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Abstract: While the capability of integrated nutrient management (INM) in rice systems has been
adequately studied, little is known about the related short-term carbon sequestration and changes in
soil carbon fractions. Our study examined the responses of organic carbon pools, carbon sequestration
and rice yields after application of different organic manures combined with chemical fertilizers in a
rice–rice (Oryza sativa L.) cropping system in the red and laterite agro-climatic zones of West Bengal,
India. The treatments included non-fertilized control; rice straw (RS) + nitrogen, phosphorus and
potassium fertilizer (NPK); Gliricidia (GL) + NPK; farmyard manure (FYM) + NPK; vermicompost
(VC) + NPK; and NPK only. Rice straw + NPK treatment resulted in the highest total organic carbon
and passive pool of carbon. Vermicompost + NPK treatment resulted in the highest oxidizable
organic carbon (0.69%), dissolved organic carbon (0.007%) and microbial biomass carbon (0.01%),
followed by FYM + NPK, GL + NPK and RS + NPK as compared to control. Rice straw + NPK
sequestered the highest amount of carbon dioxide (CO2) as the total organic carbon (91.10 t ha−1)
and passive pool of carbon (85.64 t ha−1), whereas VC + NPK resulted in the highest amount of CO2

(10.24 t ha−1) being sequestered as the active pool of carbon, followed by FYM + NPK (8.33 t ha−1)
and GL + NPK (7.22 t ha−1). The application of both NPK only and VC + NPK treatments resulted
in the highest grain yields over the three cropping seasons. In spite of high carbon sequestration
being observed in more recalcitrant carbon pools, RS + NPK resulted in little increase (3.52 t ha−1) in
rice yield over the short term. The results of this study suggest that the short-term changes of soil
carbon fractions and carbon sequestration primarily depend on the type of organic manure used.
Vermicompost, FYM and GL provide more labile carbon, which can improve rice yield over the
short term. However, it is suggested to explore the dynamics of different carbon fractions, carbon
sequestration in different pools and rice yields over longer periods of time.

Keywords: rice soil; organic manure; microbial biomass carbon; climate change; agronomic management

1. Introduction

Rice is a staple food for more than half of the world’s population and is currently being
grown across an area equaling approximately 192 million ha worldwide [1]. Rice-based
cropping systems are the main agricultural production systems in most of the South Asian
countries catering to food demands. After dramatic increases in productivity during the
1970s and early 1980s, which were attributed to the introduction of high-yielding varieties
and the adoption of improved cultural practices, rice yields have either remained stagnant
or declined [2,3]. Deterioration of soil properties coupled with inadequate crop and nutrient
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management and adverse changes in climatic parameters are considered the basic causes for
yield declines or stagnation [4]. The soil organic carbon (SOC) content of most soils in India
is less than 10 g Kg−1 [5], which is attributed to excessive tillage, imbalance in fertilizer use,
little or no crop residue being returned to the soil and soil degradation [6]. However, SOC is
a key soil property and is often considered as the backbone of soil quality. It directly affects
the physical, chemical and biological properties of soil, and in turn affects crop productivity.
Soil carbon consists of about 80% (2500 GT = 1550 GT SOC + 950 GT soil inorganic carbon—
SIC) of the total terrestrial C storage (3170 GT) and is a major component of the global C
cycle [7]. The amount of carbon in soil can be increased by storing atmospheric CO2, a
process known as soil carbon sequestration. This process is primarily mediated by plants
through photosynthesis, with carbon stored in the form of SOC [7]. Therefore, carbon
sequestration is a win–win technology for mitigating greenhouse gas emissions [8] and
improving soil quality [9] in order to sustain the productivity of rice-based farming systems.

Integrated nutrient management (INM), whereby both organic manures and inorganic
fertilizers are used simultaneously, is probably the most effective method to maintain
healthy and sustainable soil systems while increasing crop productivity [8–11]. Although
there have been numerous studies conducted on INM in rice-based cropping systems in
India, most of them determined the nutrient equivalence of organic manures in comparison
to chemical fertilizers [5,12]. The SOC pool is affected by a wide range of agricultural
management practices, including tillage [13,14], residue management, fertilization and
manure application [15,16], water management and soil drainage [17]. Integrated nutrient
management is one of the strategies that can be used to restore SOC in depleted and
degraded soils, while simultaneously improving yields. However, little is known about
carbon storage and dynamics under INM in rice-based cropping systems. The types of
organic manures applied to soils can have different influences on SOC and crop yields [10].
However, such changes will not be reflected by total organic carbon (TOC) values, par-
ticularly over short term. Therefore, changes in more sensitive carbon fractions, such as
dissolved organic carbon (DOC), microbial biomass carbon (MBC), readily mineralizable
carbon (RMC) and particulate organic carbon (POC), are also important to understand the
dynamics of SOC at early stages of management practices, such as INM [18].

Harvesting of crop residues for animal feed or energy sources is a common practice in
developing countries such as India, and consequently this could reduce the SOC content,
as less or no crop residues would be returned to soils [19,20]. This is especially true for red
and laterite agro-climatic zones in West Bengal, India, where rice-based cropping systems
are predominant. The rice yield in this area is poor, which is attributed to the coarse
texture of the soil and its low SOC content and nutrient levels [21], as well as the acidic
reaction of soils. A judicious application of chemical fertilizer in combination with organic
manures could bridge the gap between actual and potential yields [10,22] and help build
up carbon in the soil. Adoption of the INM approach using certain on-farm resources for
rice cultivation could improve soil quality and help sequester different fractions of SOC.
However, it is important to elucidate the short-term changes of different carbon fractions
under different INM modules to better understand the changes of SOC at early stage of
INM practices. Therefore, this study was conducted to determine the impacts of different
INM practices on carbon sequestration, changes in different organic carbon fractions and
yields of rice–rice cropping systems in the red and laterite agro-climatic zones of West
Bengal, India.

2. Materials and Methods
2.1. Field Site

Rice was grown in a farmer’s field at Jhargram, West Bengal, India (22◦45′ N latitude
and 86◦98′ E longitude, elevation 81 m above sea level) for three consecutive rice growing
seasons, including the Kharif or rainy season (July–October) of 2007, Rabi or pre-summer
season (January–April) of 2008 and Kharif (July–October) of 2008. The field was under a
rice–rice cropping system and received only inorganic fertilizers for more than ten years.
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Therefore, there was less chance of any nutrient built up from previous years. Even if it
did build up, it was expected to be the same over the field and to have the same effect
over all treatment plots. Despite a certain amount of nutrient build-up (based on results
from initial soil test), the nutrients were applied at the recommended amounts rather than
based on the soil test value. The dominant climate in the study area is a sub-humid tropical
climate (long-term mean annual precipitation is 1400 mm, mean annual maximum and
minimum air temperature are 30 ◦C and 22 ◦C, respectively) [23]. The soil of the study area
is Typic Haplustalfs (lateritic) [24] with a sandy loam texture and is good for rice growing,
with favorable drainage facilities. Basic physical, chemical, and biological properties of the
surface soil (0–0.15 m) were also tested in a laboratory and are presented in Table 1.

Table 1. Physical, chemical, and microbial properties of the lateritic soil from the field site in West
Bengal, India.

Soil Property Results

Sand (%) 77.12
Silt (%) 6.00
Clay (%) 16.88
Textural Class Sandy Loam
Bulk Density (Mg m−3) 1.34
pH (Soil: Water = 1: 2.5) 4.64
Electrical conductivity (dSm−1) (Soil: Water =
1: 2.5)

0.07

Cation exchange capacity (cmol(+)Kg−1) 8.84
Organic carbon (%) 0.428
Total carbon (%) 1.57
Active pool of carbon (%) 0.209
Passive pool of carbon (%) 1.4
Total nitrogen (mg Kg−1) 261
Available nitrogen (mg kg−1) 26.3
Available phosphorus (mg kg−1) 8.48
Available potassium (mg kg−1) 10.14
Microbial biomass carbon (mg kg−1) 93.00

2.2. Field Experiment

A total of six treatments with four replications (24 plots of 5 m × 4 m) were laid out
following the randomized complete block design (Figure 1). Treatment one (T1) did not
receive any inorganic fertilizer or organic manure (control). Four locally available and
commonly used organic manures, namely rice straw (RS), Gliricidia leaves (GL), farmyard
manure (FYM) and vermicompost (VC) (T2 to T5, respectively), were applied at a rate of
1000 kg C ha−1(Table 2). Each treatment (except T1) received the locally recommended
amounts of N, P and K (N: P: K: 80:40:40 kg ha−1). The amounts of N, P and K within
the applied organic manure were calculated based on the present amounts. Balance
amounts of N, P and K were compensated for by adding chemical fertilizers to T2, T3,
T4 and T5 (Table 3). Treatment six (T6) only received chemical fertilizers (urea, single
super phosphate and muriate of potash). The RS was stored in a dry place (28–35 ◦C) after
harvesting and was chopped (less than half inch size) before being added to soil. The
FYM was a decomposed mixture of plant and animal wastes. Gliricidia is a leguminous,
medium-sized tree, which is traditionally grown in non-agricultural lands. Whole Gliricidia
leaves were added to the soil as organic manure. Vermicompost is a heterogeneous mixture
of household and farm organic wastes decomposed by earthworms. The nutrient contents
of organic manures are documented in Table 2. The organic manures were incorporated to
a depth of 30 cm during the first ploughing three weeks before transplanting rice seedlings.
The commonly used rice variety IR-36 was grown to maturity.
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Figure 1. Layout of experimental plots in the field and treatment allocation channels. The numbers within the plots indicate
the treatments: 1 indicates T1, control (no fertilizer or manure); 2 indicates T2, rice straw + NPK (nitrogen, phosphorus,
potassium) as chemical fertilizer; 3 indicates T3, Gliricidia leaves + NPK as chemical fertilizer; 4 indicates T4, farmyard
manure (FYM) + NPK as chemical fertilizer; 5 indicates T5, Vermicompost + NPK as chemical fertilizer; 6 indicates T6, only
chemical fertilizers.

Table 2. Nutrient contents and carbon/nitrogen (C/N) ratios for the organic manures.

Amendments Total Carbon (TC)
(%)

Total Nitrogen
(TN)
(%)

Total
Phosphorus(TP)

(%)

Total Potassium
(TK)
(%)

C:N Ratio

RS a (Stored) 50.46 0.42 0.03 1.22 120.10
GL b 54.52 2.76 0.12 0.38 19.80

FYM c 15.37 0.57 0.09 0.39 27.00
VC d 16.59 1.14 0.58 1.15 14.60

a Rice straw; b Gliricidia leaves; c farmyard manure; d vermicompost.
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Table 3. Amounts of nutrients (nitrogen, phosphorous and potassium) (Kg/plot) added by organic manures and chemical
fertilizers for each treatment.

Treatment Nutrients Added through Organic Manures
(Kg/plot)

Nutrients Added through Chemical Fertilizers
(Kg/plot)

N P K N P K

Control - - - - - -
Rice Straw + NPK a 0.02 0.00 0.05 0.14 0.08 0.03

Gliricidia + NPK 0.07 0.01 0.05 0.09 0.07 0.03
FYM b + NPK 0.14 0.07 0.14 0.02 0.01 −0.06

Vermicompost + NPK 0.10 0.00 0.01 0.06 0.08 0.07
NPK only - - - 0.16 0.08 0.08

a Nitrogen, phosphorous and potassium chemical fertilizers; b farmyard manure.

2.3. Cultural Practices

After first ploughing, the plots were submerged for three weeks until transplanting.
The first half of the required N fertilizer and the total required P and K fertilizers were
applied to designated plots two days before transplanting as the pre-planting (or basal)
application (N: P: K: 40:40:40 kg ha−1). The remaining half of the N fertilizer was applied as
a uniform post-planting application (top dressing) 21 days after transplanting (DAT). Two
rice seedlings were transplanted at a spacing of 0.15 m between the hills and 0.20 m between
the rows. The experiment was repeated for the three consecutive rice growing seasons.
Commonly used agronomic practices such as weeding, irrigation and crop protection were
adopted for the entire period of crop growth. The mature crop was harvested at the end of
each cropping season.

2.4. Sample Collection, Preparation and Analysis

A composite soil sample (0–0.15 m) from each plot was collected during field prepara-
tion, as well as at different stages of rice growth, including maximum tillering (30 DAT),
booting (60 DAT) and harvesting (90 DAT) stages for all three growing seasons. Soil
samples were air-dried, ground, passed through a 2 mm sieve and stored temporarily in
polyethylene bags. The physical and chemical properties of soils were analyzed following
the method used by Jackson [25]. The soil texture was determined using the hydrometer
method [26]. The total organic carbon (TOC) was determined using the dry combustion
method, as no carbonates were found in samples due to their acidic (pH 4.6) nature. Ox-
idizable organic carbon (OOC) and DOC were determined following the methods used
by Walkley and Black [27] and McGill et al. [28], respectively. Determination of OOC was
repeated using 5 and 10 mL instead of 20 mL of concentrated sulfuric acid, as specified
by Walkley and Black [27]. The resulting three acid-to-aqueous solution ratios of 0.5:1,
1:1 and 2:1 (which corresponded to 12 N, 18 N and 24 N of H2SO4, respectively) allowed
comparison of OOC values extracted under different oxidizing conditions using the modi-
fied Walkley and Black method, as described by Chan et al. [29]. Different concentrations
of H2SO4 helped to separate the TOC into four pools of decreasing oxidizability. The
OOC determined using 12 N H2SO4 was considered to be “very labile”, named pool-I. The
differences in OOC values extracted between 18 N and 12 N and 24 N and 18 N H2SO4 were
considered to be “labile” or classed as pool-II and “less labile” or pool-III, respectively [29].
The OOC value determined using 24 N H2SO4 was equivalent to the standard Walkley and
Black [27] method. The “non-labile” or pool-IV OOC was the residual OC after reaction
with 24 N H2SO4 when compared to the total C determined by the dry combustion method.
This was also considered as the recalcitrant fraction of OC. The sum of pool-I and pool-II
was considered as the active pool of C (APC), while that of pool-III and pool-IV was
considered as the passive pool of C (PPC). Microbial biomass carbon (MBC) content was
determined following Joergensen [30] using moist soil samples. A lability index (LI) for the
SOC was computed using pool-I, pool-II and pool-III, which were given weights of 3, 2
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and 1, respectively, on the basis of their ease of oxidation. The LI was computed as the sum
of these weighted values in proportion to the TOC of each sample, as follows [31].

LI =
Pool− I × 3 + Pool− II × 2 + Pool− III × 1

TOC

Amounts of CO2 sequestered as APC, PPC and TOC in the rhizosphere soil were
calculated using the percentages of carbon for each of the above pools (grand mean of three
crop growth stages and three seasons), the depth (0.15 m) and the bulk density of the soil.
Accordingly, the amount of CO2 sequestered in each pool was calculated and compared to
CO2 values in the initial APC, PPC and TOC pools.

2.5. Determination of Grain Yield

The crops were harvested, dried and threshed separately for each plot, except for a
strip measuring 0.5 m in width around the plots (edge effect). The grain yield of each plot
was estimated for all three growing seasons and expressed as t ha−1.

2.6. Statistical Analysis

The effects of treatments on different carbon fractions (p < 0.05) were tested using
analysis of variance (ANOVA) in SPSS software package (IBM Inc., Chicago, IL, USA). The
mean effects were further subjected to a post-hoc test using Duncan’s multiple range test
(DMRT).

3. Results
3.1. Changes of Carbon Fractions under Different INM Practices

No significant increases were observed in TOC for either control or NPK only plots,
whereas organic manure + NPK plots showed significantly high TOC contents (Figure 2).
However, NPK only and all organic manure + NPK treatments showed increases in other
carbon fractions over control. Accordingly, the TOC content was highest (2.81%) in plots
the received RS + NPK. The increase was 79% greater than the initial TOC of the soil. Al-
though the other organic manures such as GL + NPK, FYM + NPK and VC + NPK showed
significant increases in TOC content compared to the control, no significant differences
were observed among them. Oxidizable organic carbon and DOC values significantly
improved for all organic manure plots compared to control. Vermicompost + NPK plots
had the highest OOC (0.69%) and DOC (0.007%) values compared to the control, whereas
plots that received NPK only had the lowest OOC (0.51%) and DOC (0.004%) (Figure 2).
Further, OOC and DOC significantly increased in FYM + NPK, GL + NPK and RS + NPK
plots compared to control. The MBC values in soil (0–15 cm depth) significantly (p < 0.05)
increased with the application of organic manures. The highest increase in MBC was ob-
served in VC + NPK plots, while chemical fertilizer plots had the lowest values compared
to the control. In addition, increases of MBC followed the order of FYM + NPK (27.4%),
GL + NPK (26.4%) and RS + NPK (20.3%). Further, MBC values increased by 9.1 and 13.5%
in the control and NPK only plots, respectively, over the initial content (Figure 2).
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Figure 2. Effects of treatments on different pools of organic carbon (%) in the rice rhizosphere soil. The values are
the averages and error bars are the standard deviations of measurements over three crop growth stages through three
consecutive crop growing seasons. Bars followed by the same letter (within and between stacks) are not significantly
different at p < 0.05. TOC (total organic carbon), OOC (Oxidizable organic carbon) DOC (dissolved organic carbon), MBC
(microbial biomass carbon), APC (active pool of carbon), PPC (passive pool of carbon).

3.2. Changes of Organic Carbon Pools Based on Oxidizability under Different INM Practices

The initial pool-I, pool-II, pool-III and pool-IV C contents of soil accounted for 4.46%,
4.39%, 18.41% and 72.74%, respectively, of the total C (1.57%) (Figure 3). Application of
organic manures significantly (p < 0.05) increased the concentrations of these pools in the
rhizosphere soil. Accordingly, the greatest increases in pool-I (62.4%), pool-II (100.2%) and
pool-III (26.1%) C contents were observed in VC + NPK plots, whereas pool-IV C was
the highest (29.3%) in RS + NPK plots. Further, significant increases in oxidizable carbon
pools were observed for other organic manures (except for pool-III of GL + NPK plots)
compared to control. The lowest increases were observed in chemical-fertilizer-treated
plots for pool-I (6.5%), pool-II (38.1%) and pool-IV (5.2%) C contents over the control. The
initial active and passive pools of C in soil accounted for 8.85% and 91.15%, respectively,
of the TOC content (1.57%) (Figure 3). However, there were significant (p = 0.05) changes
in the active and passive pools of C with the application of organic manures. Among
the organic manures, VC + NPK plots had the greatest increase (100.21%) of active pool
C, followed by FYM + NPK (81.33%), GL + NPK (70.74%) and RS + NPK (53.62%) plots.
Further, compared to the initial value, the active pool of C increased by 12.1% in control
and 35.5% in NPK only plots. Rice straw + NPK had the highest passive pool of C (81.2%)



Agriculture 2021, 11, 348 8 of 14

(Figure 3). Moreover, at the end of the third cropping season, the mean values of PPC
under different treatments followed the order of RS + NPK (2.59%) > FYM + NPK (2.36%)
≈ VM + NPK (2.36%) ≈ GL + NPK (2.29%) > NPK only (2.11%) ≈ control (2.09%).
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3.3. Lability Index (LI)

The lability index is important to understand the carbon fractions in relation to the
total carbon in soil. The initial LI in the rhizosphere soil was 0.41. The application of
different manures significantly changed the LI (p < 0.05). Vermicompost + NPK plots
had the highest LI (0.44), followed by FYM + NPK (0.39) and GL + NPK (0.37) (Figure 4).
No significant differences in LI were observed among control, NPK and RS + NPK plots.
Compared to the initial LI, RS + NPK plots showed a 17.24% decrease in LI.
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3.4. Amounts of CO2 Sequestered in the Rhizosphere Soil

The amounts of CO2 sequestered in relation to the initial values of APC, PPC and TOC
under each INM system were different (Figure 5). Carbon sequestration in terms of both
TOC (91.11 t ha−1) and PPC (88.74 t ha−1) was highest in RS + NPK plots as compared to
that of control. Plots that received chemical fertilizer only sequestered 19.02 and 16.84%
CO2 in TOC and PPC pools, respectively, compared to control (no fertilizer) plots. The
highest CO2 sequestration (21.01 t ha−1) rate in the APC pool was observed in VC + NPK
plots, followed by FYM + NPK (18.23 t ha−1) and GL + NPK (16.47 t ha−1).
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three consecutive crop growing seasons.

3.5. Effects of Different INM Systems on Rice Grain Yield

Application of NPK only and VC + NPK resulted in the highest grain yields through-
out the three cropping seasons. Further, the average yield over three seasons also showed
a similar trend (Table 4). The control plots had the lowest yield. Although the RS + NPK
plots showed the highest CO2 sequestration in the rhizosphere, the average rice grain yield
over three seasons was lower (3.52 t ha−1) than for the NPK only and VC + NPK plots
(Table 4). In addition, FYM + NPK and GL + NPK plots also showed comparatively higher
yields over control.

Table 4. Mean rice grain yield (t ha−1) for each treatment per season and the average of the three seasons.

Treatment Mean Rice Grain Yield (t ha−1)

2007
(July–October)

2008
(January–April)

2008
(July–October)

Average Per Three
Seasons

Control 2.050 e 2.540 e 2.270 d 2.290 F

Rice Straw + NPK 1 3.170 d 3.910 d 3.510 c 3.530 E

Gliricidia + NPK 3.680 c 4.530 c 4.170 b 4.130 D

FYM 2 + NPK 3.970 b 4.970 b 4.690 a 4.540 C

Vermicompost + NPK 4.240 a 5.210 a 4.710 a 4.720 B

NPK 4.320 a 5.310 a 4.760 a 4.800 A

1 Nitrogen, phosphorous and potassium chemical fertilizers; 2 farmyard manure. Note: Treatments with the same letters in each column
are not significantly different at p < 0.05.
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4. Discussion
4.1. Effects of Different INM Practices on Soil Carbon Fractions

The declining productivity rates in the Indo-Gangetic Plain (IGP) have been attributed
to declining C stocks in soils [32]. The carbon sequestration pools and dynamics were
induced by fertilization practices [33–35]. The results showed that the use of organic
manures in combination with NPK fertilizers significantly increased TOC and other carbon
fractions, while NPK fertilizer application resulted in no changes in TOC compared with
control. Long-term experiments have shown that the optimum application of inorganic
fertilizers has either increased or maintained the SOC over the years [18,36]. Li et al. [37]
also observed no significant effects on TOC in NPK only soils but changes in particulate
organic carbon were significant in subtropical paddy soil in a long-term fertilization
experiment. The total organic carbon content in the soil increased due to the addition
of plant residue to the soil. Nayak et al. [5] also observed improved the SOC in surface
soil via retention of higher amounts stubble and root biomass. Li et al. [38] also observed
significantly higher SOC concentrations and stocks for treatments that included organic
manure rather than mineral or unfertilized treatments. Diels et al. [39] observed that
the addition of NPK fertilizers only had a slight effect on the quantities of aboveground
plant residues returned to the soil compared to the control. The highest TOC values being
observed in RS + NPK plots suggested that the application of rice straw along with chemical
fertilizers leads to greater accumulation of organic matter than application of chemical
fertilizer alone. However, the highest PPC values being observed in plots that received
RS + NPK indicated low readily available (labile) organic carbon compared to other organic
manure plots. The high carbon-to-nitrogen (C/N) ratio of RS resulted in accumulation of
soil organic carbon in passive pools. Vermicompost + NPK application enhanced the labile
fractions of soil organic carbons such as OOC, DOC, MBC and APC compared to RS + NPK
application. Further, the results indicated that other fertilizer and manure combinations
such as FYM + NPK and GL + NPK also build up higher labile carbon fractions [40–42]. The
soluble carbon fraction is an important pool to understand the soil organic matter turnover
in agricultural soils [43]. Moreover, it provides readily decomposable substrate for soil
microorganisms and acts as a short-term reservoir of plant nutrients [44]. Soil MBC, which
is important with respect to soil organic matter decomposition and nutrient cycling, is a
sensitive indicator of changes due to management practices [43]. Significantly high MBC
levels in VC + NPK followed by FYM + NPK and GL + NPK plots evidenced the presence
of high soluble organic carbon fractions. The MBC results in this study are consistent with
the findings in other studies showing that MBC contents significantly increased in VC, FYM
and other organic manures added to soils together with NPK fertilizers [43,45–47]. Hence,
the application of inorganic fertilizers in combination with radially decomposable organic
manures results in more labile carbon, which can act as a source of energy and nutrients.

4.2. Changes of Different Oxidizable Organic Carbon Pools under INM Practices

The results of this study showed significant changes in organic carbon fractions extracted
under a gradient of oxidizing conditions among the different treatments. Much higher increases
in SOC was observed in long-term experiments with organic manure [48–50]. Li et al. [38]
observed that organic manure treatment contributes to higher non-labile C and also improved
labile C rates compared to mineral or unfertilized treatments. In this study, the majority of the
differences were found in pool-I and pool-II, which were the most easily oxidizable fractions.
More importantly, the results of pool-I and pool-II followed similar trends as for DOC and MBC
for different organic manure and fertilizer treatments. Therefore, this indicated that pool-I and
pool-II are more sensitive indicators of more labile soil carbon fractions and are important in
detecting changes due to management practices over short periods of time. On the other hand,
a more comprehensive index, such as the LI used in this study, is important to understand
organic carbon accumulation in both passive and readily available pools in relation to TOC in
soil. Accordingly, the LI of this study suggested that organic manure and fertilizer combinations,
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such as VC + NPK, FYM +NPK and GL + NPK, provide more labile carbon, whereas RS + NPK
results in more passive soil carbon pools over the short term.

4.3. Carbon Sequestration and Rice Yield under Different INM Practices

The results of this study indicated that treatments including inorganic fertilizer only
or a combination of inorganic fertilizers and organic manures could improve the C seques-
tration in soils. However, the type of carbon fraction (passive or labile) sequestered and
the rate of sequestration in soils is likely to depend on the type and quality of organic
manure added [38]. Accordingly, both TOC and PPC fractions increase in organic manure
plots with more resistant compounds such as RS, whereas application of VC, FYM and
GL together with chemical fertilizers builds up more labile carbon fractions, which may
be attributed to the presence of larger proportions of recalcitrant organic compounds in
these compounds [38,51,52]. The highest yields being observed consistently for both NPK
only and VC + NPK over three seasons (Table 4) suggested that VC + NPK can replace the
sole application of inorganic fertilizer to obtain high yields in rice–rice cropping systems.
This is particularly important, as it represents a “win–win” technology that can be used
to increase rice yields while improving labile carbon fractions, which are important soil
quality indicators. In addition, FYM or GL in combination with inorganic fertilizers could
also be used to obtain high yields over the short term. Rice straw + NPK produces yields
of 3–4 t ha−1 over the short term while improving TOC and passive carbon pools in soils.
The presence of easily decomposable organic compounds in VC, FYM and GL resulted
in different labile forms of C and nutrients being released over short time periods and
improved crop production. On the other hand, the presence of recalcitrant compounds in
RS did not result in an immediate yield increase as compared to other organic manures.

5. Conclusions

Different soil carbon fractions changed significantly with different integrated nutrient
management practices in rice–rice cropping systems of red and laterite agro-climatic zones
of West Bengal, India. In spite of increasing yields, application of chemical fertilizers
only results in little sequestration of organic carbon in soils. The application of inorganic
fertilizers and organic manures in combination seems to be a viable option to increase
rice yields while improving soil carbon accumulation. Particularly, the application of
vermicompost in combination with inorganic fertilizers can replace the sole application
of inorganic fertilizer to achieve high yields and improve labile carbon fractions in soils,
which in turn enhance soil quality. Further, the C/N ratio of organic manures is a key
factor in partitioning the soil organic carbon into different pools. Accordingly, in terms of
carbon sequestration into more stable pools, the use of RS with inorganic fertilizer could be
a better option. However, the improvement of rice yields under RS+ NPK treatment needs
to be investigated over the long term. Overall, the results of this study suggested that the
use of INM for rice cultivation in the red and laterite agro-climatic zones of eastern India
provides beneficial effects to improve soil carbon contents and rice yields over the short
term. It is suggested that the dynamics of different carbon fractions and rice yields should
be explored over longer periods of time.
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