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Abstract

Purpose
A conservation agriculture-based sustainable intensi�cation (CASI) practices have been proposed as a
potential alternative management strategy for achieving the food, water and energy security while
sustaining the soil health and climate resilience. In this study, we evaluate the performance of CASI
technologies under two cropping systems on carbon (C) dynamics in the soils of recent and old alluvial
nature of West Bengal in Eastern Alluvial Ganga Plains.

Methods
The on-farm �eld study was undertaken for four years during 2014-15 to 2018-19 with an objective of
long-term setup at Coochbehar and Malda districts, West Bengal (subtropical eastern India). The two
cropping systems (rice-wheat, RW and rice-maize, RM) and two tillage options (zero tillage, ZT and
conventional tillage, CT) were evaluated on multi-location at farmers’ �eld to see the impact on soil total
organic carbon (TOC) and its fractions, strati�cation, and stocks.

Results
About 20% higher TOC concentration was observed in the old alluvial soils (Inceptisols of Malda district)
as compared to recent alluvial soils (Entisols of Coochbehar district). TOC and its fractions signi�cantly
(p<0.05) improved under RM cropping system than that under RW. The ZT system enhanced the TOC and
its fractions by 16.8 and 9.8 % over CT at 0–5 and 5–10 cm respectively. All the C fractions showed
strong positive correlation (r= >0.85; p < 0.01) with TOC except POC.

Conclusions
Our research indicated that ZT system increased the C turnover rate in both soil types which was found
more prominent in RM system.

Highlights
Conservation agriculture improves soil organic carbon (C)concentration mainly in the topmost soil
depth.

Addition of residue biomass enhances the soil organic C status as well as its fractions.

Zero-tillage (ZT) under rice-maize (RM) system increases the soil sequestration of C due to higher
biomass addition as compared to rice-wheat (RW).

Stabilization of C and its fractions re�ected more under heavier soils. 
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Soil organic C fractions are more strati�ed in clayey soils than sandy soils.

Introduction
The growing concern of global warming and climate change impacts on the community have spurred
interest in enhancing the sequestration of atmospheric carbon dioxide (CO2) in terrestrial ecosystems
(Dolman et al., 2004; Lal, 2015; Sarkar et al., 2020). According to the Intergovernmental Panel on Climate
Change (IPCC), about 22% of global anthropogenic greenhouse gas (GHG) emissions are contributed by
agriculture, forestry, and/or other land uses (IPCC, 2019). Cultivation of arable lands leads to the
substantial loss of soil organic matter (SOM) and increase emissions of CO2 from soil to the atmosphere,
thereby increasing the CO2 concentration in the atmosphere (Ladha et al., 2015). The SOM is made up of
dead plant residues, particulate organic C (POC), humus C, and recalcitrant C. It plays a major role in
maintaining the fertility, productivity, and overall quality of soil (Larson and Pierce, 1994; Kang et al.,
2005), besides having other important environmental functions (Fageria, 2012). The relative proportion of
these fractions re�ects in the soil ecosystems, including agricultural and non-agricultural soils, which can
directly impact the microbial activity and C dynamics in soil. The labile C fractions in soil are the
important component that determines the soil quality Although these fractions constitute a relatively
smaller fraction of TOC and have a very short turnover times in soil which are highly sensitive to land
management changes (Weil and Magdoff, 2004; Duval et al., 2018). The composition of these C fractions
varies depending on the stage of decomposition, but they have critical role in soil functioning and health
(Belay-Tedla et al., 2009).

Improved land management practices should not only increase TOC stock, but ideally would optimize the
proportion of C in these various TOC fractions. Any system that produces rich source of organic material,
will have greater amounts of residue SOC. Thus, the study of TOC has increasingly focussed on
identifying fractions of TOC that are related to how labile the C is. Fractions such as hot-water soluble C
(HWEC), POC, and mineral associated organic C (MAOC) are used because they are indicative of
residence or turnover times (Rakesh et al., 2020). These parameters also have been used as indicators for
soil quality (Cambardella and Elliott 1992; Blair et al., 1995; Bolinder et al., 1999; Duval et al., 2018).
Distribution of TOC-fractions and their stocks, in the soil pro�le, or C strati�cation, helps in identifying the
variations in the quality of SOM of topsoil (Álvarez et al., 2011; Zhao et al., 2015).

Conservation agriculture-based sustainable intensi�cation (CASI) management practices involving
minimum soil disturbance, e�cient crop rotations, and increased crop residue retention provides a means
of increasing TOC (Johansen et al., 2012; Sharma et al., 2019). Tillage and residue management may
in�uence C sequestration, microbial activity, and also play an important role in affecting the soil
physicochemical and biological properties (Jat et al., 2019; Choudhary et al., 2018). Crop residues have
numerous bene�cial effects as these are not only a source of organic C and nutrients (Yadvinder et al.,
2009) but also form a mulch that conserves the soil moisture (Aulakh et al., 2012; Gathala at al., 2017;
Sarkar et al., 2020). Moreover, it is estimated that the application of best management practices in



Page 5/41

agriculture has the potential of offsetting GHG emissions in the range of 1.1–4.3 Gt CO2-e yr−1 (UNEP,
2013). Thus, CA practices have the potential to reduce the 10 to 60 percent CO2-e emissions over energy
intensive conventional systems, depending on the layering of CA practices implemented (Ladha et al.,
2015; Gathala et al., 2020; Jat et al., 2020). Addition of organic materials to agricultural soil is important
for replenishing the annual C losses and for improving both the biological and chemical properties of the
soils (Goyal et al., 1999; Choudhary et al., 2018). Zero tillage (ZT) for crop production has been identi�ed
as an important practice to increase soil aggregation and C sequestration (Six et al., 1998; Wright and
Hons, 2005; Gathala et al., 2011; Jat et al., 2019) as compared with conventional tillage (CT) by reducing
aggregate disruption and the contact between soil microorganisms and organic matter, as well as
increasing fungal growth and hyphae that contribute to the formation of large aggregates (Beareet al.,
1994; Choudhary et al., 2018).

An understanding of the dynamics of TOC as affected by farming practices is imperative for maintaining
soil productivity and mitigating global warming. Adoption of CA among the farmers of alluvial soils of
subtropical eastern India, has resulted in increased smallholder pro�tability, reduced environmental
externalities, and improved soil health under various rice-based cropping systems such as rice–wheat
(RW), rice–maize (RM), and rice-lentil systems, and their intensi�cation (Islam et al.,2019; Sinha et al.,
2019; Gathala et al., 2020). The present study was undertaken to assess the effect of different tillage and
crop residue management practices on soil C fractions. The investigation was conducted in selected
farmers’ �elds of an on-going ACIAR-SRFSI research project which was initiated in 2013 to demonstrate
the bene�ts of CA over the conventional system.

We hypothesized that changes in tillage and crop establishment techniques, along with crop residue
retention and management practices under different cropping systems, may have a differential impact on
the accumulation, and distribution of TOC and different TOC fractions in soil at different depths.
Furthermore, that soils (old alluvial soils i.e., Inceptisols of Malda and recent alluvial soils i.e., Entisols of
Coochbehar district) with different physicochemical characteristics may not have uniform response to
tillage, crop residue retention, and cropping systems. The overall objective of the present investigation
was to assess the impact of tillage (ZT and CT) in terms of C distribution in the soil of RW and RM
cropping systems. The speci�c objectives were: (i) to assess the response of different tillage practices
and cropping systems on TOC and its fractions after four years (eight seasons) of cultivation, (ii) to
explore the strati�cation of TOC and its fractions at different soil depths, and (iii) to determine the
relationships between TOC and its fractions with soil properties in two different agro-ecological regions.

Materials And Methods

Description of �eld sites
The study was conducted in selected farmer’s �elds spread across the two districts, Coochbehar
(26.3452° N, 89.4482° E) and Malda (25.0108° N, 88.1411° E) of the northern alluvial plains in West
Bengal, sub-tropical eastern India. These districts present different soil and edapho climatic conditions.
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Field experiments were initiated in 2014-15 with RW and RM cropping systems, for 4 years until 2018-19,
altogether 3 rice and 4 wheat or 4 maize crops were grown. These cropping systems were selected on the
basis of the existing cropped area, as well as the potential of these systems for improvement of farming
livelihoods (Dutta et al., 2020; Mitra et al., 2019; Gathala et al., 2020).This study formed part of an on-
going larger research project entitled ‘Sustainable and Resilient Farming System Intensi�cation (SRFSI)’
being maintained by the Uttar Banga Krishi Viswavidyalaya (UBKV) in collaboration with the Australian
Centre for International Agricultural Research (ACIAR), and the International Maize and Wheat
Improvement Centre (CIMMYT) since 2013. The distance between the two �eld sites / districts was
approximately, 400 km. The �eld sites selected for this study were historically used for growing rice in
rotation with other dry-season crops using intensive tillage practices.

The study area has an overall warm humid subtropical climate with unimodal monsoonal rainfall,
moderate to hot summer and cold winter, although wide variations existed between the Coochbehar and
Malda districts with respect to annual precipitation and air temperature. The Coochbehar site receives a
mean (30-year average) annual rainfall of 2357 mm and maximum temperature of 28.2°C and minimum
of 20.0°C, while the Malda site has a mean annual rainfall of 1358 mm and maximum temperature of
30.6°C and minimum of 20.2°C.

The experimental trials were conducted as on-farm participatory trials (backed by researchers and
managed by farmers; Islam et al., 2019). A total of seven �eld experimental sites were identi�ed, three (3)
in Coochbehar and four (4) in Malda. At each of these �eld experimental sites collaborating farmers were
identi�ed, and a factorial experiment of two cropping systems (RW and RM) and two tillage practices (ZT
and CT) with three replications was established to study the effect of CASI practice on C dynamics. Due
to the small land area available to each individual farmer, each trial was distributed across six farmer’s
�elds, with each farmer implementing the two tillage practices (ZT and CT) on one cropping system
(either RW or RM). Thus the full experiment was a 2x2 factorial conducted at seven sites and replicated
three times. The soils at the Coochbehar sites are on recently deposited alluvium Entisol, acidic in
reaction, with a light sandy texture (Sarkar et al., 2017). In contrast, the soils of Malda sites are on old
alluvial material Inceptisol, neutral to alkaline in reaction, and silty loam to clay loam in texture. The pH
(1:2.5 H2O), TOC, total nitrogen(N), soil texture, and bulk density of the experimental soils are given in
Table 1. The detailed pro�le description of the studied sites of Malda and Coochbehar along with their
taxonomic characteristics (based on NBSS & LUP soil classi�cation, 2001) have been presented in
supplementary table S1.
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Table 1
Soil pH, total organic C, total N, texture and bulk density (0-20 cm) of the experimental sites

District Field site
(FS)

pH Total organic
carbon

(g kg−1)

Total-
N

(g
kg−1)

Texture Bulk
density

(Mg
m−3)

Sand
(%)

Silt
(%)

Clay
(%)

Malda FS1 8.47 8.83 1.32 18 66 16 1.37

FS2 6.82 7.75 1.26 35 46 19 1.31

FS3 7.44 14.98 1.33 42 43 15 1.33

FS4 6.80 12.13 1.55 8 64 28 1.45

Mean 7.02 11.62 1.38 28 51 20 1.36

Coochbehar FS5 6.42 9.88 1.01 29 58 13 1.05

FS6 5.91 8.85 0.93 28 62 10 1.11

FS7 5.56 10.58 0.74 28 60 12 1.17

Mean 5.96 9.77 0.89 28 60 12 1.11

Crop and management practices
Wheat and maize crops were sown as early as possible after the harvest of the rice crops to capture the
residual soil moisture. The sowing dates varied across the farmer �elds, the �eld sites (FS) and the
districts, from the �rst week of November to the last week of December, depending on the time of harvest
of the rice crop. The detailed management practices are presented in Islam et al. (2019). An individual
cropping system (RW and RM), consisted of two tillage treatments (CT and ZT) was established at all 42
(each 21 for RM and RW) farmers’ �elds in the seven selected �eld sites (FS) of Malda and Coochbehar;
these trails were maintained for the term of the experiment and the area under each treatment plot was
666 m2 (0.07ha). The tillage and cropping systems used for CT were: Puddled transplanted rice (PTR) –
CT maize or wheat; and ZT: Unpuddled transplanted rice (UPTR) – ZT maize or wheat. In CT-PTR, two to
three dry tillage operations were followed by cross operation of wet-tillage before rice transplanting; for
CT winter dry season crops (wheat and maize), �elds were prepared with two-three tillage operations
followed by laddering. Seedlings of rice were transplanted at 22 cm row spacing in the ZT using a
mechanical transplanter, and planted randomly by hand in the CT resulting in 28-30 hill/m2. Wheat was
sown at 20 cm row spacing in the ZT with continuous seeding (180-200 plant/m2) and broadcasted in
the CT. Maize was planted at 60 × 20 cm (row × plant) in both the ZT and CT resulting in 75000-80000
plants/ha. Crops were fertilized at rates (kg ha−1) recommended for the area; rice 80-90 N, 15-20 P, 40-70
K; wheat 125-145 N, 20-25 P, 40-60 K; and maize 155-180 N, 20-25 P, 60-75 K. Detailed agronomic practice
for each treatment are available in Islam et al. (2019).
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Collection of soil samples
Before the start of the experiment, soil samples (0–20 cm) were collected from each experimental site for
the determination of the initial physicochemical properties of the soils. The samples were collected from
5 to 6 random spots in an individual farmer’s �eld using an auger of 5 cm diameter and mixed thoroughly
to form a composite sample; three composite samples from each �eld site were collected. The soil
samples were air-dried and ground to pass through 2 mm sieve (for analysis of soil properties) and a
subsample was further ground to pass through 0.5 mm sieve (for determination of soil organic C).
Processed soil samples were stored in sealed polythene containers till analyses were completed.

After the �nal harvest of wheat (April, 2018-19) and maize (May, 2018-19) crops at the end of 4 years of
the experiment, soil samples were collected at 0–5, 5–10 and 10–20 cm depths from each plot in each
�eld, with 5-6 random spots, mixed to one composite sample for each soil depth. Air dried composite
samples were ground to pass through 2mm sieve for general analysis and a portion ground to pass
through 0.5 mm sieve for SOC and its fractions and kept in sealed polythene containers until analyses
were completed.

Soil analysis

Soil properties
The pH of soil suspension in a soil: water ratio of 1:2.5 was determined with a pH meter, as described by
Jackson (1967). Bulk density (BD) of soil samples was estimated using a core sampler of dimensions 5 ×
5 cm (height × diameter) following the method of Cresswell and Hamilton (2002). The proportion of sand,
silt, and clay in soil samples was determined by the Bouyoucos hydrometer method (Bouyoucos, 1962).
The texture of the soils was ascertained from the particle-size distribution of sand, silt, and clay using soil
texture triangle.

Carbon fractions
Total organic C (TOC)

A modi�ed Walkley and Black method (Baker, 1976) was followed for the analysis of TOC in soil
determined by colorimetric method using sucrose as a standard. Brie�y, one gram of soil sample was
digested in the presence of 20 ml of 5% K2Cr2O7 and 10 mL of concentrated H2SO4. After cooling for 30
minutes, 50 mL of 0.4% BaCl2 was added and allowed to stand overnight. The intensity of the
yellow/orange colour was read at 600 nm wavelength using a UV-visible spectrophotometer.

Hot water extractable C (HWEC)

HWEC was determined by hot water extraction method (Ghani et al., 2003). The air-dried soil sample of 3
g was weighed into 50 mL centrifuge tube, 30 mL of de-ionized water was added, and the suspension
was shaken for 30 minutes at 30 rpm and at room temperature. Then, it was centrifuged for 20 minutes
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at 3000 rpm, thereafter the supernatant was discarded to remove the cold-water soluble C. A further 30
mL of de-ionized water was added to the same residue and placed on a hot water bath at 80°C for 16
hours. After cooling down, the tubes were then shaken and centrifuged at 3000 rpm for 20 minutes. The
supernatant was �ltered through cellulose nitrate membrane (0.45 µm). The C concentration in the extract
was determined by Nelson and Sommers (1982) method. A 4 mL of sample was oxidised with 1 mL of
0.066 M K2Cr2O7 and 5 mL of concentrated H2SO4 at 150°C for 30 minutes. Samples after cooling, were
titrated against 0.033 M ferrous ammonium sulphate with 2–3 drops of o-phenanthrolene indicator until
the colour turned from greenish violet to brick red.

Particulate Organic C (POC)

For the POC fraction (Cambardella and Elliott. 1992), 25 g of air-dried soil was dispersed in 100 mL of
0.5% sodium hexa-metaphosphate in reciprocating shaker for 16 hours. Suspension was then passed
through 0.53 mm sieve followed by washing with de-ionised water to collect the >0.53 mm, the POM
remained on the sieve. The POM was then dried and powdered. The C concentration of the POM was
determined by following the modi�ed Walkley and Black method (Baker, 1976).

Mineral associated Organic C (MOAC)

MOAC (<0.53 mm) was calculated by subtracting POC from TOC.

MAOC = TOC ‒ POC

Strati�cation ratio (SR)
The strati�cation ratio of a soil property is de�ned as the ratio of its value at the soil surface to that at a
lower depth (Franzluebbers, 2002). This ratio for a C fraction for 0–10 cm depth was calculated by
dividing its value at 0–5 cm to that of its 5–10 cm depth. Similarly, for 0–20 cm depth, the value of 0–5
cm depth was divided by its C concentration at 10–20 cm soil depth.

Soil Organic C Stock
The C stock in soil was calculated considering soil depth (m), bulk density (BD, Mg m−3) and
concentration (%) of TOC fraction using the following equation. There was no gravel in the soil samples
at any of the sites.

TOC stock (Mg ha−1) = 104 ha−1 × BD (Mg m−3) × soil depth (m) × TOC fraction (%) x 10−2

Data analysis
Prior to performing statistical analysis, the normality assumption of analysis of variance (ANOVA) was
tested using Shapiro-Wilk test (1965) using JMP statistical software (V9 software, Buckinghamshire, UK).
Since the normality assumption of ANOVA was met, the data were not transformed. The data were
analysed using proc GLM (general linear model) in SAS. We considered district (D), cropping system (CS),
tillage treatments (T) and their interactions (CS x T; D x CS; D x T; D x CS x T) as �xed effects and farmer



Page 10/41

(replication) as a random effect in the �t-ANOVA model. The three-way interaction (D x CS x T) were not
signi�cant for any of the parameters at any depths except for TOC, MAOC, BD and TOC stock observed at
10-20 cm soil depth. The treatment means for all parameters were compared using Tukey’s honest
signi�cant difference (HSD) test.

As the soil depth interval is a non-randomized factor, a mixed procedure with repeated measures was
used for each experiment and analysed separately for each site. A correlation test was performed to
determine correlations among soil organic C fractions with key important soil attributes at 0–5, 5–10,
and 10–20 cm depths at the Malda and Coochbehar sites.

Results
Effect of cropping system and tillage on the concentrations of total organic C(TOC), hot water extractable
C (HWEC), particulate organic C (POC) and mineral associated organic C (MAOC)

TOC concentration varied widely between experimental sites and districts (Table 2).
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Table 2
Effect of environment (District), cropping systems and tillage on total organic C (TOC) and hot water

extractable C (HWEC) concentrations at different soil depths.

  TOC concentration (g kg−1) HWEC concentration (mg kg−1)

  0-5 cm 5-10 cm 10-20 cm 0-5 cm 5-10 cm 10-20 cm

District (D)

Malda 15.34a 12.13a 9.93a 283.98a 197.18a 140.75a

Coochbehar 12.74b 11.54b 9.29b 218.65b 183.66b 139.95a

Cropping system (CS)

RM 14.81a 12.39a 10.56a 274.88a 196.93a 162.81a

RW 13.65b 11.36b 8.76b 237.07b 185.85b 118.00b

Tillage (T)

CT 13.13b 11.32b 10.26a 228.76b 182.08b 151.52a

ZT 15.33a 12.43a 9.06b 283.20a 200.69a 129.29b

Analysis of variance (probability of signi�cance)

D <0.001** 0.0654 0.025* <0.001** 0.051 0.914

CS <0.005** 0.002** <0.001** 0.004** 0.104 <0.001**

T <0.001** 0.008* <0.001** <0.001** 0.007 0.004**

CSxT 0.194 0.563 0.390 0.124 0.990 0.595

DxCS 0.172 0.928 0.373 0.004** 0.232 0.898

DxT 0.058 0.644 0.013* 0.295 0.824 0.029*

DxCSxT 0.374 0.391 0.002** 0.890 0.742 0.398

Within a column means followed by the same letter are not signi�cantly different (p=0.05) using
Tukey’s HST; *shows signi�cance at (p=0.01), **shows signi�cance at (p=0.05); RM= rice-maize
system; RW= rice-wheat system; CT= conventional tillage; ZT= zero tillage

Among the �eld sites (data presented in supplementary table S2), FS4 of Malda recorded highest TOC
concentration throughout the depths (0–5, 5–10 and 10–20 cm respectively) as compared to other sites.
The least amount of TOC values was recorded in FS6 of Coochbehar. However, the average TOC
concentration was approximately 20% higher in the Malda than the Coochbehar soils. The soils under RM
system showed signi�cantly (p<0.05) greater amount of TOC concentration which were 8.49, 9.06 and
13.2 % higher than RW system at 0–5, 5–10 and 10–20 cm respectively. With respect to tillage, ZT
practice signi�cantly improved the TOC concentration at upper two soil depths (0–5 and 5–10 cm)
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respectively which were 16.8 and 9.8 % greater than CT system (Table 2). However, at lower depth (10-20
cm), comparatively higher amount of TOC concentration was found in the soil under CT system (13.24 %
higher) in comparison to ZT system.

Depth wise TOC concentration was found to gradually decrease with the increase in depths in soils in
general; but the critical perusal of the Table 2 reveal that the depth distribution of TOC concentration
differed in proportion when compared among the two districts, cropping systems and the tillage
treatments. The concentration of the TOC was found to be more (26%) in 0-5 cm in comparison to 5-10
cm depth in Malda whereas in Coochbehar the same was found to be only 10% higher. Similar
comparison of the subsequent depth distribution between 5-10 and 10-20 cm reveal that more or less
uniform difference in TOC concentration between the two layers existed in both Malda (22%) and
Coocbehar (24%) districts (Figure 1). The trend of the distribution of TOC in the three layers were same in
the both the cropping systems with only difference in concentration in each layers was found, where
higher quantity of TOC was recorded in RM than the RW system (Figure 1). The comparison of the TOC
distribution pattern due to the tillage treatment indicate that under ZT the concentration of TOC was more
strati�ed in 0-5 cm than the other soil layers in comparison to the CT (Figure 1). This is further
corroborated from the signi�cant (P≤0.05) interactions of district x tillage (D x T) and district x cropping
system x tillage (D x CS x T) for TOC only at 10–20 cm depth (Figure 2 & 3 respectively). The CT practice
in Malda soils signi�cantly enhanced the TOC concentration about 20.0 % higher over ZT plot at 10–20
cm depth (Figure 2). Similar result was also observed in Coochbehar soils where CT improved the TOC
(4.2%). While, three-way interaction of D x CS x T at 10–20 cm depth showed that practice of CT system
under RM signi�cantly enhanced the TOC concentration in Malda district (Figure 3) and with respect to
RW system, CT increased the TOC in both the districts.

Among the two labile pools of organic C (POC and HWEC), a signi�cant (p<0.05) increment in HWEC
concentration was noticed in Malda (284 mg kg−1) over Coochbehar (219 mg kg−1) at 0–5 cm depth but
in the subsequent depths, there was no signi�cant difference between the districts was observed in HWEC
(Table 2). According the HWEC classes for sandy and loamy soils given by Körschens and Schulz (1999),
the HWEC content of FS-1(Malda) and FS-6 (Coochbehar) is low (<200 mg kg−1) and greater than the 400
mgkg−1 HWEC indicate high concentration was recorded in FS-4 (data presented in supplementary table
S2). Practice of RM system signi�cantly (P≤0.05) increased the HWEC to the tune of 15.9, 5.9 and 37.9 %
at 0–5, 5–10 and 10–20 cm depths respectively compared to RW. The signi�cant interaction between the
district and cropping system at 0–5 cm depth (Figure 2) indicated that the concentration of HWEC was
25% higher for RM than RW system in Malda. While, in Coochbehar, variation was relatively similar
between the cropping systems.

While ZT system improved the HWEC (23.7 %) over CT at 0–5 cm but at lower soil depth (10–20 cm) CT
increased the same by 17%. The interplay of D x T showed maximum change at lowermost depth (10–20
cm) (Figure-2). CT system in both the districts improved the HWEC at 10–20 cm but in Coochbehar, the
HWEC concentration between CT and ZT failed to attain signi�cant difference. The contribution of HWEC
fraction to TOC was recorded to be 1.5 to 2.4 % (Figure 4).
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Field site and cropping system, signi�cantly affected the POC concentration in both the districts at all
depths, while tillage had in�uenced the POC concentration at selected soil depths (Table 3). Unlike other
fractions (TOC and HWEC) which showed maximum concentrations in the Malda soils, the concentration
of POC was signi�cantly higher in the Coochbehar soils (Table 3). Signi�cantly (P≤0.05) maximum
amount of POC (3.61 g kg−1) recorded in Coochbehar which was 14.2 % higher than Malda (3.16 g kg−1)
at 0–5 cm depth. In the subsequent lower soil depths, the difference of concentration of POC failed to
attain signi�cance. Among the �eld sites studied, FS5 of Coochbehar showed higher POC values
throughout the depths (5.04, 3.49 and 3.03 g kg−1at 0–5, 5–10 and 10–20 cm depths respectively) (data
presented in supplementary table S2). However, the least amount of POC noted in FS6 of Coochbehar.
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Table 3
Effect of environment (District), cropping systems and tillage on particulate organic C (POC)

concentration, and mineral associated organic C (MAOC) concentration at different soil depths.

  POC concentration (g kg−1) MAOC concentration (g kg−1)

  0-5 cm 5-10 cm 10-20 cm 0-5 cm 5-10 cm 10-20 cm

District (D)

Malda 3.20b 2.87b 2.45b 12.17a 9.25a 7.48a

Coochbehar 3.61a 3.03a 2.60a 9.13b 8.50b 6.68b

Cropping system (CS)

RM 3.73a 3.26a 2.75a 11.08a 9.13a 7.80a

RW 2.99b 2.62b 2.28b 10.67b 8.74b 6.48b

Tillage (T)

CT 3.15b 2.97a 2.77a 9.99b 8.35b 7.49a

ZT 3.57a 2.91a 2.27b 11.76a 9.52a 6.80b

Analysis of variance (probability of signi�cance)

D 0.008** 0.327 0.146 <0.001** 0.025* 0.007**

CS <0.001** 0.001** <0.001** 0.173 0.232 <0.001**

T 0.009** 0.678 <0.001** <0.001** 0.006** 0.018*

CSxT 0.008** 0.019* 0.003** 0.953 0.548 0.056

DxCS 0.082 0.148 0.046* 0.020 0.428 0.114

DxT 0.052 0.467 0.145 0.003 0.924 0.058

DxCSxT 0.375 0.196 0.838 0.642 0.147 0.003

Within a column means followed by the same letter are not signi�cantly different (p=0.05) using
Tukey’s HST test; *shows signi�cance at (p=0.01), **shows signi�cance at (p=0.05); RM= rice-maize
system; RW= rice-wheat system; CT= conventional tillage; ZT= zero tillage

A signi�cant (P<0.05) increase in POC recorded under RM system among all depths (3.73, 3.26 and 2.75
g kg−1at 0–5, 5–10 and 10–20 cm depths respectively) as compared to RW (Table 3). Implementation of
CASI under ZT management signi�cantly (P<0.05) enhanced the POC at 0–5 cm depth and CT improved
the same at 10–20 cm; while in 5–10 cm soil depth, there was no signi�cant variation observed between
the two. However, the interaction effect of CS x T indicated that adoption of ZT under RM system
improved the POC at surface depths (0–5 and 5–10 cm) but at the lower depth (10–20 cm), CT showed
higher increments. Tillage systems did not affect POC under RW system when referred to 0-5 cm depth,
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however, in the lower depths CT improved the POC over ZT (Figure 5). D x CS showed that there was a
signi�cant improvement in POC under RM system in Coochbehar compared to RW, but there was a very
less difference in concentration noticed between the CS in Malda when referred to 10–20 cm soil depth
(Figure 5). The contribution of POC to TOC varied from 18 to 32% in both the Coochbehar and Malda
soils (Figure 4).

Concentration of MAOC was found to follow the same trend as that of TOC. The MAOC concentration
was more in the soils of Malda (12.2, 9.25 and 7.48 g kg−1at 0–5, 5–10 and 10–20 cm depths
respectively) which were 33.4, 8.58 and 12.1 % higher than Coochbehar soils (Table 3). FS4 of Malda
showed a greater value of MAOC at all the three depths as compared to the other sites (data presented in
supplementary table S2). Further, FS2 and FS3 of Malda and FS5 and FS7 of Coochbehar district resulted
comparatively similar values of MAOC throughout the depths studied. Effect of cropping system on
MAOC observed to be non-signi�cant at surface soil depths, however at 10–20 cm, RM system
signi�cantly enhanced the MAOC (7.80 g kg−1) over RW (6.48g kg−1). Tillage effect on MAOC found to be
statistically signi�cant at all the depths. As noticed in TOC, this fraction also improved in the topmost
layers by ZT but at the lower depth, CT showed higher values. The interplay of D x CS (Figure 2) and D x T
(Figure 5) on MAOC observed to be signi�cant at 0–5 cm depth. Interestingly, RW system enhanced the
MAOC in Coochbehar but in Malda, it was more so under RM system when referred to the depth 0–5 cm
(Figure2). With respect to tillage, adoption of ZT signi�cantly increased the MAOC in both the districts as
compared to CT at0–5 cm (Figure 5). The three-way interaction of D x CS x Ton MAOC was noticed to be
signi�cant at 10–20 cm depth (Figure 3). Practice of CT under RM system in Malda signi�cantly
improved the MAOC but not in Coochbehar where ZT system enhanced the same under RM at10–20 cm.
Similarly, CT in Coochbehar and ZT in Malda increased the MAOC under RW when referred to the depth
10–20 cm (Figure 3). The contribution of MAOC to TOC varied from 65 to 80% (Figure 4).

Effect of cropping system and tillage on soil BD at different soil depths

In both the districts, soil BD values were increased with the depth (Table 4). However, the higher BD values
recorded in Malda (1.33, 1.38 and 1.42 g cc−1 at 0–5, 5–10 and 10–20 cm depths respectively). Among
the sites (data presented in supplementary table S2), FS4 of Malda showed maximum BD values; while
the minimum values were recorded in FS5 of Coochbehar district. Combined district analysis of the data
showed that only the effect of tillage was observed to be signi�cant on soil BD but cropping system
failed to show any such variation on BD. CT system signi�cantly decreased the BD over ZT (Table 4) at
all the depths. Neither of any interactions recorded signi�cant on BD. The interplay of CS x T observed to
be signi�cant (p<0.05) at 0–5 cm depth. Compared to CT, the ZT system enhanced the BD in both RM
and RW; however, the difference between CS was negligible (Figure 5). Interaction of D x CS x T presented
signi�cant effect on BD (p<0.05) at 10–20 cm depth. Adoption of ZT irrespective of cropping system
signi�cantly increased the BD (Figure 3) in both the districts.
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Table 4
Effect of environment (District), cropping systems and tillage on soil bulk density and total organic C

(TOC) stock at different soil depths.

  Bulk Density (g cc−1) TOC Stock (t ha−1)

System 0-5 cm 5-10 cm 10-20 cm 0-5 cm 5-10 cm 10-20 cm

District (D)  

Malda 1.33a 1.38a 1.42a 10.26a 8.39a 14.12a

Coochbehar 1.07b 1.14b 1.22b 6.84b 6.60b 11.37b

Cropping system (CS)  

RM 1.21b 1.28a 1.34a 9.10a 7.93a 14.16a

RW 1.23a 1.27a 1.33a 8.49b 7.32b 11.72b

Tillage (T)  

CT 1.20b 1.27b 1.32b 8.03b 7.20b 13.61a

ZT 1.24a 1.29a 1.35a 9.55a 8.05a 12.27b

Analysis of variance (probability of signi�cance)  

D <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

CS 0.057 0.540 0.256 0.006 0.006 <0.001

T 0.004 0.004 <0.001 <0.001 0.003 0.005

CS*T 0.023 0.222 0.591 0.098 0.760 0.211

D*CS 0.194 0.873 0.915 0.056 0.653 0.202

D*T 0.298 0.583 0.808 0.243 0.869 0.006

D*CS*T 0.602 0.671 0.012 0.746 0.355 0.005

Within a column means followed by the same letter are not signi�cantly different (p=0.05) using
Tukey’s HST; *shows signi�cance at (p=0.01), **shows signi�cance at (p=0.05; RM= rice-maize
system; RW= rice-wheat system; CT= conventional tillage; ZT= zero tillage

Effect of cropping system and tillage on the stock of total organic C (TOC)

TOC stock showed increasing trends with the soil depths (Table 4). At 0–5 cm, TOC stock varied from
8.38 to 13.3 t ha−1 in the Malda soils and 4.49 to 8.18 t ha−1 in the Coochbehar soils. Higher stock values
recorded in FS4 of Malda and in Coochbehar it was maximum in FS7. The average stock value of TOC in
soil was approximately 30% higher in the Malda than the Coochbehar soils. As observed in TOC
concentration, RM system showed signi�cantly higher TOC stock as compared to RW at all the depths.
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The TOC stocks were signi�cantly higher under the ZT than CT at 0–5 and 5-10 cm; while at 10–20 cm
depths it was maximum in CT soils (Table 4). Combined district analysis to study the interaction effect
on TOC stock showed that interplay of D x T and D x CS x T observed to be signi�cant only at 10–20 cm
depth (Figure 6). CT system substantially enhanced the TOC stock in Malda as compared to ZT but in
Coochbehar there were relatively similar TOC stocks recoded under both tillage systems. The soils under
CT, in RW system had higher TOC stock at 10–20 cm depth in both the districts. However, CT under RM
system in Malda showed signi�cantly (p<0.05) higher TOC stock but in Coochbehar, ZT increased the
same (Figure 6).

Effect of tillage on strati�cation ratio of TOC, HWEC, POC, and MAOC

The strati�cation ratio (SR) of TOC, HWEC and POC increased signi�cantly with increased soil depth, and
they differed signi�cantly among tillage treatments at all the sites of both Coochbehar and Malda
(p<0.05, Table 5). Strati�cation values of TOC, HWEC and POC at 0–10 cm (0–5/5–10: d1/d2) and0–20
cm (0–5/10–20: d1/d3) was signi�cantly higher in the ZT as compared with CT. The SR of d1/d3
showed maximum values of TOC strati�cation against d1/d2. Following the same trend as that of TOC,
strati�cation of HWEC recorded higher ratio values in d1/d3 as compared with d1/d2 and higher under
the ZT than CT (Table 5) except in the FS-1 and FS-4 with respect to d1/d2. Similarly, strtai�cation of POC
(Table 5), recorded higher ratio values in d1/d3 compared to d1/d2 indicating less concentration at the
lower depths (10–20 cm) in ZT. Only, one exception was recorded in FS-5 where SR of POC was recorded
to be higher in CT for both the d1/d2 and d1/d3. The Malda soils showed higher strati�cation values of
TOC, HWEC and POC in comparison with Coochbehar soils under ZT management practice (Table 5).
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Table 5
Effect of tillage systems on the strati�cation ratios of TOC, HWEC and POC

Distrits Field site Depth ratio Tillage TOC HWEC POC

(FS)

Malda FS-1 d1/d2 CT 1.25 1.19 0.89

ZT 1.22 1.13 1.17

  p value NS NS 0.03*

d1/d3 CT 1.66 1.65 1.12

ZT 1.81 2.03 1.55

    p value NS 0.06* 0.04*

FS-2 d1/d2 CT 1.17 1.15 0.88

ZT 1.35 1.68 1.11

  p value 0.01** 0.01** NS

d1/d3 CT 1.22 1.41 0.96

ZT 1.69 2.35 1.13

    p value 0.01** 0.01** NS

FS-3 d1/d2 CT 1.33 1.98 1

ZT 1.48 2.29 1.41

  p value 0.05* 0.04* 0.02*

d1/d3 CT 1.32 1.96 0.97

ZT 2.18 3.08 2.15

    p value 0.01** 0.01** 0.01**

FS-4 d1/d2 CT 1.24 1.31 1.04

ZT 1.15 1.26 1.37

  p value 0.04* NS NS

d1/d3 CT 1.29 1.58 1.02

ZT 1.62 2.54 2.04

* d1/d2:0–5/5–10; d1/d3:0–5/10–20 and p value shows signi�cant at <0.05 level. TOC = total
organic carbon; HWEC = hot water extractable carbon; POC = particulate organic carbon; CT =
conventional tillage; ZT = zero tillage; NS-non signi�cant, *shows signi�cance at (p=0.01), **shows
signi�cance at (p=0.05); FS= �eld site
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Distrits Field site Depth ratio Tillage TOC HWEC POC

(FS)

      p value 0.03* <0.01** <0.01**

Coochbehar FS-5 d1/d2 CT 1.07 1.13 1.75

ZT 1.12 1.29 1.21

  p value NS 0.01** 0.01**

d1/d3 CT 1.4 1.75 1.71

ZT 1.73 2.2 1.62

    p value 0.01** 0.01** NS

FS-6 d1/d2 CT 0.88 0.87 0.85

ZT 1.2 1.23 1.15

  p value <0.01** 0.04* 0.04*

d1/d3 CT 0.87 0.94 1.11

ZT 1.45 1.44 1.32

    p value <0.01** 0.05* NS

FS-7 d1/d2 CT 1.09 1.11 0.94

ZT 1.2 1.35 1.2

  p value NS NS NS

d1/d3 CT 1.2 1.1 1

ZT 1.48 1.72 1.46

      p value <0.01** 0.03* 0.01**

* d1/d2:0–5/5–10; d1/d3:0–5/10–20 and p value shows signi�cant at <0.05 level. TOC = total
organic carbon; HWEC = hot water extractable carbon; POC = particulate organic carbon; CT =
conventional tillage; ZT = zero tillage; NS-non signi�cant, *shows signi�cance at (p=0.01), **shows
signi�cance at (p=0.05); FS= �eld site

Relationship of total organic C (TOC) with hot water extractable C(HWEC), particulate organic C (POC)
and mineral associated C (MAOC)

Considering all the depths, a strong positive correlation (r= >0.80, p≤0.01) was observed between TOC
and HWEC (Table 6A), both in the Malda and Coochbehar soils. Interestingly, we observed that POC
concentration was in�uenced by the soil texture differently in the soils of Coochbehar and Malda. In the
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Malda soils, there was a negative correlation (Table 6B) between POC and sand (r= -0.59*, -0.54*, and
-0.43*, p<0.05), but these were positively correlated in the Coochbehar soils (r= 0.73**, 0.78** and 0.85**,)
at 0–5, 5–10 and 10–20 cm depths, respectively. It was also observed that silt was positively correlated
with POC concentration in the Malda soils, but negatively correlated in the Coochbehar soils. Relationship
of TOC with texture showed that in the Malda soils it was highly correlated with clay content (r= 0.78**)
but in the Coochbehar soils, it was strongly correlated with sand content (r= 0.53*) (Table 6C).

Discussion
In this short-term (4 year) study adoption of CASI practice under ZT management signi�cantly in�uenced
the concentration of soil C fractions, TOC stock and its depth-wise distribution compared to CT. The
variability of TOC concentration in different sites of Coochbehar and Malda was observed is due to the
background TOC content and difference in crop management practices adopted by the different farmers.
This is further corroborated from the statistical study which indicate that the effect of district and villages
(sites) were signi�cant.

TOC concentration was found to be signi�cantly (p<0.05) higher in the RM cropping system compared to
RW. Since the addition of C substrate is more in the RM (10 Mg ha−1) than RW (5.5 Mg ha−1) (Sinha et al
2019) due to higher biomass of maize crop, this will naturally increase the TOC concentrations as well as
the C stocks (Jat et al., 2019). Several long-term studies reported that the concentration of labile C pools
depends on the amount of substrate input (Cambardella and Elliott, 1992; Janzen et al., 1992; Choudhary
et al., 2018). Addition of more crop residues to the soil increases the OC status of soil (Somasundaram et
al., 2018). TOC and labile C fractions showed higher levels in the treatments, where both rice and wheat
straw were retained compared to only wheat or rice straw return, indicating the importance of straw return
in improving the soil TOC and its fractions (Zhu et al.,2014; Jat et el., 2019). Concentration of C fractions
depends largely on the amount of organic residues added to the soil (Somasundaram et al., 2018).

The ZT practice signi�cantly enhanced the TOC and its fractions over CT practice. Similar higher TOC
concentration in the ZT system was also reported by Alvarez et al. (1995) and Metay et al. (2007).
Concentration of TOC and its fractions under the ZT were maximum up to 10 cm soil depth, but in the
subsequent depth, the ZT failed to show any signi�cant (p<0.05) improvement compared to CT practice,
where TOC and its fraction, recorded higher values at10‒20 cm depth. Similar higher levels of TOC under
the ZT than CT at 0–10 cm also reported by Angers and Eriksen-Hamel (2008). The ZT with wheat
residues retained practice signi�cantly enhanced the TOC concentration at 0–15 cm depth over CT in
some soils (Chen et al., 2009; Rajan et al., 2012; Hati et al., 2015).

The stocks of TOC were observed to be increasing with depth under the effect of different tillage
practices (ZT and CT) with two cropping systems (RW and RM) among all the sites studied in the Malda
and the Coochbehar soils. Cropping systems under the CT practice showed higher TOC stocks at lower
soil depths (below 10 cm) due to the mixing and inversing i of residues during tillage (Kumari et al., 2011;
Jat et al., 2019). Dimassi et al., (2013) reported that the TOC stocks below the old plough layer (28–40
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cm) were slightly greater in full inversion tillage than in no-tillage treatment. A similar trend of the soil
under CT having higher TOC concentration at the lower depth (10–20 cm) by 18 % than ZT, was also
reported by Zhu et al. (2014). Although there was no residue incorporation in the ZT, the higher TOC
stocks were recorded at lower soil depths, which may be ascribed to the similar soil textural
characteristics (low clay and high silt content) in the soils at these three sites (FS-1: 16 and 66 %; FS-6: 10
and 62 %; FS-7: 12 and 60 %, respectively) (Table 1). This may have enhanced the movement of organic
carbon fractions which constitute and are the component of the TOC, into the lower layers.
Implementation of ZT in the Malda soils, improved the concentration of TOC fractions at the upper
depths as the soils were rich in clay content (28%) (Table 1).

Therefore, in this study there is relatively higher TOC concentration in the surface (0–5 cm) in comparison
to the subsequent depths (5–10 and 10–20 cm). Depth-wise distribution of TOC fractions decreased with
increasing depth. Somasundaram et al., 2018 also observed a marked decrease in the very labile C
fraction with increasing soil depth. However, the TOC stocks increased with depth re�ecting higher soil
bulk density. The variation in the pattern of the distribution of the TOC and its stock was in�uenced by
both the textural differences and the tillage treatments which in�uenced the distribution of the residue
within and on the soil. Irrespective of the site characteristics, the RM system added more C input than the
RW system in the soil resulting in higher TOC concentration in all the three soil depths.

We found a signi�cant positive relationship between clay and TOC in the Malda soils but a positive
correlation with the sand and negative correlation with silt in the Coochbehar soils (Table 7C). This is a
peculiar phenomenon and is the characteristics of the Coochbehar soils, which are low in clay content.
Therefore, the role of clay may vary by region (Oades, 1988; Goncalves et al., 2017). Hassink (1997)
attributed this relationship due to the formation of organo- mineral complexes between the organic
matter particles and the clay forming bond which stabilizes the C in the soil. The process and the extent
of binding always varies among the different clay types (Blanco-Canqui and Lal, 2004). The clay content
and mineralogy also regulate the TOC pools by in�uencing the sensitivity of soil C to microbial attack
(Percival et al.,2000; Kumari et al., 2011; Choudhary et al., 2018), therefore, we expect higher rate of TOC
turnover in the Coochbehar soils (recent alluvial Entisols) than the Malda (old alluvial Inceptisol) soils.
Moreover, the moisture content in the soils of Coochbehar is relatively higher than that in the Malda soils,
which allows the labile pools to move down the soil pro�le with the water movement.

A strong and positive correlation of HWEC with TOC (r=0.76, n=84) (Figure 7) showed that the
concentration and the distribution of HWEC is directly in�uenced by the organic C concentration of the
soil. Similar relationship between TOC and HWEC was also reported elsewhere (Spohn and Giani 2011;
Haney et al., 2012;Vladimiret al.,2016).This labile form of carbon is also related to the microbial biomass
(Sparling et al., 1998) and micro-aggregation (Puget et al., 1999) in soil and is therefore an important
indicator of soil quality (Ghani et al., 2003).The concentration HWEC of the two sites (FS-1 and FS-4),
according to the classes given by Körschens and Schulz (1999) is highly depleted in organic carbon
(<200 mg kg−1). This variation in the concentration at different sites under is due to the background TOC
content of the soils of these regions. Intervention with respect to the tillage and cropping system in the
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long run would improve the concentration in soil and also its quality. Depth-wise distribution of HWEC
followed a similar trend as that of TOC; while an increased level was observed in the 10–20 cm soil depth
under CT practice over the ZT practice; this was certainly due to the incorporation of residues in these
treatments. He et al., (2009) observed a signi�cant difference between tillage systems at soil depths
down to 20 cm, but not deeper in the soil pro�le.

Concentration of POC was signi�cantly higher under the RM system than RW; this was ascribed to the
fact that the C input rates are basically higher in the RM system over the RW, which substantially
increased the concentration of POC. After 6 years of the experimentation, Jat et al. (2019) also reported
that the maize-wheat system had higher TOC and POC than rice-wheat system under no-till condition; this
was attributed due to 10 t ha−1 more biomass added in the fomer than the latter system. Addition of
higher biomass increased the level of POC, which was also reported by Mapfumo et al., (2007). The POC
concentration in the soils was comparably higher at 0–5 cm under the ZT than CT; while at 10–20 cm
depths, the concentrations were higher under CT irrespective of cropping systems. Different quantity of
residues retained between the CT and ZT also affect the amount of POC at different depths. Elsewhere
also, it was observed that the POC was greater under ZT than under CT at 0–6 cm depth but was lower
under ZT than under CT at 6–30 cm (Franzluebbers and Stuedemann, 2014; Zhongming et al., 2016.

Interestingly, our study showed that the POC concentration was strongly in�uenced by the texture of the
soils (speci�cally sand) at 0–20 cm depth. We observed a negative correlation (Table 7B) between POC
concentration and sand in the Malda (Inceptisol) soils and a positive correlation between them in the
Coochbehar (Entisol) soils at all the three depths. It has been reported (Six et al. 2002 and Nciizah &
Wakindiki 2012) that the fresh POM is sequestered by the sand particles whereas clay physically and
chemically protect the decomposed POM in soils. Therefore, a negative correlation of silt and clay
fraction with POC concentration in the Coochbehar soils indicated that the strong association or
stabilization of C may not occur in the Coochbehar due to the lower amount of clay (11.7%) (Table-1).
However, in the Malda soils, a signi�cant proportion of POC such as POC occluded within aggregates
may be much more protected due to higher clay and silt content of the soil, as it showed a positive
relationship with these soil properties. Six et al. (2002) and Kumari et al. (2011) de�ned the unprotected
POM as the 53–2000 µm size, not contained within micro-aggregates and protected POM as 53–250 µm
sized contained within micro-aggregates. Therefore, the correlation data indicates, there may be a
difference in POC distribution in different size fractions (unprotected and protected) in the Coochbehar
and Malda soils. It also points towards the fact that in Coochbehar a portion of SOM is partially
decomposed and more recent in origin than the SOM of Malda soils. The poor correlation (Figure 7) of
POC with TOC (r=0.27, n=84) further corroborates the fact that the POC/POM is more linked to the residue
and their decomposition state rather than the soil characteristics. As we have seen in the case of the
Coochbehar soils, the TOC concentration of the selected sites was lower than the Malda soils although
the former had a higher POC concentration. Many studies have reported diverse results on the effects of
conservation agriculture on POC (Somasundaram et al., 2017).
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Concentrations of MAOC at 0–5 cm depth was maximum under the ZT practice, due to residues
remained at the soil surface as compared to the CT practice, where the residues were incorporated in the
tilled layer (0–20cm). These results corroborate the �ndings of Somasundaram et al. (2017). A strong
relationship between MAOC and TOC found in our study (Figure 7) indicated a favourable increment of
MAOC with TOC. The MAOC is formed upon binding of organic matter (OM) to clay and silt particles
(Mikutta and Kaiser 2011). Plant-derived labile compounds act as a main source of C binding agent to
the mineral fraction (Cotrufo et al.,2015). Such labile compounds bind to the mineral fractions or
incorporated into microbial biomass (Castellano et al., 2015). Promotion of soil C accumulation under ZT
occurs from organic C input from residue retention. This is also observed in other studies. A signi�cant
contribution of crop residues to TOC at 0–10 cm occurred in the silt and clay fractions, which indicated
that most of the young TOC was protected in the form of MAOC fraction under a long (10-year) no-tillage
study (Saet al., 2001).

In the present study, the strati�cation ratio (SR) of TOC, HWEC, and POC progressively increased with
increase in the soil depth, due to the decrease in the TOC concentrations along the soil depth (Table 6).
Compared with CT, the strati�cation of TOC with depth is a spontaneous process which is mainly induced
by the continuously higher input of C at the soil surface and less in the subsequent soil layers under ZT
treatment, irrespective of the site and the cropping system. Similar results were reported by Sa and Lal
(2009) and Ferreira et al. (2013). Franzluebbers (2002) reported that strati�cation ratios of soil C and N
pools for the four soils in Alberta and British Columbia were minimally, and variably affected by tillage
system, which was unlike that observed for soils in Texas and Georgia. He observed that there was high
strati�cation ratio of soil C and N pools under CT in Alberta/British Columbia, clearly indicated that the
soil degradation with inversion tillage may not have been affected in comparison to the other regions. He
also considered other factors and among them variability in climate, played a signi�cant role in Alberta.
In the context of present study, similar variation in TOC, HWEC, and POC was due to variable mixing of
the residues in CT at the three sites (FS-1,4 and 5), which resulted in comparatively lower amount of TOC,
HWEC and POC at 5-10 cm than ZT. Similarly, in FS-5, the SR was found to be higher in CT than ZT in 0-
5/10-20 cm (Table 6). Melero et al. (2012), also observed that the relative proportion of variation within
the factors contributing to the variations (tillage 54±15%, soil depth increment 25±14%, crop rotation
13±7%, and N fertilizer rate 8±3%) in the SR of TOC. The results presented in our study, indicate that the
SR of the Malda soils was higher for TOC, HWEC and POC under the ZT than that under CT (Table 6), due
to the inherent higher stock of TOC and the heavier soil texture in the soils of old alluvial Inceptisol
(Malda) than the recent alluvial Entisol (Coochbehar) (Table 5).
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Table 6
Correlation matrix between different parameters

A. Relation between HWEC and TOC

Soil depth (cm) Malda Coochbehar

0−5 0.935** 0.940**

5−10 0.898** 0.867**

10−20 0.896** 0.920**

B. Relation between POC and soil texture

Soil depth (cm) Malda Coochbehar

Sand Silt Clay Sand Silt Clay

0−5 -0.585* 0.496 0.425 0.725** -0.797** -0.189

5−10 -0.536* 0.498* 0.367 0.781** -0.746** -0.43

10−20 -0.426 0.476 0.38 0.854** -0.676** -0.048

C. Relation between TOC and soil texture

  Sand Silt Clay

Malda -0.263 -0.034 0.783**

Coochbehar 0.529* -0.660** 0.121

Note: * and ** represent that correlation is signi�cant at the 0.05 and 0.01 level (2-tailed) respectively;
HWEC = hot water extractable C; TOC = total organic C; POC = particulate organic C

The overall scenario with respect to the status and distribution of TOC and its fractions, in the seven sites
was found to vary due to the tillage, cropping system, and soil types. From the interaction effect (CS × T),
our results showed that the RM system in CASI under ZT improved the TOC and its fractions over CT
compared to RW. The ZT practice enhanced the concentration of TOC by 18.1% over CT under a long-
term maize cropping system (Huang et al. 2010). Retention of the residue on the surface under ZT,
generally reduces contact with the soil and �uctuations in soil moisture and temperature at surface depth
reduces the decomposition rates. Compared to residues left on the soil surface, incorporation in CT
results in decomposition at a 3–4 times higher rate (Beare et al., 1993; Choudhary et al., 2018; Jat et al.,
2019). The slow decomposition of the residue on the surface results in a slower rate of incorporation of
these residues into the soil, and increases the amount of SOC in surface soil depth (Ghimire et al., 2012;
Jat et al., 2019). Consequently, strati�cation ratios varied accordingly and strongly in�uenced by the soil
texture. In the Coochbehar soils (sandy loam textured, Entisols), movement of TOC and its fractions may
have occurred into the soil pro�le, resulting in lower strati�cation than that in the Malda soils of �ner soil
textured Inceptisol.
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Conclusions
At the end of seven cropping seasons, the study showed a strong correlation of C fractions with TOC
under both the CT and ZT practices and the RM and RW cropping systems. The result indicates that the
labile C fractions represent a portion of TOC with different turnover rates and are important in judging the
soil quality. The CASI practice under ZT increases the soil sequestration of C due to the addition of
residue in the soil, though this increase varied with cropping system while the RM proved superior to RW.
The RM system increased the C turnover rate in both soil types and the amount of clay in these soils
in�uenced the stabilization/storage of C. Placement of residues on the surface results in slow
decomposition of the residues and hence gradual loss of the added organic matter helps in reducing the
loss to the environment. The concentration of TOC and its fractions increased with increasing soil depths.
The contribution of C fractions to TOC were in the order: MAOC (65-80%)>POC (18-32%)>HWEC (1.5-
2.4%). The heavier textured Inceptisols could accumulate more C fractions compared to light textured
Entisols and the former soils has a strong association or stabilization of C which corroborated from
positive correlation (p<0.05) of TOC and POC with clay. Strati�cation of the C in 0–5 cm soil depth may
result in an imbalance in the distribution of C which is more prominent in clayey soils (old alluvial
Inceptisol) than the sandy soils (recent alluvial Entisol). The input of organic material is critical to the
long-term maintenance of SOM. Therefore, the residue management practices are likely to affect organic
matter content in different soil types under different tillage and cropping systems.

Abbreviations
ACIAR                   =             Australian Council for International Agriculture Research

ANOVA                =             Analysis of variance

BD                          =             Bulk density

CA                          =             Conservation agriculture

CASI                       =             Conservation Agriculture based Sustainable Intensi�cation

CIMMYT               =             International Maize and Wheat Improvement Center

CS                           =             Cropping system

CT                           =             Conventional tillage

D                             =             District

FS                           =             Field sites

GHG                       =             Green House Gas



Page 26/41

GLM                       =             General linear model

HSD                        =             Tukey’s honest signi�cance difference 

HWEC                    =             Hot water extractable/soluble carbon

IPCC                       =             Intergovernmental Panel on Climate Change

MAOC                   =             Mineral associated organic carbon

OM                        =             organic matter

POC                        =             Particulate organic carbon

PTR                        =             Puddled transplanted rice

RM                         =             Rice-maize system

RW                         =             Rice-wheat system

SOC                        =             Soil organic carbon

SOM                      =             Soil organic matter

SR                           =             Strati�cation ratio

SRFSI                     =             Sustainable and Resilient Farming Systems Intensi�cation

T                              =             Tillage

TOC                        =             Total organic matter

UBKV                     =             Uttar Banga Krishi Viswavidyalaya

UNEP                     =             United Nations Environment Programme

UPTR                     =             Unpuddled transplanted rice

ZT                           =             Zero tillage

Declarations
Acknowledgements

Present study was conducted in the �elds of Sustainable and Resilient Farming System Intensi�cation
(SRFSI) project led by International Maize and Wheat Improvement Center (CIMMYT). We thank Dr.
Tapamay Dhar for his support during soil sampling. We are grateful to all the Co-PIs of SRFSI project for



Page 27/41

their technical support. Statistical advice was provided by Prof. P Sahoo, BCKV, Mohanpur. The authors
extend their sincere thanks to the project associated farmers for running the �eld trials and �eld
technicians of both Coochbehar and Malda for helping in collection of �eld samples.

Funding

This SRFSI project (CSE/2011/077) was supported by the Australian Centre for International Agricultural
Research (ACIAR) and Department of Foreign Affairs and Trade (DFAT), Australian Government.

Con�icts of Interest

The authors declare that they do not have any �nancial and personal con�ict of interest 

References
1. Álvarez CR, Costantini AO, Bono A, Taboada M, Boem FHG, Fernández PL, Prystupa P (2011)

Distribution and vertical strati�cation of carbon and nitrogen in soil under different managements in
the Pampean region of Argentina. Rev Bras Ciênc Solo 35:1985–1994

2. Alvarez R, Raúl A, Díaz NB, Luis B (1995) Soil organic carbon, microbial biomass and CO2-C
production from three tillage systems. Soil Tillage Res 33:17–28

3. Angers DA, Eriksen-Hamel NS (2008) Full-inversion tillage and organic carbon distribution in soil
pro�les: A meta-analysis. Soil Sci Soc Am J 72:1370–1374

4. Aulakh MS, Manchanda JS, Garg AK, Kumar S, Dercon G, Nguyen ML (2012) Crop production and
nutrient use e�ciency of conservation agriculture for soybean–wheat rotation in the Indo–Gangetic
Plains of Northwestern India. Soil Tillage Res 120:50–60

5. Baker KF (1976) The determination of organic carbon in soil using a probe-colorimeter. Laboratory
Practice 25:82–83

�. Beare MH, Hendrix PF, Coleman DC (1994) Water-stable aggregates and organic matter fractions in
conventional and no-tillage soils. Soil Sci Soc Am J 58:777–786

7. Beare MH, Pohlad BR, Wright DH, Coleman DC (1993) Residue placement and fungicide effects on
fungal communities in conventional and no-tillage soils. Soil Sci Soc Am J 57:392–399

�. Belay-Tedla AB, Xuhui Z, Sua B, Wan S, Luo Y (2009) Labile, recalcitrant, and microbial carbon and
nitrogen fractions of a tallgrass prairie soil in the US Great Plains subjected to experimental warming
and clipping. Soil Bio Biochem 41:110–116

9. Blair GJ, Lefroy RDB, Lisle L (1995) Soil carbon fractions based on their degree of oxidation and the
development of a carbon management index for agricultural systems. Aust J Agric Res 46:1459–
1466. doi:10.1071/AR9951459

10. Blanco-Canqui H, Lal R (2004) Mechanisms of carbon sequestration in soil aggregates. Critical Rev
Plant Sci 23:481–504



Page 28/41

11. Bolinder MA, Angers DA, Gregorich EG, Carter MR (1999) The response of soil quality indicators to
conservation management. Can J Soil Sci 79:37–45

12. Bouyoucos GJ (1962) Hydrometer method improved for making particle size analyses of soils. Agron
J 54:464–465

13. Cambardella CA, Elliott ET (1992) Particulate soil organic matter changes across a grassland
cultivation sequence. Soil Sci Soc Am J 56:777–783

14. Castellano MJ, Mueller KE, Olk DC, Sawyer JE, Six J (2015) Integrating plant litter quality, soil organic
matter stabilization, and the carbon saturation concept. Global Change Biol 21:3200–3209.
doi:10.1111/gcb.12982

15. Chen H, Hou R, Gong Y, Li H, Fan M, Kuzyakov Y (2009) Effects of 11 years of conservation tillage on
soil organic matter fractions in wheat monoculture in Loess Plateau of China. Soil Till Res 106:85–
94

1�. Choudhary M, Datta A, Jat HS, Yadav AK, Gathala MK, Sapkota TB, Das AK, Sharma PC, Jat ML,
Singh R, Ladha JK (2018) Changes in soil biology under conservation agriculture based sustainable
intensi�cation of cereal systems in Indo Gangetic Plains. Geoderma 313, 193–204. doi2018/3/1

17. Cotrufo MF, Soong JL, Horton AJ, Campbell EE, Haddix ML, Wall DH, Parton WJ (2015) Formation of
soil organic mattervia biochemical and physical pathways of litter mass loss. Nat Geo Science
8:776–779

1�. Cresswell HP, Hamilton., 2002. Particle size analysis. In: Soil Physical Measurement and
Interpretation for Land Evaluation (Eds. NJ McKenzie, HP Cresswell and KJ Coughlan) CSIRO
Publishing: Collingwood, Victoria, 224–239

19. Dimassi B, Jean-Pierre C, Jerome L, Bruno M (2013) Changes in soil carbon and nitrogen following
tillage conversion in a long-term experiment in Northern France. Agri Eco sys Env 169:120–120

20. Dolman AJ, Maximov TC, Moors EJ, Maximov AP, Elbers JA, Kononov AV, Waterloo MJ, Vander-Molen
MK (2004) Net ecosystem exchange of carbon dioxide and water of far eastern Siberian Larch (Larix
cajanderii) on permafrost. Biogeosciences 1:133–146

21. Dutta SK, Chakraborty S, Banerjee H, Goswami R, Majumdar K, Li B, Jat ML (2020) Maize Yield in
Smallholder Agriculture System – an Approach Integrating Socio-economic and Crop Management
Factors. PLOS One 15(2):e0229100

22. Duval ME, Galantini JA, Martínez JM, Limbozzi F (2018) Labile soil organic carbon for assessing soil
quality: in�uence of management practices and edaphic conditions. Catena 171:316–326

23. Fageria NK (2012) Role of soil organic matter in maintaining sustainability of cropping systems.
Commun Soil Sci Plant Anal 43:2063–2113

24. Ferreira AD, Amado TJC, Nicoloso RD, Sá JCD, Fiorin JE, Hansel DSS et al (2013) Soil carbon
strati�cation affected by long-term tillage and cropping systems in southern Brazil. Soil Till Res
133:65–74

25. Franzluebbers AJ (2002) Soil organic matter as an indicator of soil quality. Soil Tillage Res 66:95–
106



Page 29/41

2�. Franzluebbers AJ, Stuedemann JA (2014) Crop and cattle production responses to tillage and cover
crop management in an integrated crop-livestock system in the southeastern USA. Eur J Agron
57:62–70

27. Gathala MK, Ladha JK, Saharawat YS, Kumar V, Kumar V, Sharma PK (2011) Effect of tillage and
crop establishment methods on physical properties of a medium-textured soil under a seven‐year
rice–wheat rotation. Soil Sci Soc of Am J 75:1851–1862

2�. Gathala MK, Jat ML, Sahawarat YS, Sharma SK, Yadvinder-Singh; Ladha JK (2017) Physical and
chemical properties of a sandy loam soil under rice-wheat sequence in the Indo-Gangetic plains of
south Asia. JEcos Ecograp S7:002. doi:10.4172/2157-7625.S7-00

29. Gathala MK, Laing AM, Thakur TP, Timsina J, Islam S, Chowdhury A, Chattopadhyay C, Singh AK,
Bhatt BP, Shrestha,R,Barma,NCD, Rana DS, Jackson TM, Gérard,B., 2020. Enabling smallholder
farmers to sustainably improve their food, energy and water nexus while achieving environmental
and economic bene�ts. Renewable Sustainable Energy Reviews. 120,
https://doi.org/10.1016/j.rser.2019.109645

30. Ghani A, Dexter M, Perrot KW (2003) Hot-water extractable carbon in soils: a sensitive measurement
for determining impacts of fertilisation, grazing and cultivation. Soil Biol Biochem 35:1231–1243

31. Ghimire R, Adhikari KR, Chen ZS, Shah SC, Dahal KR (2012) Soil organic carbon sequestration as
affected by tillage, crop residue, and nitrogen application in rice-wheat rotation system. Paddy Water
Env 10:95–102

32. Gonacalves DRP, Carlos de Moraes Sa J, Mishra U, Cerri CEP, Ferreira LA, Furlan FJF (2017) Soil type
and texture impacts on soil organic carbon storage in a sub-tropical agro-ecosystem. Geoderma
286:88–97. https://doi.org/10.1016/j.geoderma.2016.10.021

33. Goyal S, Chander K, Mundra MC, Kapoor KK (1999) In�uence of inorganic fertilizers and organic
amendments on soil organic matter and soil microbial properties under tropical conditions. Biol Fertil
Soils 29:196–200

34. Haney RL, Franzluebbers AJ, Jin VL, Johnson MV, Haney EB, White MJ, Harmel RD (2012) Soil
organic C:N vs. water extractable organic C:N. Open J Soil Sci 2:269–274

35. Hassink J (1997) The capacity of soils to preserve organic C and Nby their association with clay and
silt particles. Plant Soil 191:77–87

3�. Hati KM, Chaudhary RS, Mandal KG, Bandyopadhyay KK, Singh RK, Sinha NK (2015) Effects of
tillage, residue and fertilizer nitrogen on crop yields, and soil physical properties under soybean–
wheat rotation in Vertisols of Central India. Agri Res 4:48–56

37. He J, Kuhn NJ, Zhang XM, Zhang XR, Li HW (2009) Effects of 10 years of conservation tillage on soil
properties and productivity in the farming-pastoral ecotone of Inner Mongolia, China. Soil Use
Manage 25:201–209

3�. Huang S, Sun YN, Rui WY, Liu WR, Zhang WJ (2010) Long-term effect of no-tillage on soil organic
carbon fractions in a continuous maize cropping system of Northeast China. Pedosphere 20(3):285–
292



Page 30/41

39. IPCC., 2019. Land-climate interactions, in: Climate Change and Land: An IPCC Special Report on
climate change, deserti�cation, land degradation, sustainable land management, food security, and
greenhouse gas �uxes in terrestrial ecosystems. Summary for Policymakers.
https://www.ipcc.ch/site/assets/uploads/2019/08/2c.-Chapter-2_FINAL.pdf

40. Islam S, Gathala MK, Tiwari TP, Timsina J, Laing AM, Maharjan S, Chowdhury AK, Bhattacharya PM,
Dhar T, Mitra B, Kumar S, Srivastwa PK, Dutta SK, Shrestha R, Manandhar S, Shrestha SR, Paneru P,
Siddquie N, Hossain A, Islam R, Ghosh AK, Rahman MA, Kumar U, Rao KK, Gerard B (2019)
Conservation agriculture based sustainable intensi�cation: increasing yields and water productivity
for smallholders of the Eastern Gangetic Plains. Field Crops Res 238:1–17.
doi:10.1016/j.fcr.2019.04.005

41. Jackson ML (1967) Soil Chemical Analysis. Prentice Hall of India. Pvt. Ltd. New Delhi

42. Janzen HH, Campbell CA, Brandt SA, Lafond GP, Townley-Smith L (1992) Light fraction organic
matter in soils from long-term crop rotations. Soil Sci Soc Am J 5:1799–1806

43. Jat HS, Datta A, Choudhary M, Yadav AK, Choudhary V, Sharma PC, Gathala MK, Jat ML, McDonald A
(2019) Effects of tillage, crop establishment and diversi�cation on soil organic carbon, aggregation,
aggregate associated carbon and productivity in cereal systems of semi-arid northwest India. Soil
Till Res 190:128–138

44. Jat ML, Chakraborty D, Ladha JK, Rana DS, Gathala MK, McDonald A, Gerard B (2020) Conservation
agriculture for sustainable intensi�cation in South Asia. Nature Sustainability 3:336–343

45. Johansen C, Haque ME, Bell RW, Thierfelder C, Esdaile RJ (2012) Conservation agriculture for small
holder rainfed farming: Opportunities and constraints of new mechanized seeding systems. Field
Crops Res 132:18–32

4�. Kang GS, Beri V, Sidhu BS, Rupela OP (2005) A new index to assess soil quality and sustainability of
wheat-based cropping systems. BiolFertil Soils 41:389–398

47. Körschens M, Schulz E (1999) Die organische Bodensubstanz. Dynamik – Reproduktion –
ökologischbegründete Richtwerte (Soil organic matter. Dynamic – reformation – ecological founded
approximations. UFZ-Bericht 13/1999, ISSN 0948-9452

4�. Kumari M, Chakraborty D, Gathala MK, Pathak H, Dwivedi BS, Tomar RK, Garg RN, Singh R, Ladha JK
(2011) Soil aggregation and associated organic carbon fractions as affected by tillage in a rice-
wheat rotation in north India. Soil Sci Soc Am J 75:560–567

49. Ladha JK, Rao AN, Raman A, Padre AT, Dobermann A, Gathala MK et al., 2015. Agronomic
improvements can make future cereal systems in South Asia far more productive and result in a
lower environmental footprint. Glob Chang Biol 01–21. ISSN 1354–1013. doi:10.1111/gcb.13143

50. Lal R (2015) Soil carbon sequestration in agroecosystems of India. J Indian Soc Soil Sci 63:125–143

51. Larson WE, Pierce FJ (1994) The dynamics of soil quality as a measure of sustainable management.
In: Doran JW et al (eds) De�ning soil quality for a sustainable environment, vol 35. SSSA special
publication. SSSA and ASA, Madison, pp 37–51



Page 31/41

52. Mapfumo P, Florence M, Bernard V (2007) Organic matter quality and management effects on
enrichment of soil organic matter fractions in contrasting soils in Zimbabwe. Plant Soil 296:137–
150

53. Melero S, López-Bellido RJ, López-Bellido L, Muñoz-Romero V, Moreno F, Murillo JM et al (2012)
Strati�cation ratios in a rainfed Mediterranean Vertisol in wheat under different tillage, rotation and N
fertilisation rates. Soil Till Res 119:7–12

54. Metay A, Jose AAM, Martial B, Thomas B, Jean MD, Brigitte F, Christian F, Florent M, Robert O, Eric S
(2007) Storage and forms of organic carbon in a no-tillage under cover crops system on clayey
Oxisol in dryland rice production (Cerrados, Brazil). Soil Till Res 94:122–132

55. Mikutta R, Kaiser K (2011) Organic matter bound to mineralsurfaces: resistance to chemical and
biological oxidation. Soil Biolo Biochem 43:1738–1741

5�. Mitra B, Majumdar K, Dutta SK, Mondal T, Das S, Banerjee H, Ray K, Satyanarayana T (2019) Nutrient
Management in Wheat Production System under Conventional and Zero Tillage at Eastern Sub-
Himalayan Plains of India. Indian J Agri Sci 89:779–785

57. Nelson DW, Sommers LB (1982) Total carbon, organic carbon and organie matter. In: Page AL, Miller
RH, Keeney DR (oos.) Methods of Soil Analysis. Part 2. Am. Soc. Agron. Madison, pp 539–579

5�. Nciizah AD, Wakindiki IIC (2012) Particulate organic matter, soil texture andmineralogy relations in
some Eastern Capeecotopes in South Africa. South African Journal of Plant Soil 29(1):39–46

59. Oades JM (1988) The retention of organic matter in soils. Biogeochemistry 5:35–70

�0. Percival HJ, Par�tt RL, Scott NA (2000) Factors controlling soil carbon levels in New Zealand
grasslands: Is clay content important? Soil Sci Soc Am J 64:1623–1630

�1. Puget P, Angers DA, Chenu C (1999) Nature of carbohydratesassociated with water-stable aggregates
of two cultivated soils. Soil Biol Biochem 31:55–63

�2. Rajan G, Keshav RA, Zueng-Sang C, Shree CS, Khem RD (2012) Soil organic carbon sequestration as
affected by tillage, crop residue, and nitrogen application in rice-wheat rotation system. Paddy Water
Env 10:95–102

�3. Rakesh S, Sarkar D, Shikha, Sankar A, Sinha AK, Mukhopadhyay P, Rakshit A (2020) Protocols for
determination and evaluation of organic carbon pools in soils developed under contrasting
pedogenic processes and subjected to varying management situations. In: Rakshit A, Ghosh S,
Chakraborty S, Philip V, Datta A (eds) Soil Analysis: Recent Trends and Applications. Springer,
Singapore, pp 87–105

�4. Sa JCM, Carlos CC, Warren AD, Rattan Lal, Solismar P, Venske F, Marisa CP, Brigitte EF (2001) Organic
matter dynamics and carbon sequestration rates for a tillage chronosequence in a Brazilian Oxisol.
Soil Sci Soc Am J 65:1486–1499

�5. Sá JCD, Lal R (2009) Strati�cation ratio of soil organic matter pools as an indicator of carbon
sequestration in a tillage chronosequence on a Brazilian Oxisol. Soil TillRes 103:46–56

��. Sarkar D, Rakesh S, Sinha AK, Mukhopadhyay P (2017) Forms of phosphorus in some acidic entisols
of subtropical eastern India. Int J PlantSoil Sci 19:1–9



Page 32/41

�7. Sarkar D, Kar SK, Chattopadhyay A, Shikha,Rakshit A, Tripathi VK, Dubey PK, Abhilash PC (2020) Low
input sustainable agriculture: A viable climate-smart option for boosting food production in a
warming world. Ecol Indic 115:106412. https://doi.org/10.1016/j.ecolind.2020.106412

��. Sharma S, Thind HS, Yadvinder-Singh et al., 2019. Effects of crop residue retention on soil carbon
pools after 6 years of rice–wheat cropping system. Environ Earth Sci 78, 296.
https://doi.org/10.1007/s12665-019-8305-1

�9. Sinha AK, Ghosh A, Dhar T, Bhattacharya PM, Mitra B, Rakesh S, Paneru P, Shrestha SR, Manandhar
S, Beura K, Dutta S, Pradhan AK, Rao KK, Hossain A, Siddquie N, Molla MSH, Chaki AK, Gathala MK,
Islam MS, Dalal RC, Gaydon DS, Laing AM, Menzies NW (2019) Trends in key soil parameters under
conservation agriculture-based sustainable intensi�cation farming practices in the Eastern Ganga
Alluvial Plains. Soil Res 57:883–893

70. Six J, Elliott ET, Paustian K, Doran JW (1998) Aggregate and soil organic matter accumulation in
cultivated and native grassland soils. Soil Sci Soc Am J 62:1367–1377

71. Six J, Conant RT, Paul EA, Paustian K (2002) Stabilization mechanisms of soil organic matter:
implications for C-saturation of soils. Plant Soil 241:155–176

72. Somasundaram J, Reeves S, Wang W, Heenan M, Dalal R (2017) Impact of 47 years of no tillage and
stubble retention on soil aggregation and carbon distribution in a vertisol. Land Degrad Develop
28:1589–1602. DOI:10.1002/ldr.2689

73. Somasundaram J, Chaudhary RS, Awanish Kumar D, Biswas AK, Sinha NK, Mohanty M, Hati KM, Jha
P, Sankar M, Patra AK, Dalal R, Chaudhari SK (2018) Effect of contrasting tillage and cropping
systems on soil aggregation, carbon pools and aggregate-associated carbon in rainfed Vertisols. Eur
J Soil Sci 69:879–891. doi:https://doi.org/10.1111/ejss.12692

74. Spohn M, Giani L (2011) Impacts of land use change on soil aggregation and aggregate stabilizing
compounds as dependent on time. Soil Biol Biochem 43:1081–1088

75. Sparling G, Vojvodic-Vukovic M, Schipper LA (1998) Hot-water soluble C as a simple measure of
labile soil organic matter: the relationship with microbial biomass C. Soil Biology &
Biochemistry30:1469–1472

7�. UNEP (2013) The Emissions Gap Report 2013. United Nations Environment Programme (UNEP),
Nairobi.http://web.unep.org/sites/default/�les/EGR2013/EmissionsGapReport_2013_high-res.pdf

77. Vladimir C, Milivoj B, Ljiljana N, Srdan S, Borivoj P, Atila B, Maja M (2016) The sensitivity of water
extractable soil organic carbon fractions to land use in three soil types. Archives of Agron Soil Sci
62:1654–1664

7�. Weil RR, Magdoff. F (2004) Signi�cance of soil organic matter to soil quality and health. In: Magdoff
F, Weil RR (eds) Soil organic matter in sustainable agriculture. CRC Press, Boca Raton, pp 1–43

79. Wright AL, Hons FM (2005) Tillage impacts on soil aggregation and carbon and nitrogen
sequestration under wheat cropping sequences. Soil Till Res 84:67–75

�0. Yadvinder S, Gupta RK, Gurpreet S, Jagmohan S, Sidhu HS, Bijay S (2009) Nitrogen and residue
management effects on agronomic productivity and nitrogen use e�ciency in rice-wheat system in



Page 33/41

Indian Punjab. Nutr Cyc Agro-Ecosys 84:141–154

�1. Zhao X, Xue JF, Zhang XQ, Kong FL, Chen F, Lal R, Zhang HL (2015) Strati�cation and storage of soil
organic carbon and nitrogen as affected by tillage practices in the North China Plain. PloS ONE
10:e0128873. .https://doi.org/10.1371/journal.pone.0128873

�2. Zhongming M, Juan C, Xiaodong L, Li-li L, Siddique KHM (2016) Distribution of soil carbon and grain
yield of spring wheat under a permanent raised bed planting system in an arid area of northwest
China. Soil Till Res 163:274–281

�3. Zhu L, Hu N, Yang MF, Zhan X, Zhang Z (2014) Effects of different tillage and straw return on soil
organic carbon in a rice-wheat rotation system. Plos One 9:88900

Figures



Page 34/41

Figure 1

Depth wise (0-5, 5-10 and 10-20 cm) distribution of TOC concentration as affected by the district,
cropping systems and tillage practice. CT=conventional tillage; ZT=zero tillage
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Figure 2

Interactive effect of district, cropping system and tillage practice on different fractions of organic C
concentration at different soil depths. TOC=total organic C; HWEC=hot water extractable C; MAOC=
mineral associated organic C; CT=conventional system; ZT= zero tillage; RM=rice-maize system; RW=rice-
wheat system.
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Figure 3

Interactive effect of district, cropping system and tillage practice on different fractions of organic C
concentration and BD at 10-20 cm soil depth. TOC=total organic C; MAOC= mineral associated organic C;
BD=soil bulk density; CT=conventional system; ZT= zero tillage; RM=rice-maize system; RW=rice-wheat
system.
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Figure 4

Percent of hot water extractable C (HWEC), particulate organic C (POC) and mineral associated organic C
(MAOC) of total organic C (TOC) varies at different �eld sites of Malda and Coochbehar.
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Figure 5

Interactive effect of district, cropping system and tillage practice on different fractions of organic C
concentration at different soil depth. POC=particulate organic C; MAOC= mineral associated organic C;
CT=conventional system; ZT= zero tillage; RM=rice-maize system; RW=rice-wheat system. Within depth
and same color, horizontally different letters are signi�cantly different (p=0.05) using Tukey’s HST test.
ns=non-signi�cant
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Figure 6

Interactive effect of district, cropping systems and tillage practice on TOC stock at 10-20 cm soil depth.
TOC-stock=total organic C stock;CT=conventional system; ZT= zero tillage; RM=rice-maize system;
RW=rice-wheat system.
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Figure 7

Relationship of total organic C (TOC) with hot water extractable C (HWEC), particulate organic C (POC)
and mineral associated organic C (MAOC).
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