ecosystem (Raz-Yaseef et al.,
2013; Mao et al., 2011; Langley and Hungate, 2003). A key measure of
soil quality is the accumulation of active carbon reservoirs in the soil
which is very prone to changes in land-use and makes up a fraction of
total organic carbon in soil (Sahoo et al., 2019). It is apparent from the
published findings that, when open barren land is brought under
perennial vegetation like bamboo, a significant buildup of C takes place
(Zhang et al., 2013). Change in active or labile carbon pool is most
important as this is the pool exposed to rapid changes owing to any
alteration or perturbation in the system. Sahoo et al. (2019) recorded a
higher active or labile carbon pool in various bamboo species than open
land which was in line with the observations recorded in the present
study.
4.2. No-labile fractions and passive C pool

Of the total organic carbon in sub-surface (15–30 cm) soil, the major
portion was contributed by the passive carbon pools (less labile and non-
labile SOC fractions). PCP contribute about ~60 per cent of total organic
carbon in the soil system. PCP is the recalcitrant fraction of organic
carbon and it is not easily influenced by the alterations in land use
management practices (Sainepo et al., 2018). These carbon fractions are
strongly bound to the soil mineral matrix to form mineral-humus com-
plexes of and thus, are shielded from the microbial action and least
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decomposed (Dwivedi et al., 2019). Besides this, the bamboo also pro-
duces Phytolith occluded carbon (PhytOC) that is highly constant and
remains in the soil for long time (Parr et al., 2010; Huang et al., 2014).
The open land had significantly lower values of passive carbon pools
when compared to the different bamboo species in both surface and
sub-surface soil layers. Huang et al. (2014) reported that stable PhytOC
concentration in 0–40 cm soil layer increased by 217 Mg C ha�1after
conversion of paddy field to bamboo plantation after 20 years. The
PhytOC accumulated at 79 kg C ha�1 yr�1under bamboo which was
much higher than the global mean long term soil C accumulation rate (24
kg C ha�1 yr�1). The increased passive pool may be attributed to the
accumulation of PhytOC by bamboo plants, though it was not analyzed in
the present study.

Erosion of soil triggered by water and wind is the most persuading
reason for land degradation. Plantation of bamboo in these eroded sites
performed better in terms of storage of carbon and buildup of SOC
fractions compared to the open land which would eventually help to
reduce soil erosion and prevent land degradation. The open barren lands
are more prone to erosion as well as losses of carbon from the surface soil
due to the lack of vegetation. So, extensive plantation of bamboo species
on open fallows would reduce the risk of soil erosion and help in the
buildup of soil organic carbon.
4.3. Carbon Management Index

The CMI is used to quantify soil C restoration; higher values indicate
the rehabilitation of soil C and lower values reflect the degradation of the
system (Blair et al., 1995). So it is critical how different carbon pools and
CMI are influenced under different bamboo species with respect to open
land. Bamboo plays a significant role in sequestering carbon and miti-
gating the climate change impacts (INBAR, 2010; Nath et al., 2015). It
acts as a potential tool to develop management practices for increasing
the storage of carbon in the soil (Sodhi et al., 2009). Among different
bamboo species evaluated in the present study, all exhibited higher CMI
than open systems which indicate that open system had significantly
lower rates of soil C rehabilitation than under bamboo plantation. The
highest CMI was observed in D. hamiltonii followed by D. strictus which is
related to the TOC accumulated in the soil. B. bambos had the lower CMI
among all the bamboo species along with open fallow which was again a
reflection of poor C input as evident from lower root biomass and lit-
terfall for B. bambos and minimum organic input in case of the open
fallow. The higher the CMI values, the more is the potential for storing
soil C and reduce the losses consequent upon the improvement of soil
quality (Blair, 2000; Kalambukattu et al., 2013). Additionally, a higher
CMI under bamboo is indicative of the high labile fraction C assimilated
in soil which is essential for improving the various physical and chemical
properties and microbial dynamics in the soil (Kalambukattu et al.,
2013).

5. Conclusion

The fourteen year old bamboo plantation irrespective of the species
helped in enhancing the fraction of SOC and enhanced C buildup in the
soil in comparison to the open fallow. The impact of Bamboo on the
active and the passive C pools was positive. Thus, in response to the
research questions raised at the beginning of the study, we can conclude
that (a) All the six species of bamboo had a significant positive impact on
the different SOC fractions. The magnitude of increase in various frac-
tions was, however, driven by the amount of root biomass and litter input
added by each species. Hence, among all the six species, D. hamiltonii had
the highest buildup of active and passive pool in both the soil depths. (b)
The CMI was highest for D. hamiltonii and D. strictus, and (c) Amongst all
the six species, D. hamiltonii, D. strictus and B. nutans emerged as the most
promising species for rehabilitation of degraded land and could be used
to monitor soil erosion and land degradation problems in the foothills of
7

north-west Himalayas and pave the way towards achieving land degra-
dation neutrality in the Indian context.
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