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Abstract

Stability of soil organic matter and soil organic carbon stock plays the crucial role in maintaining soil
quality. The impact carbon and nitrogen dynamics and rate of SOC sequestration in long term tillage
agricultural management practices are still in investigation in this environment. As tillage intensity
increased there was a redistribution of SOC in the profile, but it occurred only between ZT and PRB
since under CT, SOC stock decreased even below the plow layer. Average SOC concentration of the
control treatment was 0.54%, which increased to 0.65% in the RDF treatment and 0.82% in the
RDF+FYM treatment. Compared to F1 control treatment the RDF+FYM treatment sequestered 0.33 Mg
C ha! yr' whereas the NPK treatment sequestered 0.16 Mg C ha* yr. Increasing the quantity of C input
could enhance soil C sequestration or reduce the rate of soil C loss, depending largely on the local soil
and climate conditions. SOC can be best preserved by crop rotations with conservation tillage practices
such as no or reduced tillage, and with additions of residues, chemical fertilizers and manure SOC change
was significantly influenced by the crop residue retention rate and the edaphic variable of initial SOC
content.

Soil organic carbon change is a balance between C input from crops and manures and C output through
decomposition. Agricultural management practices for increasing SOC in the context of local
environmental conditions, enabling farmers to contribute to climate change mitigation and sustaining
agricultural production. However, agricultural management practices indicate that SOM is a ready source
of plant available nutrients, and tillage and stubble retention generally enhanced SOM mineralisation and
nutrient release, which varied with soil type. However, it should be noted that the increased SOC
sequestration rate that is contributed to by the increased C input can be limited at longer periods, as the
SOC would eventually reach a relatively stable threshold.

Keywords: soil organic carbon, total carbon stocks, soil quality

Introduction

Rice-wheat is the major production system covering an area of 13.5 million hectares across the
Indo-Gangetic Plains (IGP) of south Asia and feeds about 1/5th of world population
(Saharawat et al., 2010) [, But after impressive gain in production due to various inputs used
and adoption of improved agronomic practices during green revolution, now the sustainability
of the system is questionable. Conventionally grown rice and wheat are highly money, water
and energy intensive. Conventional rice requires puddling and seed bed preparation, which
needs more water and labour; and in turn breaks soil aggregates exposing the soil for oxidation
of organic carbon (Mondal et al., 2016) 321, Kumar et al. (2008) reported 8% yield reduction in
wheat yield when grown after puddled transplanted rice in comparison to wheat grown after
direct seeded rice under unpuddled condition. Conventionally grown rice-wheat leads to
depletion of SOC at the rate 0.13 t ha™! yr! from 0 to 0.6 m depth of eastern IGP (Sapkota et
al.,, 2017) 2. Declining soil health, decreasing water use efficiency and environmental
pollution are major sustainability issues of RWCS (Bhatt et al., 2016) 1. Sequestering soil
organic carbon (SOC) is the key strategy to improve soil health and mitigating climate change.
Furthermore, increased allocation of SOC into passive pools of longer residence time helps to
achieve higher carbon sequestration in soils (Mandal et al., 2008) 281, Pragmatic solution of the
aforesaid concerns is conservation Agriculture (CA), which includes practices like reduced
tillage (or no tillage), residue incorporation and crop rotation. These practices are needed to be
adopted by integrating into a set of appropriate management condition for reversing loss of
soil organic carbon (SOC).
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The interaction between climate change and the global carbon
cycle is an important aspect of the global environmental
changes (IPCC, 2007) 31, Soil is the largest pool of terrestrial
organic carbon in biosphere, storing more Carbon (C)
(Jobbagy and Jackson, 2000) 161, Therefore, the Soil Organic
Carbon (SOC) stock has an irreplaceable function in
mitigating climate change as a key component of the
biosphere carbon cycle. Meaning that changes in SOC content
significantly influence climate change and a slight change in
the SOC stocks can have a considerable effects on
atmospheric carbon dioxide concentration, contributing to
climate warming (Davidson and Janssens, 2006) (%, Changes
of the climate, particularly the temperature and rainfall have
more pronounced effects on the resident period of the SOC by
accelerating SOC decomposition offsetting a portion of the
SOC losses. However, many researches relating the climate
change to SOC are biased towards revealing the trends and
future projection changes in the SOC and its effects on the
environment, ignoring the current climatic scenarios. The
climate change is manifested by changes in temperature,
precipitation and length of the season (Smith et al., 2008) 1461,
Precipitations that are punctuated by prolonged mid-season
dry spells are now a common phenomenon in many parts of
the world and could result to detrimental effects on soil
microbial action on SOC hence soil losses through erosion.
The climatic factors affect the soil microbial activities on the
Soil Organic Matter (SOM) thereby influencing the SOM
resident period (Cox et al., 2000) [°1.

The SOC is one of the key factors influencing soil erodibility.
This is due to the positive feedback of the SOC on soil quality
as influenced by the Organic Matter (OM) (Cerda, 2000) 1.
The OM is the source of all SOC and the rate of OM
decomposition in the soil has a direct effect on the amount of
SOC present at any given time. Whilst any OM source can be
used to enhance soil aggregation and stability, a major
drawback is on ensuring selection of OM with clear and
prolonged soil stabilizing effects. Different OM may have
different effects on soil erodibility and organic carbon
resident time depending on properties of the soil in question.

Therefore, to maximize the benefits of OM in soail
conservation, there is need to explore effects of various OM
sources in stabilizing soils of different properties.

The patterns and controls of SOC storage are critical for our
understanding of the biosphere, given the importance of SOC
in the soil and the feedback to the atmosphere and the rate of
climate change. The capacity to predict and ameliorate the
consequences of climate change depends on a clear
description of SOC content and controlling of SOC inputs and
outputs (Jobbagy and Jackson, 2000) [€l, One aspect of the
organic carbon pool that remains poorly understood is its
mineralization in different soils varying in moisture. What are
the general patterns of SOC in different soils? Do the major
determinants of SOC content differ with litter quality and soil
moisture regime? How much SOC is stabilized in different
soils especially under continuously wet and alternating wet
dry soil moisture conditions and what is the effect of litter
quality on the SOC?

Assmanna et al. (2014) ™ reported that the changes in soil C
stocks and particulate organic C with NG treatment. Soil C
additions ranged from 0.54 to 8.68 Mg ha 'from NG to the
other grazing treatments. The G10 led to a soil N loss of 1.17
Mg ha 'dueto soil organic matter degradation [Fig.1 & 1b].
Nicoloso et al. (2008) 4 found values of approximately 4.5
Mg halyrtin an ICL system under no-tillage conditions.
Such amounts of continuous dry matter addition are important
to support POM-C, as well as MAC. Greater POM-C
guarantees a positive C flux to the soil, there by maintaining
or increasing soil biological activity and quality (Salton et al.,
2005) 91, Carbon stocks in the 0 to 40 cm soil layer followed
the same general pattern as for the 0 to 20 cm layer, with
greater POM-C in NF, followed by no (NG), low, and
moderate grazing intensities(G20, G30, G40), and finally high
grazing intensity (G10). The TOC stocks in this layer (110.6
Mg ha') in the native forest followed the same patter as
POM-C. The G10 was 25% lower than native forest and, on
average, 15% lower than the other grazing intensity
treatments and the non-grazed area.
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Fig 1(a): Total carbon, particulate organic matter carbon (POM-C) and mineral associated carbon (MAC) in the 0 to 20cm (A) and 0 to 40cm
(B) layer under integrated crop-livestock system in no-tillage with different grazing intensities.
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Fig 1(b): Soil organic carbon contents in soil profile under integrated crop—livestock system under no-tillage with different grazing intensities:
total organic carbon (A), mineral associated organic carbon (B) and particulate organic carbon (C).

Sheng et al. (2015) Soil labile organic C fractions, including
particulate organic carbon (POC) and its components [coarse
POC and fine POC], light fraction organic carbon (LFOC),
readily oxidizable organic carbon, dissolved organic carbon
(DOC) and microbial biomass down to 100 cm soil depth
from four typical land use systems in subtropical China.
Decrease in fine root biomass was more pronounced below 20
cm than in the overlying topsoil (70% vs. 56% for plantation
and 62% vs. 37% for orchard. respectively) driving a
reduction in subsoil labile organic C stocks. Land use changes
from natural forest to Chinese fir plantation, Chinese chestnut
orchard, or sloping tillage reduced soil organic C stocks and
that of its labile fractions both in top and subsoil (20-100 cm).
POC reduction was mainly driven by a decrease in fine POC
in topsoil, while DOC was mainly reduced in subsoil. Fine
POC, LFOC and microbial biomass can be useful early
indicators of changes in topsoil organic C. In contrast, LFOC
and DOC are useful indicators for subsoil. Reduced
proportions of fine POC, LFOC, DOC and microbial biomass
to soil organic C reflected the decline in soil organic C quality

caused by land use changes. SOC stock below 20 ¢cm depth
was also significantly reduced by 23% with the conversion to
plantation, 29% to orchard, and 40% to sloping tillage. In
total, after conversion, SOC stock in 0-100 cm soil decreased
by 26% (plantation), 30% (orchard), and 35% (sloping tillage)
[Fig. 2a]. The decrease in ROC stock through the soil depth
profile following land use change was smaller than that of
LFOC [Fig. 2b]. ROC stocks did not differ significantly
between natural forest and sloping tillage areas, suggesting
that ROC stock was relatively insensitive to land use change.
The DOC stock in the topsoil decreased by 29% and 78%
following the conversion of natural forest to plantation and
orchard, respectively, and subsoil DOC stocks decreased even
more dramatically following land use change [Fig. 2b].
Moreover, the stocks associated with the different LOC
fractions in topsoil and subsoil responded differently to land
use changes. POC decreased by 15%, 38%, and 33% at 0-20
cm depth, and by 10%, 12%, and 18% at 20e100 cm depth
following natural forest conversion to plantation, orchard, and
sloping tillage [Fig. 2c].
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Fig 2(a): Fine root biomass (left) and soil organic C stocks (right) in relation to depth and land use systems
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Fig 2(c): POC stocks and those of its components (cPOC, fPOC) in relation to depth and land use systems

Joao et al. (2014) [7] reported that the physical fractions >53
mm (i.e., LOC and POC), averaged across all soil depths,
accounted for 45%, 40%, 46% and 43% of the total soil mass
under CT, MT, NTe and CNT, respectively. As expected,
clay + silt sized (<53 pum) SOC complexes comprised of the
largest C concentrations. The MAOC concentration decreased
slightly with depth, regardless of tillage treatments, and
ranged from 23.1 to 14.9 g C kg* of bulk soil in 0-5 and 20—

40 cm depths, respectively. Although not significant, the LOC
concentrations appeared in the order MT < CT < NT¢, < CNT
in 0-2.5 cm depth. By contrast, significant differences in POC
and MAOC concentrations among tillage treatments were
observed in soil surface layer [Fig.3]. Both POC and MAOC
in 0-2.5 cm depth decreased from 12.2 and 24.9 g C kg*
under CNT to 5.9 and 19.5 g C kg™ under CT, representing a
decline of 52% and 22% in POC and MAOC, respectively.
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Fig 4(a): Changes in soil organic C stocks (Mg C ha*) to 0-20 and 0-40 cm depths under native vegetation (NV), (PE), conventional tillage
(CT), minimum tillage (MT), no-till chisel (NTch), and continuous no-till (CNT).DSOC = CNT -CT, refers to the difference between the SOC
stock of CNT and CT
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cm depth

Joao Carlos et al. (2014) ' reported that the average SOC
stock in 0-20 cm depth decreased from 94.9 Mg ha* under
NV to 62.9 Mg ha* for CT in 1989 which attained the value
of 67.8 Mg ha in 2005, a loss of "29% over 38 years since
the conversion of NV into cultivated field with the use of CT

[Fig. 4a]. The decline of SOC under CT represents a depletion
rate of 0.60 and 71.07 Mg C ha? yr? in 0-20 and 0-40 cm
depths, respectively. Although soil erosion was not measured,
the visual observation of these plots, sited on about 1-2%
slope, showed a minimal erosion impact. Thus, the depletion
in SOC is primarily related to a higher oxidation rate of SOC
under plowing (Reicosky et al., 1995) 1, Sa et al. (2001) 3
reported for a Brazilian Oxisol of the same region that SOC
loss due to the conversion of NV during the first 20 years was
1.09 Mg ha?t yr! in 0-40 cm depth. A strong correlation
between SOC and total N [Fig. 4b] is observed; emphasizing
that SOC sequestration is closely related to N accumulation.
Most of the increase in SOC stock observed in the soil under
CNT, as compared with that in the CT, was in the 0-5 cm
(38%) and the 20-40 cm (48%) layers. Based on SOC and N
stocks, the C: N ratio increased in the order of CNT (12.9) <
NTch (14.0) < MT (15.4) < CT (19.1) in 0-5 cm depth. Other
researches (Martins et al., 2011; Tivet et al., 2013b) 2% 47
have reported that the humification degree of SOC in soil
under CT can be higher than those under NT in 0-5 cm depth,
indicating a release of labile SOC under CT as a result of the
continuous and strong disruption of aggregates.
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Van-Camp et al. (2004) “® found that organic amendments
influence soil characteristics by the interdependent
modification of biological, chemical and physical properties
(Fig. 5). Also, fertility improvement through an effective
management of these properties has the capability of
optimizing crop production. Habteselassie et al. (2006a) 12
found that, over a 5-year period, the C pool was enhanced by
115% in dairy-waste compost treated soil. Moreover, the
dairy-waste compost increased organic carbon by 143 and
54% as compared with ammonium sulfate and liquid dairy-
waste treatments, respectively, applied at the same available

N level (200 kg Nha™). This C stored in the soil organic
matter accounts for approximately 11% of the total amount of
C applied. Under 7-36-year fertility experiments in five
different rice based cropping systems, the application of
organic amendments at 5-10 t ha''yr!, through farmyard
manure or compost combined with balanced mineral NPK,
increased organic carbon by 10.7% (Mandal et al., 2007) [?71,
In a rice—wheat system, farmyard manure application at 20 t
ha™! showed, after a period of 32 years, higher organic carbon
concentration of 17% compared with NPK fertilizers in the 0—
15 cm soil layer (Kukal et al., 2009) (2],

Soil organic carbon
improvement F

!

.

!
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Fig 5: Effects of increasing soil organic matter content and overall soil fertility by soil organic carbon improvement (adapted from Lal, 2006) 2]

Poeplau et al. (2017) B3 reported that the average increase in
SOC stock in the 0-30cm soil layer was 3.1Mgha or 6.8%,
with no difference between N fertilization rates. Retention
coefficients of residues did not exceed 4% and
decreasedsignificantly with increasing Nrate (R?=0.49). The
effect of Rl was higher after 20 years (4.6Mgha™) than after
40 years, indicating that a new equilibrium has been reached
and no further gains in SOC can be expected. Most (92%) of
the total SOC was stored in the silt and clay fraction and 93%
of the accumulated carbon was also found in this fraction,
showing the importance of fine mineral particles for SOC
storage, stabilization and sequestration in arable soils [Fig. 6a,
6b, 6¢ and 6d]. Lehtinen et al. (2014) 2 found an SOC
increase of 7%, averaged over several studies. Liu et al.
(2014) 2 revealed that an overall, there were significant
differences in the SOC stocks measured in the RR and RI
treatments, but these were only apparent when the results
were aggregated over all N levels. This indicates that the
treatment effect was lower than the minimum detectable
difference with four replicates (Knebl et al. 2015) I, Bol et
al.(2009) ™ found 67% and 23% of SOC stored in the clay
and silt fraction, respectively, while Christensen (2001) [
reported that 50-75% and 20-40% SOC is usually attached to
clay and silt particles, respectively, in temperate soils. Flessa
et al. (2008) ™ found 88% of SOC in the silt and clay
fraction of two German arable soils and suggested that the
main stabilization mechanism is the formation of oreganos
mineral complexes. Apart from the well-established negative
effect of tillage on soil aggregation Wiesmeier et al. (2014)
suggested that tillage might promote the formation of such
oreganos-mineral complexes due to mixing of fresh organic
material with unsaturated mineral surfaces.

Wang et al. (2017) revealed that, on a global average, the
cropland SOC density increased at annual rates of 0.22, 0.45
and 0.69MgCha! yr! under crop residue retention rates of
30, 60 and 90%, respectively. Increasing the quantity of C
input could enhance soil C sequestration or reduce the rate of
soil Carbon lose, depending largely on the local soil and
climate conditions. In general, the annual rates of change in
SOC were 0.22MgCha'yr' under Rsg, 0.45MgCha'yr!
under Reo, and 0.69MgCha'yr!' under Rgo [Fig.7a]. the
regions with higher annual C input rates (e.g., Europe and
North America) experienced higher SOC increases than the
areas with relatively lower C input rates (e.g., Oceania and
Africa) across all three crop residue retention scenarios [Fig
7b]. The quantified SOC changes were regulated by soil,
climate and management practices. The initial SOC was
significantly but negatively correlated (p =—0.20) with SOC
change, while the soil clay fraction showed a negligible
correlation [p =—0.17, Fig7b]. The selected climatic variables
displayed a negligible correlation (temperature, p =—0.18),
and a significant but negative correlation (precipitation, p =
—0.22) with SOC change [Fig. 7b]. The crop residue retention
rate showed a strong and positive correlation (p =0.34) with
the SOC change [Fig. 7b]. [Fig. 7c] presents the impacts of
crop residue retention, initial SOC content and precipitation
on SOC change. In general, crop residue retention seemed to
be linearly and positively correlated with SOC change [Fig.
7ca], whereas the initial SOC content [Fig. 7cb] and
precipitation [Fig.7cc] had negative linear effects on SOC
change. Wang et al. (2014) % %5 found positive effects of
temperature and precipitation on SOC accumulation. This is
because, in temperature and water deficient areas increased
temperature and precipitation promote crop production and
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hence increases the C input to soils, which favors SOC
sequestration.
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Fig 6(a): Soil organic carbon (SOC) stocks in the residue removed
(RR) and residue incorporated (RI) treatments under five different N
fertilizer rates
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Fig 8(a): Comparison between the soil organic carbon contents in
cropland and uncultivated soils affected by the type and application
rate of organic matters. C — Control, S1 — 1% wheat straw residue,
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Fig 8(c): Comparison between the soil organic carbon content in the
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Fig 8(d): Comparison of the means of carbon sequestration
potentials affected by the different rates of organic matter added to
the surface layer (0-7 cm) of the soils. C — control, S1 — 1% wheat
straw residue, S3 — 3% wheat straw residue, S9 — 9% wheat straw

residue, M1 — 1% FYM, M3 —3% FYM, M9 — 9% FYM

Mahmoodabadi and Heydarpour, (2014) 26 showed that the
application of organic matter, especially the farmyard manure
incorporation led to a significant increase in the final soil
organic carbon content. Higher amounts of soil organic

carbon were stored in the cropland soil than in the
uncultivated soil. On average, the soil surface layer treatment
caused a higher sequestration of soil organic carbon compared
to the whole soil depth treatment. If higher rates of organic
matter were added to the soils, lower carbon sequestration
was observed and vice versa [Fig.8a, 8b, 8c and 8d]. Rasse et
al. (2005) 61 found that organic substances originating from
crop roots were more resistant to decomposition than those of
aboveground shoot residues. In general, the accumulation of
SOC after inputs of organic matter is likely to be influenced
by their biochemical composition and decomposition rates.
Wu et al. (2008) 4, who found an increase in the final SOC
content after application of organic matter. It is obvious that
the content of SOC increased with the increasing rate of
organic matter. However, the differences observed in the SOC
content were insignificant in some cases. The application of
FYM, compared to straw residue, led to a sharper increase in
the SOC content, particularly at the higher rates. Besides, the
cropland soil exhibited higher values of the SOC content than
the uncultivated soil.

Ingram and Fernandes, (2001) 1 reported that, on average a
loss between 25 and 30% of SOC with most of the loss
occurring in the first 2-5 years. The main C sequestration
strategy should, therefore, be directed towards minimising
losses (i.e., promoting SOC protecting measures; [Fig. 9a].
Soils naturally higher in clay content generally retain more
organic matter than sandy soils. Memon et al. (2018) (%
reported that the average SOM content in 2016-2017
significantly increased (p < 0.05) by 3.08% to 17.07% under
all residue-incorporated treatments. Plots without straw
incorporation showed a decreased SOM content (1.69-3.97%)
compared with pre-treatment values under reduced and
conventional tillage methods. However, the SOM content was
higher (25.12, 24.06, 23.83, 23.80, 22.41, and 22.12 g/kg) in
the RTSieo, RTSiloo, CTSiloo, CTSiso, RTSi30, and
CTsig treatments, respectively, compared to RTns (21.10
g/kg) and CTns (20.61 g/kg). The SOM difference between
CTsigo and CTsiigo Was non- significant in the 0-30 c¢cm soil
profile depth. Moreover, SOM in the topsoil (0-10 cm) was
higher in RTsigo (26.31 g/kg) and CTsieo (24.51 g/kg) under
RT and CT, respectively [Fig.9b]. Yadav et al. (2017) 54 and
Mi et al. (2016) BBU concluded that SOM significantly
improved with the incorporation of straw into the soil profile
at depths of 0—40 cm under RWR system.
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Bhattacharyya et al. (2015) reported that plots under MBR+
DSR-ZTW + RR-ZTMB had 14% higher total SOC
concentration than TPR-CTW plots in that soil layer. Both
DSR-ZTW and DSR-ZTW + RR plots had similar total SOC
concentrations and the values were similar to TPR-ZTW and
TPR-CTW plots in that soil layer [Fig. 10a]. The results thus
explicitly indicated that DSR-ZTW or DSR-ZTW + RR
managements regimes were incapable of increasing total SOC
by an appreciable amount after three years and some
additional residues (in the form of brown manuring/mungbean
residues in this experiment) were required. Again, three years
of MBR+ DSR-ZTW + RR-ZTMB management practice did
not significantly increase total SOC concentrations in the 5-
15cm soil layer [Fig.10b].

Adoum et al. (2017) [ revealed that SOC and soil inorganic
carbon (SIC) stocks show a spatial variability between
polders. SOC stocks were t0 200 +0.8; tgo 183 + 34; and tgs
189 + 1.1 MgCha, whereas the SIC stocks were negligible.
These results show the highest stocks of soil carbon observed
for this climatic region. The SOC stocks were also calculated
for the equivalent soil mass at a defined depth (0-0.3 m); the

corrected calculation of SOC stocks (Scorr) for 2450 Mgha of
equivalent soil mass is t0 64 £1.9, teo 59 + 9.8, and tgs 53 *
2.2 MgCha; the stocks decrease by -7.8% and -17.2% from
t0 to teo and tes [Fig.11a and 11b]. Cheverry et al. (1972) [
showed that the youngest organic sedimentation produced
clayey—peaty horizons. Organic matter, based on the study of
thin sections, was inherited from the sedimentation of vegetal
residues provided by lacustrine floating vegetation, as
observed in the central part of the lake. Zhang et al. (2015)
%1 revealed that the average retention of maize-derived carbon
plus manure-derived carbon during the early period of the
trial (up to 11 years) was relatively high (10%) compared to
the later period (22 to 27 years, 5.1-6.3%). About 11% of
maize-derived carbon was converted to soil organic carbon,
which was double the retention of manure-derived carbon
(4.4-5.1%) [Fig. 12 a to 12d]. This implies that adequate
mineral fertilizer application is necessary to stabilize and
maintain soil organic carbon levels in intensive maize
cropping systems.

ODSR-ZTW ODSR-ZTW+ RR
@DSR + BMZTW oDSR + BM-ZTW + RR
mMBR + DSR-ZTW-ZTMB BMBR + DSR-ZTW + RR-ZTMB
BTPR-ZTW ATPR-CTW
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~ ns
g’ 8 1 A‘A,(‘A
9 X0
061 ?N““
9 &%
6 x>1‘,'
327 o
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Fig 10(a): Impacts of resource conservation technologies on total
soil organic carbon concentration after three years of rice—wheat
cropping. TPR- CTW: puddle-transplanted rice-conventionally tilled
wheat; DSR-ZTW: direct-seeded rice (DSR)-zero-till wheat (ZTW);
BM= brown manuring; MBR = mung-bean (green-gram residue);
RR = rice residue; ZTMB= zero-tilled mung-bean (green gram)
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Zhao et al. (2018) 1 reported that straw returns significantly
increased the SOC content in each soil aggregate size class
relative to no straw return. The order of SOC fractions with
respect to SOC content was mSOM > fine iPOM > coarse
iPOM > free LF. Straw return significantly increased the C
stock in iPOM and mSOM relative to the control. Coarse
iPOM was the most sensitive indicator of C change and
mSOM was the main form of SOC under long-term straw
return. The SOC content of each aggregate class in the 0-20
cm layer was significantly higher than that in the 20-40 cm
layer [Fig. 13a]. Increases in the SOC content of aggregate
fractions were highest in MRWR, followed by MR, and
finally WR [Fig. 13a]. All three straw return treatments (MR-
WR, MR and WR) largely improved the SOC stock in each
aggregate fraction in the 0-20 cm depth; increases were
highest in MR-WR, followed by MR, and finally WR [Fig.
13b]. In the 20-40 cm layer, the SOC stock of small macro-
aggregates significantly increased in MR-WR, but the SOC
stock in the silt plus clay fraction decreased relative to other
three treatments. Straw return treatments, particularly MR-

WR, increased the proportions of mSOM and fine iPOM
within  small macro-aggregates and micro-aggregates,
especially in the 0-20 cm layer [Fig. 13c]. The carbon content
of iPOM was much lower at 2040 cm than at 0-20 cm [Fig.
13c]. Continuous straw return, particularly MR-WR, also
greatly increased the proportions of mSOM-C, iPOM-C and
free LF-C [Fig. 13d]. In both the 0-20 and 20-40 cm layers,
mSOM-C contributed to the majority (67.0-71.9% and 86.3—
89.6%) of the total SOC stock within small macro-aggregates
and micro-aggregates [Fig. 13d]. In the 0-20 cm layer,
mSOM-C was 31%, 13.6% and 5% higher in MR-WR, MR,
and WR relative to the control, respectively [Fig. 13d]; in the
20-40 cm depth, the corresponding values were 13.2%, 6.1%
and 2.8%. In the 0—20 cm layer, iPOM-C was 75.9%, 36.7%,
and 33.3% higher in MR-WR, MR and WR relative to the
control, respectively; in the 20-40 cm layer, the
corresponding values were 30.7%, 7.1%, and 8.9%. Free LF-
C was 30.8%, 5.1%, and 3.8% higher in MR-WR, MR, and
WR relative to the control, respectively; in the 2040 cm
layer, the corresponding values were 74.5%, 35%, and 56.4%.
Therefore, straw return had much greater impact on the
proportions of mMSOM and iPOM compared with that of free
LF, and the iPOM fraction was the most sensitive to different
straw return modes and soil depth. Samahadthai et al. (2010)
11 reported that lower quality residues enhanced the free LF
pool, whereas higher quality residues promote heavy SOM
fractions. Fine particulate OC of small macro-aggregates
tended to increase with increasing straw input in the 0-20 cm
layer indicating that increased straw input is conducive to the
formation of micro-aggregates due to the positive role of
intra-POM on the formation and stability of micro-aggregates
(Six and Paustian, 2014) [*3],

Shahid et al. (2017) revealed that as compared to the initial
(13.7 Mg ha), the SOC stock in 0-15 cm depth increased
under all the fertilized treatments during 41 year period in the
order: NPK + FYM > N + FYM > NPK > FYM > N > control
[Fig. 14a]. Thus the rate of increase in SOC stock due to
fertilizer application alone varied between 57 and 89 kg ha
yr!, while for FYM addition the rate of increase was 61 to
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138 kg ha? yr?, highest being in NPK + FYM [Fig.14a]. 250 | mmSOC stock 2010

Campbell et al. (2005) B! reported that fertilization of ——TInitial SOC stock
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Zhang et al. (2017) ®° found that application of inorganic
fertilizer, straw, straw with inorganic fertilizer, manure, and
manure with inorganic fertilizer increased soil microbial
biomass carbon (Cmic) concentration, while nitrogen-only (N)
and nitrogen plus manure (NM) decreased soil microbial
biomass nitrogen (Nmic) concentration compared with control
(no fertilizer application). Many inorganic fertilization
treatments (NPK, NP, and PK), NPKS and all manure
fertilization treatments (NPKM, NPM, NKM, NM, and M)
had significantly positive effect on Cnic, other fertilization
treatments had either significantly positive or insignificant
effect on Cnic [Fig. 15a]. The greatest MD in Nmic occurred
under NPKS and NPKM treatments, both with increases in
Nmic of 1.41 mg kg, while the lowest significant MD was
obtained under NPK treatment, with an increase of 0.29 mg
kg compared with that of the control treatment. The Nmic
values for NPKS and NPKM treatments were significantly
higher than that of NPK treatment [Fig. 15b]. The differences
in means (Cmic or Nmic concentration) among different
fertilization treatments decreased with experimental duration,
and Nmic concentration decreased with increase in N rate
[Fig.15 ¢ & 15d].

Jian et al. (2016) 1 also found that N acquisition enzymes
(N-acq) Were significantly reduced when the N rate was more
than 150 kg ha? yrt. Likewise, Kallenbach and Grandy
(2011) reported that the highest N rate (more than 200 kg ha
yrt) led to the greatest Cmic and moderate N application (100
200 kg ha yr?) resulted in the highest increase in Nmic
through meta-analysis [Fig.16 a & 16b]. Lupwayi et al.
(2012) I°1 also reported that Nmic decreased when N exceeds
the recommended values (50-80 kg N ha?). Therefore, N
fertilizer applied at the agronomically recommended rate
probably would not have negative effects on SMB [Fig.16¢c &
16d]. Xu et al. (2018) %1 reported that the SOC, SMBC,

SMBN contents, and the SMQ in the paddy field were highest
in the LOM and HOM treatments, followed by the RF
treatment, at the main growth stages of early and late rice
[Fig.17 a, 17b & 17 c]. However, in early and late rice, the
SMBC content in the paddy field at late growth stages was
higher than at early growth stages. The highest SMBC content
in the paddy field with five fertilization treatments was at the
heading stage, and it then decreased at the mature stage of
early and late rice. At the heading stage, in comparison with
the CK treatment, the SMBC content in the paddy field
increased by 144.34, 190.61, 330.84, and 365.90 g kg™ under
the MF, RF, LOM, and HOM treatments, respectively, in
early rice. It increased by 145.36, 191.60, 331.86, and 359.93
g kgl under the MF, RF, LOM, and HOM treatments,
respectively, in late rice [Fig.167]. Liu et al., 2014) [
observed that incorporation of organic matter into paddy soils
increases the supply of valuable soil nutrients, SOC, and soil
microbial biomass contents. Lu et al. (2018) [/ also found
that throughout the rice growth period, the SMBC and SMBN
contents increased along with the advance in rice growth
stages. The SMBC and SMBN contents were higher under the
MF, RF, LOM, and HOM treatments at the heading stage of
rice. This could be due to organic matter decomposing and
providing a large amount of available substrates for soil
microbial growth. Compared with early growth stages, the
SMBC and SMBN contents were lower at the mature stage of
rice; the reason may be that plant root exudation decreased
along with the soil drainage practiced at mature rice stages.
Moreover, in early and late rice, the SMBN content in the
paddy field under five fertilization treatments was higher at
the heading stage than at the other stages [Fig.17c]. Liu et al.
(2017) 24 reported that combined application of chemical
fertilizer and organic matter is the best way to increase SOC,
SMBC, and SMBN contents, soil quality of rice.
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Fig 15(a): Mean differences in soil microbial biomass (&) carbon (Cmic) and (b) nitrogen (Nmic) for different fertilization treatments. The
fertilizers considered were N, mineral nitrogen fertilizer only; NP, mineral nitrogen and phosphorus fertilizers; NK, mineral nitrogen and
potassium fertilizers; NPK, mineral nitrogen, phosphorus and potassium fertilizers; S, straw return only; NS, mineral nitrogen plus straw return;
NPS, mineral nitrogen and phosphorus plus straw return; NPKS, mineral nitrogen, phosphorus, and potassium plus straw return; M, manure
only; NM, mineral nitrogen plus manure; NPM, mineral nitrogen and phosphorus plus manure; NKM, mineral nitrogen and potassium plus
manure; NPKM, mineral nitrogen, phosphorus, and potassium plus manure.
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Fig 15(b): Mean differences in soil microbial biomass (a) carbon (Cmic) and (b) nitrogen (Nmic) change for different cropland regions
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Fig 15(c): Mean differences in soil microbial biomass (a) carbon (Cmic) and (b) nitrogen (Nmic) for different experimental duration
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Fig 15(d): Climatic, edaphic and experimental conditions effects on soil microbial biomass (a) carbon (Cmic) and (b) nitrogen (Nmic) under N
fertilization.
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Fig 16(a): Climatic, edaphic, and experimental conditions effects on soil microbial biomass (a) carbon (Cmic) and (b) nitrogen (Nmic) changes
under NPK fertilization
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Fig 16(b): Climatic, edaphic, and experimental conditions effects on soil microbial biomass (a) carbon (Cmic), and (b) nitrogen (Nmic) changes
under manure fertilization
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Fig 16(c): Climatic, edaphic, and experimental conditions effects on a soil microbial biomass (a) carbon (Cmic) and (b) nitrogen (Nmic) changes
under NPKM fertilization
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Fig 16(d): Climatic, edaphic, and experimental conditions effects on soil microbial biomass (a) carbon (Cmic), and (b) nitrogen (Nmic) changes
under NPKS fertilization
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Fig 17(a): Effects of different long-term fertilization treatments on Fig 17(c): Effects of different long-term fertilization treatments on
soil organic carbon content in a paddy field at main rice growth soil microbial bl_omass n|tr.o_gen in a paddy flgld at main rice growth
stages. MF = mineral fertilizer alone; RF = rice straw residues and stages. MF = mineral fertilizer alone; RF = rice straw residues and
mineral fertilizer; LOM = 30 % organic matter and 70 % mineral mineral fertilizer; LOM = 30 % organic matter and 70 % mineral
fertilizer; HOM = 60 % organic matter and 40 % mineral fertilizer; fertilizer; HOM = 60 % organic matter and 40 % mineral fertilizer;
CK = without fertilizer input; SS = seedling stage; TS = tillering CK = without fertilizer input; SS = seedling stage; TS = tillering
stage; JS = jointing stage; HS = heading stage; MS = mature stage. stage; JS = jointing stage; HS = heading stage; MS = mature stage.
0 ) Naresh et al. (2018) [l showed that, soil organic carbon
1200 coprce 3L buildup was affected significantly by tillage and residue level

in upper depth of 0-15 cm but not in lower depth of 15-30 cm.
Higher SOC content of 19.44 g kg* of soil was found in zero
tilled residue retained plots followed by 18.53 g kg* in
permanently raised bed with residue retained plots. Whereas,
the lowest level of SOC content of 15.86 g kg™ of soil were
found in puddled transplanted rice followed by wheat planted
under conventionally tilled plots. Zero tilled residue retained
plots sequestrated 0.91gkg?yr! SOC in the year 2015-16
which was 22.63% higher over the conventionally tilled
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Fig 17(b): Effects of different long-term fertilization treatments on of macro aggregates by relatively frequent and deep plowing
soil microbial biomass carbon in a paddy field at main rice growth of the soil. It is of prime importance to increase or preserve

stages. MF = mineral fertilizer alone; RF = rice straw residues and
mineral fertilizer; LOM = 30 % organic matter and 70 % mineral

fertilizer; HOM = 60 % organic matter and 40 % mineral fertilizer; _l?_lobli)glcle_ll qCuaIItIeS Of.the SO'L' giff i .
CK = without fertilizer input; SS = seedling stage; TS = tillering aple 1. Concentrations of different soil organic matter

stage; JS = jointing stage; HS = heading stage; MS = mature stage. carbon fractions fPOM and cPOM at different soil depths as

the soil organic matter content for the physical, chemical and
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affected by tillage and nutrient management to the continuous
RW cropping system [Naresh et al., 2018] [,

** Different letters within columns are significantly different
at P=0.05 according to Duncan Multiple Range Test (DMRT)
for separation of means. WSC = water soluble carbon, MBC
= microbial biomass carbon, LFC = labile fraction carbon,
cPOM = coarse particulate organic carbon, fPOM = fine
particulate organic carbon

Conclusion

Stability of soil organic matter and soil organic carbon stock
in the rice-wheat cropping system increased by combined
application of organic matter with inorganic fertilizer. It is
noteworthy that application of organic matter to maintain soil
fertility and yield achieved by combined application of
organic matter and mineral fertilizer. That is, combined
application of organic matter with mineral fertilizer is a
benefit in sustaining or increasing SOC in a rice-wheat
cropping system. Furthermore, the long term application of
rice straw residues is another important way to increase
stability of soil organic matter and soil organic carbon stock
in the rice-wheat system field; therefore, the significance of
the practice of returning rice straw residues to the wheat field
should be emphasized. The increase of SOC was attributed to
the amendments of crop residues and organic manure, the
augment of synthetic fertilizer application and the optimal
combination of nutrients, and the development of no-tillage
and reduced-tillage practice. Results have very significant
implications for soil C sequestration potential in semiarid
agro-ecosystems of western Uttar Pradesh of India. SOC
concentration in surface soil (0-15 cm) and SOC storage of
the profile (0-30 cm) were slightly increased by the long term
fertilizer treatments, but they were sharply increased by the
manure and straw amendment (VC, 50%RDF+ VC @ 5tha!
and 100% RDF+ VC @ 5tha?). Results were additive with
higher rates of organic manure resulting in further beneficial
effects. The effect of SOC stock is primarily attributed to its
ability to act as a source of nutrients for crops, increase in
plant available water capacity, improved soil biological
activities enhancing plant nutrition, and to favorable soil
structure and other physical properties. Thus, there could be a
trade-off between enhancing SOM mineralization and nutrient
release via tillage, to support plant growth, versus increasing
their storage in less disturbed systems, which could further
vary with soil types and climatic conditions.
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