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Long term conservation tillage and organic nutrient
managements foster the biological properties and
carbon sequestering capability in rice-wheat rotations
of NWIGP: A review
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Abstract

Poor soil fertility and soil degradation induced by persistent conventional farming with repeated tillage
and removal or in situ burning of crop residue are major limitations to food security and environmental
sustainability. However, degraded agricultural lands with depleted soil organic carbon (SOC) stocks are
capable of soil carbon restoration through improved management practices like aggregation, humification
and deep placement of C that can increase SOC sequestration. The fate of SOC in cropland soils plays a
significant role in both sustainable agricultural production and climate change mitigation. Tillage systems
can influence C sequestration by changing aggregate formation and C distribution within the aggregate.
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 and increased enzyme activities, which potentially
influence soil nutrients dynamics under field condition. Compared to F1 control treatment the RDF+FYM
treatment sequestered 0.28 Mg C halyr? whereas the NPK treatment sequestered 0.13 Mg C halyr?. 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. Increased SOC stock in
the surface 50 kg m2 under ZT and PRB was compensated by greater SOC stocks in the 50-200 and 200-
400 kg m2 interval under residue retained, but SOC stocks under CT were consistently lower in the
surface 400 kg m. Soil carbon (C) pools and biological indicator plays an important role in maintaining
soil quality. Vermicompost + NPK treatment recorded the highest oxidizable organic carbon (0.69%),
dissolved organic carbon (0.007%) and microbial biomass carbon (0.01%), followed by FYM + NPK,
GL + NPK and RS + NPK as compared to control. Rice straw + NPK sequestered the highest amount of
carbon dioxide (COz) as the total organic carbon (91.10 t ha't) and passive pool of carbon (85.64 t ha't),
whereas VC + NPK resulted in the highest amount of CO2 (10.24 t ha') being sequestered as the active
pool of carbon, followed by FYM + NPK (8.33 t ha') and GL + NPK (7.22 t ha't). The soil microbial
biomass carbon significantly varied across the treatments from 129.4 to 412.1 ug g ' which comprises
2.4 to 4.4% of the SOC. The highest bacterial count (8.95 log cfu g !soil) was recorded in
RDF + Azolla treatment, whereas fungal count was the maximum (7.47 log cfu g~' soil) in RDF + FYM
treatment. All the enzymatic activities responded significantly to the INM practices, but the trend of
response was different for different enzymes. The highest dehydrogenase (223.6 ug TTF g soil 24 h™!)
and urease (4.1pg NHs-N g'soil 2h7') activities were recorded in RDF + Azolla, while
phosphomonoeaterase (337.4 pg p-nitrophenol g~! soil h™') and fluorescein diacetate hydrolysis (10.0 ug
fluorescein g' soil h™!) activities were found to be the maximum in RDF + FYM. However, Total
organic carbon input of soil was increased by 10.2 - 23.3 kg Chatyr?, and increment rate in the appended
manure treatments were much higher than those in the control and inorganic fertilizer treatments. Soil
organic carbon retention in the topsoil (0 - 20 cm) decreased by 0.11 - 0.14 tha™yr! in the control, N and
NP treatments; nevertheless, soil organic carbon sequestration rates varied from 0.03 to 0.20 thayr? in
the NPK and appended organic manure treatments. Adding carbon materials to soil is thereby not directly
sequestration, as interaction of appropriately designed materials with the soil Microbiome can result in
both: metabolization and thereby non-sustainable use of the added carbon, or-more favourably-a
biological amplification of human efforts and sequestration of extra CO2 by microbial growth.

Keywords: Conservation tillage, carbon sequestration, enzymatic activity, microbial activity

Introduction

There is an increase in atmospheric C concentration by 31% which is 270 £ 30 Pg since
industrial uprising due to the change in land use patterns. Depletion of SOM has contributed
up to 78 + 12 Pg in the atmosphere. Agricultural soils have lost two-thirds of the original SOC
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with a cumulative loss of 30-40 Mg C ha™!. Atmospheric C
removal and storing it in the soils is one of the best options.
From soils, agricultural soils are thought to be a major sink
and can sequester more and more quantities of C if we adopt
agro-forestry. It has received widespread credit due to its
advantages of helping in agricultural sustainability CC
mitigation (Lal, 2004) B4, The CS potential of agro-forestry
systems is estimated between 12 and 228 Mg ha™'. So, based
on the Earth’s total suitable area for crop production, which is
585-1215 x 10° ha, a total of 1.1-2.2 Pg C can be sequestered
in the agricultural soils in the next 50 years (Albrecht and
Kandji, 2003) . Overall, the agriculture sector has a great
potential for CS in the soil as well as in crop plants. Changes
in agricultural practice and managements can also result in
enhanced CS in them. It is presumed that if we change the
management practice, it will result in decreased crop yields
but the net C flux can be greater under the new system. It will
only happen when crop demand remains the same and
additional lands are brought into production. Conversely, if
increasing crop yields lead to land abandonment, the overall C
savings from changes in management will be greater than
when soil CS alone is considered (West and Marland, 2003)
159, Application of organic amendments and N fertilizer incurs
C emissions to the atmosphere, which must be deducted by
increasing SOM. Application of manures is important for
maintaining agricultural soil health (Baker et al., 2007) ["],
Intensive agriculture can guarantee food security worldwide,
but at the cost of detrimental effects on soil health (Palm et
al., 2014). Long-term application of nitrogenous fertilizers
may cause several problems like lowering soil organic carbon
(SOC), increasing soil acidification and poor physical
properties (Celik et al., 2010) 2, as it has been observed in
several long-term experiments (Nambiar, 1994) B8 while the
integration of organic sources sustains the productivity
(Baishya et al., 2015) Bl. Although organic and inorganic
fertilizers are used primarily to increase nutrient availability
to plants, they can affect the population, composition, and
function of soil microorganisms (Marschner et al., 2003) (%,
Farmyard manure (FYM), crop stubbles, and Azolla represent
important sources of organic matter in rice —wheat crops
managed under integrated nutrient management (INM)
systems (Baishya et al. 2015) ! and are likely to maintain C
level sustaining the soil health under long-term (Benbi and
Senapati, 2010) (9, For assessing the effects of agricultural
practices on soil quality, the microbial community has been
considered as an important indicator because a shifting in
their community structures is coupled with changes in soil
quality (Sun et al., 2015) B2 Although the soil quality
depends on several soil parameters, biological processes are
the most sensitive and significant (Drobnik et al., 2018) 24,
The role of soil organisms is crucial, because they are
responsible of organic matter decomposition, nutrient cycling,
soil fertility and quality for which maintaining high levels of
microbial diversity in soil is the key for sustainable
agriculture (Bunemann et al., 2018) (!4,

Soils’ microbial diversity is considered important for
ecosystems’ functioning, both in relation to direct interactions
with plants with respect to nutrient transformations and
organic C cycling (Adak and Sachan, 2009) [,
Notwithstanding the changes in SOC pool and nutrient
transformations caused by soil micro-organisms, cropping
systems are known to influence soil microbial biomass and its
diversity which impacts enzyme activity in soil (Sharma et
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al., 2019) B, Soil enzymatic activities are referred as
‘sensors’ of soil degradation as they manifest the physico-
chemical conditions of soil and are indicators of its microbial
status (Baum et al., 2003) . Soil microbial biomass is
considered more reactive than the SOC to depict changes
occurring in soil environment (Benbi et al., 2015) L. Indeed,
the impacts of soil management induced changes are more
readily discernible via soil microbial biomass and the
enzymatic activity (Sharma et al., 2019; Benbi et al., 2015) 5
%, There exists a direct linkage between seasonal fluctuations
in soil microbial biomass, which in turn influences soil
organic matter turnover as well as nutrient cycling in soils.
Soil enzymatic activity is highly sensitive to the change in soil
environment, and is therefore, necessary to understand the
mechanisms of SOC dynamics.

The functional potentialities of microorganisms are indicated
by the soil microbial biomass and enzymatic activities in soil.
Estimation of SMBC is considered as the most sensitive and
important biological indicator for assessing both short as well
as long-term changes in soil fertility and quality
(Bakhshandeh et al., 2019) €1, although it comprises only 1—
5% of the total organic carbon (Malik et al., 2018) B4, Soil
enzymes are important for their intimate relationship to soil
microbial activities (Ramirez et al., 2012) 3, which directly
affect soil stability and fertility, and are strongly involved in
the dynamics of soil nutrient transformations and soil quality
(Dick, 1994) [,

Conservation tillage operations have often been reported to
enhance soil organic carbon sequestration whereas
simultaneously mitigate the carbon (C) emissions associated
with agricultural inputs such as fertilizers and on-farm fuels
(West and Marland, 2002) 581, However, there is considerably
uncertainty in the estimation of the carbon sink/source of an
agricultural system. For example, Snyder et al. (2009) 31 has
showed that the agricultural fields not only are a carbon sinks
but also a carbon source because of the application of tillage
and fertilizer treatments. Tillage and fertilizer methods always
support food, energy, and air for the development of soil
organisms, thus increasing the decomposition rate of residues
and soil respiration and ultimately resulting in that the stable
soil organic carbon is awkward (Wang et al., 2009) [l
However, Zhao et al. (2010) 31 also found that the carbon
uptake of a farmland in China’s coastal areas is significantly
higher than that of C emissions. Chen et al. (2015) showed
that rotary tillage with straw incorporation and no tillage with
straw mulching display a C sink, while moldboard plow
tillage with or without straw shows a carbon source in paddy
soil

Carbon loss from soil does not only hold important
ramifications for global climate change but also has massive
effects on global food security (Lal, 2004) B2, It was claimed
that the world will face a severe food crisis unless food
production is increased by 60~110% from 2005 to 2050
(Tilman et al., 2011) B while at the same time, arable soil
fertility is constantly decreasing due to over-farmed land
substantially losing soil organic matter (SOM) and the
essential nutrients that adhere to SOM. Previous
investigations have revealed that SOM depletes for various
reasons, €.g., soil erosion due to large scale reclamation (Lal,
2004) B2 improper plowing, and excessive use of fertilizers
(Oost et al., 2007) 1 even a warming climate. Consequently,
new techniques that enable to enrich soil carbon have to
become first priority in worldwide science to ease the food,
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and climate crisis that will occur in the future has already
started. Holistic production-management systems that
promote and enhance agro-ecosystem health are necessary, in
order to protect our soils while maintaining high productive
capacities contributing to ecological, economic and social
sustainability. We hypothesize that the rice—wheat cropping
system play a crucial role in regulating soil biology and
biochemical changes due to change in soil microbial biomass
and enzymatic activities which are function of soil C pools
that alters differentially under different organic nutrient
management. The objectives of the present review study were
(i) to decipher the respective soil C pools, enzymatic activity
and their relationship with chemical and microbial properties
of soils under rice—wheat cropping systems, and (ii) to use
them as a potential soil health indicator as a quick tool to
frame a strategy to enhance C storage for mitigating the
accelerated environmental degradation due to rice—wheat
cropping in the NWIGP.

Longer-term SOC storage

Soil organic matter is the complex organic substances
consisting of organic residues, humic substances, microbial
bodies that undergo decomposition at various stages. It
influences plant growth and yield by improving soil structure
and acts as a reservoir of plant nutrients containing 2.5 Eg
carbon (1Eg = 10'® g). The formation of the clay-humus
complex increases the buffering capacity of the soil and forms
stable complexes with some metals to make them available
for plant uptake. Soil carbon is mainly present as organic
matter or humus and varies from 1% (coarse-textured soil) to
3.5% (grassland). But Indian soils are deficient in SOC due to

http://www.thepharmajournal.com

prevalence of the tropical, sub-tropical, arid and semi-arid
climatic condition, persistent tillage practice, non-judicious
use of agrochemicals, removal of crop residue from land etc.
Mineral-associated SOC storage depends on availability of
appropriate sink minerals. Saturation takes place when the
store of suitable minerals has been utilized, and leads to
particularly low CSEs in some soils (Chenu et al., 2019; Lal,
2018) 13 331, Basalt weathering supplies abundant Ca, Mg, Al
and Fe to the soil surface layer providing mineral surfaces for
the formation of mineral associated SOC, and improving soil
aggregation (Kallenbach et al., 2016) B [Fig. 1b]. Biochar
application does not increase the mineral surface sink, but it
can increase the conversion efficiency of rhizodeposits into
mineral-associated SOC decrease SOC degradation and foster
the formation of micro-aggregates that promote further SOC
stabilization (Fig. 1b).

Tang et al. (2022) 54 also found that carbon monoxide (CO),
a minor, but relevant C-related gas emitting from soil is
delivered by the abiotic degradation of carbohydrates and
lignin from plant litter. The incomplete chemical oxidation of
organic C in soil at low oxygen partial pressures is an
additional path of CO formation and release. Biotic reduction
of CO; is another source of CO in soil, which is performed by
anaerobic bacteria, e.g., sulfate-reducing bacteria or
methanogenic bacteria (Figla). CO is also a well-known
energy source for the growth of microbes. In
carboxydotrophic bacteria operate by oxidizing CO with H,O
to CO; and 2H*+2e" and depend on CO dehydrogenase
(CODH). Pseudomonas carboxydovorans (Conrad and Seiler,
1980) 171,

How to manage soll carbon sink from microbial perspective
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Fig 1a: Schematic diagram of microbial involvement in carbon emissions [Tang et al., 2022] 54
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Fig 1b: Relative Carbon Sequestration Efficiency (CSE) of above- and belowground plant carbon into stable forms of soil carbon. (a)
Conventional cropping systems, (b) system with plant shoot pyrolysis (+ biochar soil application) and management of microbial composition and
(c) system with mineral doping of feedstock [Source: Buss et al., 2021]

Cheng et al. (2018) %1 revealed that crop biomass carbon was
increased by 39.9 to 77.2% compared to unfertilized control
due to thirty-three years fertilizer application in the rice-wheat
cropping systems. The unfertilized control had the lowest
biomass carbon, whereas crop biomass carbon was the highest
in the hMNPK treatment. Annual crop biomass carbon was
generally higher with manure combined with chemical
fertilizer compared to chemical fertilizer or manure alone
treatments. Averagely, annual crop biomass carbon was 5 t ha
1in N treatment, approximate 6 tha® in NP, NPK, M

treatments, and approximate 7 tha in MN, MNP, MNPK,
hMNPK  treatments. However, averagely, the lowest total
carbon input was 1.44 thalyr! in the control treatment,
whereas the highest one was 5.80 t halyr?! in the hMNPK
treatment. The average annual carbon inputs in the manure
treatments (M, MN, MNP, MNPK, hMNPK) were 1.95 to
2.74 times of that in the NPK treatment (2.12 thalyr?).
Moreover, Soil organic carbon declined at a rate of 30.1, 21.9,
and 14.1 mg kg* carbon in the control, N, and NP treatments
every year, respectively. Applications of organic manures
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combined with inorganic fertilizers (MN, MNP, MNPK,
hMNPK) significantly increased soil organic carbon contents
compared to the corresponding application of inorganic
fertilizers alone (N, NP, NPK). The balanced application of
the NPK fertilizer increased soil organic C contents in
comparison to the unbalanced application of inorganic
fertilizers (N, NP).

Sharma et al. (2020) ¥ reported that the recalcitrant C (Fract.
4) was significantly higher in uncultivated, compared with
cultivated soils under rice-wheat and cotton—wheat system.
The cultivated soils under rice-wheat had significantly higher
(64.8%) recalcitrant C pool, compared with soils under
cotton— wheat cropping system. Relative preponderance of
these four fractions of variable oxidizability in the
uncultivated and cultivated soils follows an order: Fract.
1<Fract. 2<Fract. 3<Fract. 4. The Fract. 1 was the smallest
fraction, comprising 12.4%-16.8% of TOC; and was
significantly higher in the uncultivated, compared with
cultivated soils (Fig. 2a). The stable C pool (Fract. 3+Fract. 4)

http://www.thepharmajournal.com

comprised 68.8% of TOC in the uncultivated soils, compared
with 68.5% in rice— wheat, and 61.9% in cotton—-wheat soils.
However, microbial quotients contributed maximum to SQI of
soils under cotton—wheat (0.297) followed by rice—wheat
(0.293) and the minimum in the undisturbed soils (0.264). The
relative order of contribution of the selected indicators
towards SQI was 47.7% for BSR, 36.4% for microbial
quotients, 15.9% for Fract. 2 (Fig. 2b). There occurs a rapid
conversion of organic inputs and labile C to stable forms with
longer persistence under favorable conditions of moisture,
root biomass and minimum soil disturbance. Intense tillage
disrupts soil structure to expose soil organic matter
encapsulated in macro-aggregates. The conventional tillage
accelerates oxidation of soil organic matter by soil microbes
due to change in moisture and aeration status influencing soil
microbes and microbial activity (Doran and Smith, 1987) [20,
It impacts TOC pool when the undisturbed lands are
converted to arable agriculture under intense tillage (Saviozzi
et al., 1994) 71,

80 4
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EoR T
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124%, 2
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Fig 2a: Distribution of soil organic carbon fractions of varying oxidizability (as % of total organic carbon) surface (0—15 cm) layer of cultivated
soils under rice—wheat cropping system and uncultivated soils [Source: Sharma et al., 2020] [58],

RS
% Fract, 2
Sqmic

3o 4%

47.7%

it

15.9% _—

Fig 2b: Soil quality indicators towards soil quality index (SQI) of
cultivated soils under rice—wheat cropping system and the
uncultivated soils [Source: Sharma et al., 2020] [%81,

Ghosh et al. (2021) 24 also found that NPK only and all
organic manure + NPK treatments showed increases in other
carbon fractions over control. Accordingly, the TOC content
was highest (2.81%) in plots the received RS + NPK. The
increase was 79% greater than the initial TOC of the soil.
Although the other organic manures such as GL + NPK, FYM
+ NPK and VC + NPK showed significant increases in TOC
content compared to the control, no significant differences
were observed among them. Oxidizable organic carbon and
DOC values significantly improved for all organic manure
plots compared to control. Vermicompost + NPK plots had
the highest OOC (0.69%) and DOC (0.007%) values
compared to the control, whereas plots that received NPK
only had the lowest OOC (0.51%) and DOC (0.004%)
(Fig.3a). Further, OOC and DOC significantly increased in
FYM + NPK, GL + NPK and RS + NPK plots compared to
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control. The MBC values in soil (0-15 cm depth) significantly
increased with the application of organic manures. The
highest increase in MBC was observed in VC + NPK plots,
while chemical fertilizer plots had the lowest values compared
to the control. In addition, increases of MBC followed the
order of FYM + NPK (27.4%), GL + NPK (26.4%) and RS +
NPK (20.3%). Further, MBC values increased by 9.1 and
13.5% in the control and NPK only plots, respectively, over
the initial content (Fig.3a).

http://www.thepharmajournal.com

However, carbon sequestration in terms of both TOC (91.11 t
ha'l) and PPC (88.74 t ha') was highest in RS + NPK plots as
compared to that of control. Plots that received chemical
fertilizer only sequestered 19.02 and 16.84% CO, in TOC and
PPC pools, respectively, compared to control (no fertilizer)
plots (Fig. 3b). The highest CO, sequestration (21.01 t hal)
rate in the APC pool was observed in VC + NPK plots,
followed by FYM + NPK (18.23 t ha) and GL + NPK (16.47
t ha).

4000 1
r Il TOC P p
L =3 ooc ( q g ¢ -
3.000 - 1 q 1 q
. mmooc .
[ MBC ]
r I APC
000~
2007 o prc _
8 T p
E 1.000 X . . q r
E i s r q I
o 7 |
o005y /
g ‘ q q 2
. : s
0010 | )
L t
0005

S >
- e Q" ) bx @x W
‘_'}{D {\bb\ Q“\ &é)’-'
& o e
Q}" L&) o

i

_‘hiv
Treatments

W

Fig 3a: Effects of treatments on different pools of organic carbon (%) in the rice rhizosphere soil [Source: Ghosh et al., 2021] (24
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Héring et al. (2017) also found that the continuous manure
fertilization in FP plots significantly increased SOC stocks by
0.76 kg m~2 per year. Over two years, C input by manure was
2.4 kg m2. Interestingly, measured SOC increase was only
slightly lower than the amount of applied manure-C. After 0.5
years, 89% and after two years 82% of the applied manure C
were found in the SOC stocks of FP plots. After 1.5 years,
SOC stocks of FP plots exceeded those of BC plots. SOC
stocks in control plots were lowest, but slightly increased,
similar to BC plots, beyond 0.5 years. Relative to the control,
BC plots had only 31 + 15% higher SOC stocks while FP had
64 + 19% higher SOC stocks, after two years. Frequent tillage
and the lack of organic fertilization further explain the
observed SOC loss.

Samal et al. (2017) [ reported that full CA recorded
significantly higher TOC stock (47.71 + 2.46 Mg C ha! soil)
as compared to other scenarios in the total depth of soil
studied. On the contrary, S4 (diversified cropping system with
high cropping intensity) showed significantly lower C stock
(39.33 £ 2.40 Mg C ha™!) than all other scenarios. On an
average, TOC stock in different scenarios follows the order:
S3(47.71 £ 2.46) > S, (43.91 £ 0.84) > S; (41.65+0.13) > S,
(39.33 + 2.40 Mg C ha! soil). Maximum accumulation of
SOC (19.41 + 1.84 Mg C ha™!) in top depth of soil was
observed under S3 followed by S4 (16.56 + 1.71 Mg C ha!),
S, (16.53 £ 0.78 Mg C ha!) and S; (16.22 + 0.60 Mg C ha™!)
and SOC accumulation reduced in lower depths. In 10-20 cm
depth significantly low SOC was observed in S4 (12.61 £ 0.10
Mg C ha!) and statistically at par values of SOC were
obtained in rest scenarios (S1—Ssz). In 20-30 cm soil depth
significantly greater SOC accumulation was recorded in S
(12.82 + 1.10 Mg C ha™!) and S® (13.10 £ 0.21 Mg C ha™") in
comparison to S; (10.36 + 1.07 Mg C ha!) and S4 (10.16 +
0.80 Mg C ha™).

Naresh et al. (2018) % observed that the highest SOC stock
of 72.2Mg C ha* was observed in Fg with T followed by that
of 64Mg C ha! in F4 with T, > that in F3 with T4 (57.9Mg C
ha)> Fs with T* (38.4Mg C ha™) = F7 with Ts (35.8Mg C ha
1), and the lowest (19.9Mg C ha) in F; with T7. Relatively

http://www.thepharmajournal.com

higher percentage increase of SOC stock was observed in Fg
with Te treatment (56.3Mg C ha) followed by F4 with T
(51.4Mg C ha™) and F3 with Ty (48.4Mg C ha™).

Potential Regulation of Soil Carbon Pool

Soil carbon stocks consist of soil organic carbon (SOC), soil
inorganic carbon (SIC) and total carbon (TC). Soils contain
carbon in both organic and inorganic forms, i.e., oxidized
carbon and non-oxidized carbon. The sum of the two forms of
carbon is referred to as total carbon. The global soil carbon,
estimated to be 2500 Pg (1 Pg = 10% g) which is nearly 3.3
times the atmospheric pool and 4.5 times the biotic pool size
(760 Pg) (Lal, 2010) whereas, the total amount of SOC and
SIC stored worldwide are estimated to be 1550 Pg C 950 Pg
in the top 1 m of soils in a dynamic equilibrium of gains and
losses (Fig. 4).

Naresh et al. (2018) B9 also found that the Highest carbon
sequestration potential change (88.2%) was found in T3 zero
tillage with 6tha* residue retained plots followed by T, zero
tillage with 4tha? residue retained plots (84.7%) and Ts
permanent raised beds with 6tha? residue retained plots
(80.1). The use of Ty zero tillage without residue retained and
T4 permanent raised beds without residue retained for sixteen
crop cycle increased carbon sequestration potential by 24.4%
and 23.1% more than that of T; conventional tillage,
respectively. The final SOC concentrations in both NPK and
NPK+FYM treatments were higher than the control treatment.
Compared to the NPK treatment also, the NPK+FYM
treatment had higher SOC concentration in all the nutrient
management practices. The highest increase in SOC in the
50% NPK by CF+50% NPK by FYM treatment was
observed. However, quantities of SOC at the 0-400 kg of soil
m? interval decreased under Ti, T4 and T treatments
evaluated. Stocks of SOC in the top 400 kg of soil m?
decreased from 7.46 to 7.15 kg of C m represented a change
of -0.31 +0.03 kg of C m?2 in T1, 8.81 to 8.75 kg of C m™?
represented a change of - 0.06 +0.05 kg of C m?2 in T4, and
5.92 to 5.22 of C m™ represented a change of -0.70 +0.09 kg
of C m2in T7 between 2000 and 2018.
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Fig 4: Soil organic carbon dynamic equilibrium [Source: Lal, 2004] 32
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Pools of C in rocks are inert and changes over the millions of
years of time while pools of C in the terrestrial biosphere,
atmosphere, and oceans constitute active pools that are
vulnerable to anthropogenic activities. Exchange of C among
these pools over a short and long period of time is known as
the Global Carbon Cycle (GCC). The Global Carbon Cycle
has been changing due to the increase in atmospheric C pool
and decrease in biosphere and soil C pool consequently
resulting in global warming.

Conversion of natural to agricultural ecosystems causes 60%
depletion of the SOC pool of temperate regions and 75% or
more in cultivated soils of the tropics, and further creates
severe soil degradation when the output of C exceeds the
input.

By improving farming techniques to increase SOC, e.g., no
till, mulching, and crop rotation the addition of human-made
artificial carbon materials (ACM) received considerable
attention, due to the potential sustainability and stability of the
sequestered C. Overall; metabolic engineering modified
microbes can be regarded as potentially effective to mitigate
global climate change. However, the performance of such
manipulated organisms in real soil is still to be analyzed, and
their sustainability and competitiveness with the natural poly-
type and potential side effects, especially in arable soils, are to
be most carefully examined.

Hagemann et al. (2007) 7 reported that GHG emissions
should be counter-balanced by a yearly increase of global soil
carbon stocks in the top 40 cm of soils by 0.4% considerably.
Moreover, agricultural activities and land-use change may
enhance GHGs emissions like 25% of the CO,, 50% of the
CHa, and 70% of the N,O that perhaps compensate by SOC
sequestration. The average SOC sequestration rate (up to 30
cm depth) under ZT was 0.57 + 0.13 Mg C ha™! yr! (West
and Post, 2002). However, the adoption of ZT practices
enhances the physical protection of SOC where soil bulk
density is relatively high because the volume of small macro-
pores (15-150 pm) gets reduced which is important for
microbial activity.

Tang et al. (2022) 1 revealed that added up to 0.03 wt% C of
an artificial humic or fulvic acid (A-HA and A-FA) to soil for
improving soil texture and analyzed their influence on typical
soil parameters (Fig.5a) and total organic carbon content of
the soil increased by up to 2.1 wt% (compared to the added
0.03 wt% C).

Cheng et al. (2018) 161 found that Soil organic carbon stocks
(0-20 cm) declined in the control (33.6 tha'), N (33.5 tha)
and NP (34.7 tha') treatments in contrast to the initial organic
carbon stock (38.0 tha), whereas the organic carbon stocks

http://www.thepharmajournal.com

ascended in the NPK (39.1 tha') and appended manure
treatments (41.8-44.5 tha?) in the topsoil during thirty-three
years periods. Soil organic carbon sequestration rates (0 - 20
cm) in the MN (0.12 thalyr?), MNP (0.18 thalyr'), MNPK
(0.20 thalyr?) and hMNPK (0.19 thalyr?) treatments were
significantly higher than those in M (0.12 tha'tyr?) and NPK
(0.03 tha*yr?) treatments, and the sequestration rate in the M
treatment was significantly higher than that in the NPK
treatment.

Soil organic carbon sequestration was mainly influenced by
climates, soil types, tillage, fallows, rotations, fertilizations,
and so on. Zhang et al. (2010) 51 reported that the organic
carbon conversion rate decreased significantly with the
increase in the annual active accumulative temperature and
precipitation. Under normal conditions, the soil organic
carbon accumulation rate tends to decrease with the higher
soil temperature and moisture. There was usually a positive
linear correlation between soil organic carbon levels and soil
clay contents of surface soils (Gami et al., 2009; Naresh et al.,
2020) [23 51 No-tillage could increase the soil organic carbon
stock compared with conventional tillage, because it could
significantly reduce soil carbon release by reducing the
turnover of soil aggregates and the exposure of young and
labile organic matters to microbe decomposition (Yan et al.,
2007; Naresh et al., 2018) B9, which had been considered as
an effective and environment friendly soil carbon
sequestration strategy (Lal, 2004) 2, The crop straw return to
soil significantly increased soil carbon stocks (Xu et al., 2011;
Wang et al., 2018) 5571,

Buss et al. (2021) observed that nutrient leaching and low
nutrient use efficiency in agricultural systems (Fig. 5b) are
significant environmental and economic issues. SOC has a
very high cation exchange capacity (CEC), so that building up
SOC helps to retain positively charged nutrients, such as Ca,
Mg and K. Biochar and basalt application mainly affect the
CEC in acidic soils through an increase in soil pH, although
the direct provision of negatively charged surface sites may
also have a positive influence (Anda et al., 2015) Bl
Enrichment of biomass with inorganic nutrients before
pyrolysis or application of biochar with nutrient-rich organic
or inorganic materials offers slow-nutrient release potential
that provides synergistic improvements on plant growth
(Hagemann et al., 2017) 71, Plants and microorganisms can
mine nutrients from basalt and hence increase nutrient
availability and basalt weathering rates by exudation of
organic ligands, such as acetate and propionate (Kantola et
al., 2017) B4,
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Ghosh et al. (2021) 4 revealed that the initial pool-I, pool-II,
pool-111 and pool-1V C contents of soil accounted for 4.46%,
4.39%, 18.41% and 72.74%, respectively, of the total C
(1.57%). Application of organic manures significantly
increased the concentrations of these pools in the rhizosphere
soil. Accordingly, the greatest increases in pool-l (62.4%),
pool-1l (100.2%) and pool-Ill (26.1%) C contents were
observed in VC + NPK plots, whereas pool-IV C was the
highest (29.3%) in RS + NPK plots. Further, significant
increases in oxidizable carbon pools were observed for other
organic manures (except for pool-ll1l of GL + NPK plots)
compared to control. The lowest increases were observed in
chemical-fertilizer-treated plots for pool-1 (6.5%), pool-II
(38.1%) and pool-1V (5.2%) C contents over the control. The
initial active and passive pools of C in soil accounted for
8.85% and 91.15%, respectively, of the TOC content (1.57%).
However, there were significant changes in the active and
passive pools of C with the application of organic manures.
Among the organic manures, VC + NPK plots had the
greatest increase (100.21%) of active pool C, followed by
FYM + NPK (81.33%), GL + NPK (70.74%) and RS + NPK
(53.62%) plots.

Sapkota et al. (2017) ™8 revealed that the effects on SOC
stock were significant at 0-0.05 and 0.05-0.15 m soil depths
only. At 0-0.05 m, ZTDSR-ZTW+R and PBDSR-PBW+R,
on an average, had significantly higher SOC stocks, that is 2.4
t/ha more than CTR-CTW. ZTDSR-ZTW, ZTDSR-ZTW+R
and PBDSRPBW+ R had a similar improvement in total SOC
at 0.05-0.15 m, which was significantly higher (by about 2.0
t/ha) than for CTR-CTW. All the treatments had similar SOC
stocks at 0.15-0.3 m and 0.3-0.6 m soil depths. Calculations
for the whole 0-0.6 m depth showed that ZTDSR-ZTW+R
and PBDSRPBW+ R contained 5.6 t and 3.9 t/ha more SOC
than CTR-CTW, respectively.

Naresh et al. (2018) B showed that, soil organic carbon
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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 puddle transplanted rice followed by wheat planted
under conventionally tilled plots.

Soil ecosystem services

Soil ecosystem services depend on soil properties that are the
basis for soil functionality and they are affected by soil
management practices (Adhikari and Hartemink, 2016). Soil
ecosystem that soil properties support the performances of
soil functions with effects on soil ecosystem services such as
carbon sequestration, nutrient cycling and capacity, food, soil
biodiversity, and primary production. Tang et al. (2022) 4
also found that A-HA plays a central role in regulating carbon
sequestration bacterial community structure to amplify carbon
sequestration efficiency and organizing cascades and
exchange by the “currency” of microbial patches that are
buffered electron-proton pairs (Fig. 6a). Artificial humic
substance (A-HS), with no doubt, is capable of promoting
microbe growth, creating excellent habitats for soil microbes
and providing available nutrients and A-HS can play a central
role in stabilizing carbon pools in soil.

Gogoi et al. (2021) I reported that the most sustainable
treatments have resulted in T3, Ts and T+, highlighted in Fig.
6h, because of higher levels in terms of the yield of crops, soil
microbial biomass carbon and microbial count, and enzymatic
activity. Therefore, this gives management practices a crucial
responsibility in enhancing ecosystem services. This research
has attempted to indicate as a first approximation which
integrated nutrient management could be more effective to
foster the soil ecosystem services in rice-wheat cultivation.
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Naresh et al. (2018) B9 revealed that the soil reductase, urease
and invertase enzyme activities decreased in the T1, T4 and T
treatments, and increased in the T, T3, Ts and Te. The soil
enzyme activity showed that the treatments Ts and Te
comprised with the increase of continuous residue retention in
rice-wheat cropping years, the differences of enzyme activity
was more significant. Continuous cropping 18 years, the
similarity of enzyme activities was 46.4%, much more than
that of T. The other group comprised only ZT (T1) and PRB
(T4) without residue retention, with a similarity to other
groups of less than 25.4%. This result indicated that the
diversity of the enzyme activity was altered to a greater extent
than the bacterial by continuous rice-wheat cropping system.

Nazir et al. (2021) reported that Soil alkaline phosphatase
activity in rice-residue removing and rice-residue burning
treatments were decreased by 2.66 and 4.31%, respectively.
However, fertilizer application, green manuring, farmyard
manure application, rice-residue incorporation and rice-
residue mulching increased soil alkaline phosphatase activity
by 0.05, 2.98, 1.51, 5.19 and 3.75%, respectively. The rice-
residue removing and rice-residue burning treatments
decreased the dehydrogenase activity of soil by 1.84 and
14.51%, respectively (Fig.7). However, fertilizer application,
green manuring, farmyard manure application, rice-residue
incorporation and  rice-residue  mulching increased
dehydrogenase activity of soil by 1.58, 3.80, 4.00, 13.76 and
3.96%, respectively. Soil urease activity following fertilizer
application, rice residue removing and rice-residue burning
treatments were decreased by 4.95, 9.59 and 7.37%,
respectively. However, green manuring, farmyard manure
application, rice-residue incorporation and rice-residue
mulching increased urease activity of soil by 3.38, 5.39, 8.82
and 5.41%, respectively. However, for soil invertase activity,
fertilizer application, rice-residue removing and rice-residue
burning decreased the invertase activity of soil by 1.08, 1.09
and 8.99%, respectively. Invertase activity of soil following

green manuring, farmyard manure application, rice-residue
incorporation and rice-residue mulching treatments was
increased by 4.44, 6.00, 15.22 and 8.43%, respectively. Soil
catalase activity following fertilizer application, rice-residue
removing and rice-residue burning treatments was decreased
by 6.16, 2.58 and 8.05%, respectively. However, catalase
activity of soil following green manuring, farmyard manure
application, rice-residue incorporation and rice-residue
mulching treatments was increased by 3.90, 2.17, 7.49 and
6.76%, respectively.

Foster et al. (2020) 22 reported similar findings for C-cyclase
enzymes, which are also related to the colocalization and
stability of C substances and enzymes on the surface of rice
residues. Since the application of crop residues accelerates N
mineralization, an increase in N-cycling enzyme activity
occurs (Jing et al., 2020) 21, The highest activity of
phosphatase among the three rice-straw modifications
(incorporation, removal and mulching) varied with the rice
growing season and was different from patterns of invertase
and urease activity. Similarly, alkaline phosphatase activity
may be affected by many factors, such as soil pH and soil
moisture (Chen et al.,, 2021). Criquet et al. (2004) [
confirmed that phosphatases may be generated by bacteria or
other microorganisms. However, due to the interference of
high levels of phosphatase activity originating from roots, it is
difficult to study the kinetics of microbial phosphatase
production in soil. Soil organic carbon (SOC) sequestration
significantly contributes to the improvement of soil fertility
(Reddy et al., 2017) 1. Accumulation of SOM in soil is a
reversible process, and the intensive rice-wheat cropping
system is responsible for its reduction in agro-ecosystems
(Ayyam et al., 2019) ®. However, this reduction in the
concentration of SOM can be compensated for by the
incorporation of different crop residues in soil, which help
soils to regain their lost fertility (Shahbaz et al., 2017) [5%,
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Nazir et al. (2021) [ also found that rice residues increased
soil invertase activity more than the fertilizer-alone
treatments, which is consistent with changes in SOC.
Therefore, we hypothesize that soil enzymatic activities
increase with the higher SOC caused by residue incorporation
(Fig. 8). Fertilizer application, rice-residue removal and rice-
residue burning decreased the enzymatic attributes. However,
rice residue incorporation, FYM and green manuring practices

improved soil enzymatic attributes. The observed increase in
enzymatic activities due to green manure and FYM
amendments is in accordance with previous studies (Goyal et
al., 1993; Mikhailouskaya and Bogdevitch, 2009) 26 371 A
possible mechanism by which crop-residue incorporation
affects soil enzymatic activities is by changing the
physicochemical characteristics of soil to influence soil
enzyme activity.
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Adoption of conservation agriculture (CA) either in full or
partial increased the system productivity (2-7%) and net
returns (13-19%) and reduced the cost of cultivation (11-
16%), energy input (5-10%), methane emission (20%) and
overall global warming potential (1-7%) in comparison to
conventional tillage (CT) production system under irrigated
system (Mishra et al., 2021) [,

Conclusions

Conservation agriculture minimizes C loss from the soil and
helps in C restoration to manage agroecology with sustained
productivity. Conservation tillage in association with suitable
management practices, depending upon climatic conditions,
enhances SOC content efficiently under NWIGP
environments. Moreover, straw incorporation can lead to
improving C sink in upland soils and decreases fluxes of
GHGs like CH4. However, manuring and fertilization increase
crop biomass carbon, organic carbon input; however, only
organic manure application can increase soil organic carbon
concentration in the rice-wheat cropping system of China.
Averagely, crop biomass carbon is increased by 39.9 - 77.2%
compared to unfertilized control due to organic manure or
chemical fertilizer application. Total organic carbon input into
soil is increased by 10.2 - 23.3 kg C ha? yr?! due to manuring
or fertilization. Soil organic carbon concentration in the
topsoil has decreasing tendency in the control, N and NP
treatments; however, soil organic carbon concentration has
ascending tendency in the NPK treatment and is significantly
increased in the manure alone or manure appended chemical
fertilizer treatments. However, organic manure application or
integrated organic manure with chemical fertilizer application
can be important strategies for increasing soil organic carbon
sequestration and maintaining soil quality in the rice-wheat
cropping system of NWIGP.

Soil CS and crop production is a better, economical and
reliable option because it captures C as well as grows plants
which provide food to us. C sequestration in crop lands and
rangelands requires certain amounts of organic matter (OM)
presence in the soil called soil organic matter (SOM). Organic
amendments like animal and poultry manures, the
incorporation of different crop residues, different types of
compost and good agricultural practices like cover crops,
nutrient management, mulching, zero and no-tillage
techniques, soil biota management and mulching are
effectively used for this purpose. These enhance the soil
organic matter and improve the soil’s physical and chemical
properties that help to sequester more C in the soil, which
ultimately contributes towards CS and CC mitigation.

References

1. Adak T, Sachan RS. Effect of co-inoculation of
Sinorhizobium meliloti and Bacillus megaterium on yield
and nutrient uptake of fenugreek (Trigonella foenum-
graecum L.) in Mollisol soil. J Med Arc Pl Sci.
2009;31:124-130.

2. Albrecht A, Kandji ST. Carbon sequestration in tropical
agro-forestry systems. Agri Ecosyst Environ. 2003;99:15-
27

3. Anda M, Shamshuddin J, Fauziah CI. Improving
chemical properties of a highly weathered soil using
finely ground basalt rocks. Catena. 2015;124:147-61.

4. Ayyam V, Palanivel S, Chandrakasan S. Conservation
Agriculture for Rehabilitation of Agro-ecosystems. In

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

~345 7

http://www.thepharmajournal.com

Coastal  Ecosystems of the  Tropics-Adaptive
Management; Springer: Singapore, 2019,pp. 407-437.
Baishya A, Gogoi B, Hazarika J, Borah M, Hazarika JP,
Bora AS, et al. Effect of continuous cropping and
integrated nutrient management practices on soil
properties and yield of rice-rice cropping system in acid
soil. Ind. J Agron. 2015;60:493-501.

Bakhshandeh E, Hossieni M, Zeraatpisheh M,
Francaviglia R. Land use change effects on soil quality
and biological fertility: a case study in northern Iran. Eur.
J. Soil Biol. 2019;95:1031109.
https://doi.org/10.1016/j.ejs0bi.2019.103119.

Baker JM, Ochsner TE, Venterea RT, Griffis TJ. Tillage
and soil carbon sequestration- what do we really know?
Agri Ecosyst Environ. 2007;118:1-5.

Baum C, Leinweber P, Schlichting A. Effects of chemical
conditions in re-wetted peats temporal variation in
microbial biomass and acid phosphatase activity within
the growing season. Appl Soil Ecol. 2003;22(2):167-174.
Benbi DK, Brar K, Toor AS, et al. Total and labile pools
of soil organic carbon in cultivated and undisturbed soils
in northern India. Geoderma. 2015;237-238:149-158.
Benbi DK, Senapati N. Soil aggregation and carbon and
nitrogen stabilization in relation to residue and manure
application in rice-wheat systems in northwest India.
Nutr. Cycl. Agroecosys. 2010;87(2):233-247.

Binemann EK, Bongiorno G, Bai Z, Creamer RE, De
Deyn G, de Goede R, et al. Soil quality- a critical review.
Soil Biol. Biochem. 2018;120:105-125.

Celik I, Gunal H, Budak M, Akpinar C. Effects of long-
term organic and mineral fertilizers on bulk density and
penetration resistance in semi-arid Mediterranean soil
conditions. Geoderma. 2010;160(2):236-243.

Chenu C, Angers DA, Barre” P, et al. Increasing organic
stocks in agricultural soils: knowledge gaps and potential
innovations. Soil Tillage Res, 2019;188:41-52.

Chen zD, Dikgwatlhe SB, Xue JF, Zhang HL, Chen F,
Xiao XP. Tillage impacts on net carbon flux in paddy soil
of the Southern China. J Clean Prod. 2015;103:70-76.
Chen X, Condron LM, Dunfield KE, Wakelin SA, Chen
L. Impact of grassland afforestation with contrasting tree
species on soil phosphorus fractions and alkaline
phosphatase gene communities. Soil Biol. Biochem.
2021;159:108274.

Cheng Hu, Xiange Xia, Xuemei Han, Yunfeng Chen,
Yan Qiao, Donghai Liu. Soil organic carbon
sequestration as influenced by long-term manuring and
fertilization in the rice-wheat cropping system, Carbon
Management. 2018;9(6):619-629.

Conrad R, Seiler W. Role of microorganisms in the
consumption and production of atmospheric carbon
monoxide by soil. Appl Environ Microbiol.
1980;40(3):437-445.

Criquet S, Ferre E, Farnet AM, Le petit J. Annual
dynamics of phosphatase activities in an evergreen oak
litter: Influence of biotic and abiotic factors. Soil Biol.
Biochem. 2004;36:1111-1118.

Dick RP. Soil enzyme activities as indicators of soil
quality. In: Doran, J.W., Coleman, D.C., Bezdicek, D.F.,
Stewart, B.A. (Eds.), defining soil quality for a
sustainable environment. SSSA special publication no 35,
ASA and SSSA, Madison, WI, 1994, 104-124.

Doran JW, Smith MS. Organic matter management and


http://www.thepharmajournal.com/

The Pharma Innovation Journal

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

utilization of soil and fertilizer nutrients. In: Follett RF,
Stewart JEB, Cole CV, editors. Soil fertility and organic
matter as critical components of production systems.
Adison, WI: Am Soc Agron, 1987, 53-72.

Drobnik T, Greiner L, Keller A, Gr'et-Regamey A. Soil
quality indicators — from soil functions to ecosystem
services. Ecol. Indic. 2018;94:151-169.

Foster EJ, Baas P, Wallenstein MD, Cotrufo MF.
Precision biochar and inoculum applications shift
bacterial community structure and increase specific
nutrient availability and maize yield. App. Soil Ecol.
2020;151:103541

Gami SK, Lauren JG, Duxbury JM. Soil organic carbon
and nitrogen stocks in Nepal long-term soil fertility
experiments. Soil Tillage Res. 2009;106:95-103.

Ghosh M, Ashig W, Bhogilal Vasava H, Gamage DNV,
Patra PK, Biswas A. Short-Term Carbon Sequestration
and Changes of Soil Organic Carbon Pools in Rice under
Integrated Nutrient Management in India. Agriculture.
2021;11:348. https://doi.org/10.3390/agriculture
11040348

Gogoi B, Borah N, Baishya A, Nath DJ, Dutta S, Das R,
Bhattacharyya D, et al. Enhancing soil ecosystem
services through sustainable integrated nutrient
management in double rice-cropping system of North-
East India. Ecological Indicators. 2021;132:108262
Goyal S, Mishra MM, Dhankar SS, Kapoor KK, Batra R.
Microbial biomass turnover and enzyme activities
following the application of farmyard manure to field
soils with and without previous long-term applications.
Biol. Fert. Soil. 1993;15:60-64.

Hagemann N, Kammann CI, Schmidt HP et al. Nitrate
capture and slow release in biochar amended compost
and soil. PLoS One. 2017;12:e0171214. doi:
10.1371/journal.pone.0171214.

Hutchinson JJ, Campbell CA, Desjardins RL. Some
perspectives on carbon sequestration in agriculture. Agri
Forest Meteoro. 2007;142:288-302.

Jing Y, Zhang Y, Han I, Wang P, Mei Q, Huang Y.
Effects of different straw biochars on soil organic carbon,
nitrogen, available phosphorus, and enzyme activity in
paddy soil. Sci. Rep. 2020;10: 8837.

Kallenbach CM, Frey SD, Grandy AS. Direct evidence
for microbial- derived soil organic matter formation and
its eco-physiological controls. Nat Commun. 2016;7:1-
10. doi: 10.1038 /ncomms 13630.

Kantola 1B, Masters MD, Beerling DJ, et al. Potential of
global croplands and bioenergy crops for climate change
mitigation through deployment for enhanced weathering.
Biol Lett, 2017;13:20160714.
doi:10.1098/rsbl.2016.0714.

Lal R. Soil carbon sequestration impacts on global
climate change and food security,” Science.
2004;304(5677):1623-1627.

Lal R. Digging deeper: a holistic perspective of factors
affecting soil organic carbon sequestration in agro-
ecosystems. Glob Chang Biol, 2018;24:3285-301.

Malik AA, Puissant J, Buckeridge KM, Goodall T,
Jehmlich N, Chowdhury S, et al. Land use driven change
in soil pH affects microbial carbon cycling processes.
Nat. Commun. 2018;9:3591.
https://doi.org/10.1038/s41467-018-05980-1.

Marschner P, Kandeler E, Marschner B. Structure and

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

~346 7

http://www.thepharmajournal.com

function of the soil microbial community in a long-term
fertilizer experiment. Soil Biol. Biochem. 2003;35:453—
461.

Mishra JS, Poonia SP, Kumar R, Dubey R, Kumar V,
Mondal S, et al., An impact of agronomic practices of
sustainable rice-wheat crop intensification on food
security, economic adaptability, and environmental
mitigation across eastern Indo-Gangetic Plains, Science
Direct. 2021;267:108164

Mikhailouskaya N, Bogdevitch I. Relations of enzyme
activities with different fractions of soil organic matter.
Polish J Soil Sci. 2009;42:175-182.

Nambiar KKM. Soil Fertility and Crop Productivity
under Long-Term Fertilizer Use in India. Indian Council
for Agricultural Research, New Delhi, India. 1994.
Naresh RK, Gupta RK, Vivek Rathore RS. et al., Carbon,
Nitrogen Dynamics and Soil Organic Carbon Retention
Potential after 18 Years by Different Land Uses and
Nitrogen Management in RWCS under Typic Ustochrept
Soil. Int. J Curr. Microbiol. App. Sci. 2018;7(12):3376-
3399.

Nazir S, Zaman QU, Abbasi A, Komal N, Riaz U, Ashraf
K, et al., Bioresource Nutrient Recycling in the Rice-
Wheat Cropping System: Cornerstone of Organic
Agriculture. Plants 2021;10:2323.
https://doi.org/10.3390/plants10112323

Oost K, van. Quine TA, Govers G, et al. The impact of
agricultural soil erosion on the global carbon cycle,
Science. 2007;318(5850):626-629.

Preethi B, Poorniammal R, Balachandar D, Karthikeyan
S, Chendrayan K, Bhattacharyya P.. Long-term organic
nutrient managements foster the biological properties and
carbon sequestering capability of a wetland rice soil.
Arch Agron Soil Sci. 2013;59:1607-1624.

Ramirez KS, Craine JM, Fierer N. Consistent effects of
nitrogen amendments on soil microbial communities and
processes across hiomes. Glob. Chang. Biol.
2012;18:1918-1927.

Reddy CV, Kashyap L, Alok T. Effect of 14-year long
term fertilizer management on soil organic carbon stock,
carbon sequestration rate and nutrient balances in
Vertisols. Int. J. Curr Microbiol. App. Sci. 2017;6:895-
902.

Samal SK, Rao KK, Poonia SP, Kumar R, et al.,
Evaluation of long-term conservation agriculture and
crop intensification in rice-wheat rotation of Indo-
Gangetic Plains of South Asia: Carbon dynamics and
productivity. Eur J Agron. 2017;90:198-208.

Sapkota TB, Jat RK, Singh RG, Jat ML, et al., Soil
organic carbon changes after seven years of conservation
agriculture in a rice-wheat system of the eastern Indo-
Gangetic Plains. Soil Use Manag. 2017, 33(1).
DOI:10.1111/sum.12331

Saviozzi A, Levi-Minzi R, Riffaldi R. The effect of forty
years of continuous corn cropping on soil organic matter
characteristics. Plant Soil. 1994;160(1):139-145.

Sharma S, Singh P, Sodhi GPS. Soil organic carbon and
biological indicators of uncultivated vis-a-vis intensively
cultivated soils under rice—wheat and cotton—wheat
cropping systems in South-Western Punjab, Carbon
Management. 2020;11(6):681-695.

Sharma S, Vashisht M, Singh Y, et al. Soil carbon pools
and enzyme activities in aggregate size fractions after


http://www.thepharmajournal.com/

The Pharma Innovation Journal

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

seven years of conservation agriculture in a rice—wheat
system. Crop Pasture Sci. 2019;70(6):473-485.

Shahbaz M, Kuzyakov Y, Sanaullah M, Heitkamp F,
Zelenev V, Kumar A, et al. Microbial decomposition of
soil organic matter is mediated by quality and quantity of
crop residues: Mechanisms and thresholds. Biol. Fert.
Soil. 2017;53:287-301.

Singh SP, Naresh RK, Kumar Y, et al., Variability in Soil
Aggregation and Depth Distribution of Aggregate
Associated Organic Carbon Fractions Relevance to
Different Agricultural Practices in Agro-ecosystems of
North-West India: A Review, Int. J Curr. Microbiol. App.
Sci., 2020;9(9):2780-2800.

Sun R, Zhang XX, Guo X, Wang D, Chu H. Bacterial
diversity in soils subjected to long-term chemical
fertilization can be more stably maintained with the
addition of livestock manure than wheat straw. Soil Biol.
Biochem. 2015;88:9-18.

Snyder CS, Bruulsema TW, Jensen TL, Fixen PE.
Review of greenhouse gas emissions from crop
production systems and fertilizer management effects.
Agr Ecosyst Environ. 2009;133:247-266.

Tang C, Yang F, Antonietti M. Carbon Materials
Advancing Microorganisms in Driving Soil Organic
Carbon Regulation: A Review, AAAS Research 2022.,
Acrticle ID 9857374, 12 pages
https://doi.org/10.34133/2022/9857374

Tilman D, Balzer C, Hill J, Befort BL. Global food
demand and the sustainable intensification of agriculture,
Pro Nat Aca Sci, 2011;108(50):20260-20264.

Wang C, Pan G, Tian Y. Characteristics of cropland
topsoil organic carbon dynamics under different
conservation tillage treatments based on long-term agro-
ecosystem experiments across mainland China. J Agro-
Environ Sci. 2009;28:2464-2475.

Wang J, Fu X, Sainju UM, Zhao FZ. Soil carbon
fractions in response to straw mulching in the Loess
Plateau of China. Biol Fert Soils. 2018;54:423-436.

West T, Marland G. Net carbon flux from agricultural
ecosystems: methodology for full carbon cycle analyses.
Environ Pollut. 2002;116:439-444.

West TO, Marland G. Net carbon flux from agriculture:
Carbon emissions, carbon sequestration, crop yield, and
land-use change. Bio-geochemistry. 2003;63:73-83.

West TO, Post WM. Soil organic carbon sequestration
rates by tillage and crop rotation: A global data analysis.
Soil Sci Soc Am J. 2002;66:1930-1946.

Xu MG, Lou YL, Sun XL, Wang W, Baniyamuddin M,
Zhao K. Soil organic carbon active fractions as early
indicators for total carbon change under straw
incorporation. Biol Fertil Soils. 2011;47:745-752.

Yadav S, Naresh RK, Vivek Chandra MS, Mahajan NC.
Soil Carbon Pools, Carbon and Nitrogen Storage Pattern
in Soil Aggregate Fractions under Long-term Application
of Organic and Synthetic Fertilizers in Rice-Wheat
System: A Review, CJAST. 2020;39(16):53-65.

Yan HM, Cao MK, Liu JY, Tao B. Potential and
sustainability for carbon sequestration with improved soil
management in agricultural soils of China. Agric Ecosyst
Environ. 2007;121:325-335.

Zhang WJ, Wang XJ, Xu MG, Huang SM, Liu H, Peng
C. Soil organic carbon dynamics under long-term
fertilizations in arable land of northern China. Bio-

~347 7

http://www.thepharmajournal.com

geosciences. 2010;7:409-425.

65. Zhao R, Liu Y, Ding M, Jiao S. Research on carbon

source and sink of farmland ecosystem in Henan
province. J Henan Agri Sci. 2010, 40-44.


http://www.thepharmajournal.com/

