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Abstract

Crop and soil management practices such as tillage, residue or nutrient management, could alter soil organic carbon (SOC) and
its sequestration. However, their effects on SOC dynamics and its sequestration have shown inconsistent results in different soil/
climate/cropping systems. There are several studies to assess the effects of different tillage (conventional and conservation) meth-
ods combined with straw or residue return on SOC, its sequestration and the SOC fractions in various crops and cropping systems.
This review synthesizes the much-needed state of knowledge of different conventional and conservation tillage practices and crop
residue retention, and their interactions and effects on soil aggregate stability, total and labile organic carbon, microbial biomass car-
bon, particulate organic matter, SOC dynamics and sequestration and productivity of important crops and cropping systems across
several climates and locations. SOC can be best preserved by crop rotations with conservation tillage practices such as no or re-
duced tillage, and with additions of residues, chemical fertilizers and manure. More research on the influence of alternative tillage,
crop residue, and nutrient management systems on SOC and its sequestration, and development of SOC monitoring system through
carefully-designed long-term experiments combined with simulation modelling approaches will advance our understanding of the
SOC dynamics and sequestration in major crops and cropping systems across representative climates and locations which will help

improve agricultural system sustainability and global food security.
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Introduction

Soil organic matter/carbon (SOM/SOC) has profound effects on soil physical, chemical and biological properties [1]. Maintenance
of SOM/SOC in cropland is important, not only for improvement of agricultural productivity but also for reduction in C emission [2].
However, short- and medium-term changes of SOC are difficult to detect because of its high temporal and spatial variability [3]. On the
contrary, soil labile organic C (LOC) fractions i.e. microbial biomass C (MBC), dissolved organic C (DOC), and easily oxidizable C (EOC)
that turn over quickly can respond to soil management intervention more rapidly than total organic carbon (TOC) [1,159]. Therefore,
LOC fractions have been considered as early sensitive indicators of the effects of land use change on soil quality and soil health [4,5,159].
Agricultural practices such as tillage methods are conventionally used for loosening soils to grow crops. At the same time, long-term soil
disturbance by tillage is believed to be one of the major factors reducing SOC in agriculture [6]. Nevertheless, SOC pool plays a significant
role in the global carbon cycle and is a key determinant of the physical, chemical and biological properties and is required for the proper

functioning of the soil system.

Soil aggregation (macro- and micro-) and stability can have a large effect on SOC dynamics and sequestration, and C availability. Soil
macro-aggregates affect C storage by occluding organic residues, making them less accessible to degrading organisms and their enzymes
[8]. The SOC protection by soil aggregates has been extensively studied [9]. Christensen BT [10], considered the structural control of soil
aggregates as the accessibility of decomposers for the SOC, diffusion of oxygen, degradation of products, transport of moisture, etc. Beare
MH,, et al. [11] showed that macro-aggregates (> 0.25 mm) in non-tilled soils provide an important mechanism for the SOC protection.
Six |, et al. [12] asserted that SOC protection is greater within free micro-aggregates (< 0.25 mm) than within macro-aggregates. The
fractionations of water-stable aggregates and density may thus be helpful for an improved understanding of C dynamics affected by soil
management, since aggregate and density fractions are more sensitive to changes in soil management than TOC. Table 1 shows commonly

used terms in SOC and soil aggregate and stability studies.

Soil properties, such as clay content, are hypothesized to control decomposition of SOC. However, the hypothesis regarding soil prop-
erty-C decomposition relationship has not been explicitly tested in large spatial scales [13]. A data assimilation approach has been used to
evaluate the roles of soil properties and environmental factors in regulating decomposition of SOC. In that approach, multifactor regres-
sion and structural equation modeling (SEM) analyses showed that clay content is the most important variable in regulating SOC decom-

position. In contrast to the active and slow C pools, soil properties had little effect on the decomposition of the passive C pool.

Frequent tillage usually destroys SOM and speed up the movement of SOM to deeper soil layers [14]. Therefore, agricultural practices
such as reduced tillage (RT) that reduce soil disturbance are essential to improve soil quality and health and agricultural sustainability.
Likewise, retention or incorporation of crop residues can also play an important role in increasing SOC sequestration, increasing crop
yield, improving SOM/SOC, and reducing the greenhouse gases [15-17,160]. As an important agricultural practice, straw return to soil
is often implemented with tillage in the production process. Although numerous studies have indicated that RT methods combined with
straw return had a significant effect on labile SOC fractions, the results varied under different soil/climate conditions. The distribution of
the TOC stock between soil and vegetation may also vary with latitude. In the temperate forests of northern latitude, around 72% of the
TOC is found in the soil, with the remainder (~28%) in the plant biomass. In the tropical forests, however, the distribution is reversed,
with around 38% of the organic C stored in the soil and around 62% in the vegetation. This difference can be explained by slower decom-
position rates in the cold temperate climate than in the tropics. For example, both no tillage (NT) and shallow tillage with residue cover
resulted in significantly higher SOC than conventional tillage (CT) without residue cover in the temperate Loess Plateau of China [18],
while [19] reported that the difference between plowing with straw return and NT with straw return treatments was not significant on
TOC in the sub-tropical Central China. Likewise [2], showed that in the sub-tropical Chitwan Valley of Nepal, NT with crop residue applica-
tion at upper soil depth had distinctly higher SOC sequestration than CT with crop residue.
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The effects of tillage on soil LOC can vary with regional climate, soil condition, residue management practice, and crop rotation [20,21,160].
Therefore, the investigation on soil LOC for specific soil, climate, and cropping system is necessary to improve the soil quality, soil health and
soil productivity. However, it becomes clear that experimental approach alone will not provide enough information on the SOC components
and SOC sequestration. Appropriate simulation models will be necessary to predict SOC dynamics, including soil microbial biomass, and SOC
sequestration in response to varying pedoclimate and agriculture systems so as to adapt to relevant management practices. Thus, the objec-
tive of this review was to improve our understanding on the effects of tillage, residue and nutrient management practices on SOC fractions,
soil aggregate distribution and stability, SOC sequestration, and productivity of important crops and cropping systems across important
climates and locations. This review focuses on the effects of soil and crop management practices on LOC, which is an important fraction of

SOC, soil aggregate stability, particulate organic matter, and microbial biomass carbon.

Total organic carbon (TOC): TOC is a measure of all carbonaceous material that is derived from living organisms. TOC may also
refer to the amount of organic carbon in soil (SOC), or in a geological formation, particularly the source rock for a petroleum play;
2% is a rough minimum. For marine surface sediments, average TOC content is 0.5% in the deep ocean and 2% along the eastern

margins. The percent OM is determined by the mass of oven dried soil lost on combustion in a 500°C furnace or by any other method [22].

Active orlabile organiccarbon (LOC):Itisalso called activated charcoal,aform of C processed to have small, low-volume pores thatincrease
the surface areaavailable for adsorption or chemical reactions. Activate Chas an incredibly large surface area per unit volume, and anetwork
of submicroscopic pores where adsorption takes place. Activate C is a material that is produced from carbonaceous source materials, such
as coal, coconuts, nutshells, peat, wood, and lignite. The primary raw material used for active C is any organic material with a high carbon
content [23]. The C-based material is converted to activate C through physical modification and thermal decomposition in a furnace, under
a controlled atmosphere and temperature. The finished product has a large surface area per unit volume and a network of submicroscopic
pores where adsorption takes place. LOC is a measure of the small portion of the organic matter that can serve as an easily available food
source for soil microbes, thus helping fuel and maintain a healthy soil food web. LOC declines faster but is also restored faster than non-labile

Cortotal C. LOC is a more sensitive indicator of the C dynamics of the system. LOC sources serve as nutrient source for microbes and plants.

Soil nitrogen: It is a measure of the fraction of the SOM which contains much of the organically bound N. Microbial activity can mineralize
this N and make it available for plant uptake. This is measured by extraction with a citrate buffer under high temperature and pressure
[24].

Non-labile carbon: It is the difference between TOC and LOC.

Particulate organic matter (POM): SOM particles less than 2 mm and greater than 0.053 mm in size constitute the POM. POM is
biologically and chemically active and is part of the labile (constituted by partially decomposed plant material, fungal hyphae, spores, and
pollen grains and is easily decomposable) pool of SOM. It is measured by quantifying 20 mm KMnO, oxidation with a spectrophotometer.
This fraction has a fast recycling rate and is associated with soil microbial activity and soil particle aggregation and aggregate stability.
Thus, POM is very sensitive to the changes in soil use and management and, therefore, its variation throughout time is more indicative of
the effect of management practices than TOC [25]. Likewise, its content can indicate the size of the easily mineralizable organic content

and thus contribute to estimate potential nutrient (e.g. N) supply by soil.

Microbial biomass carbon (MBC): Microbial biomass carbon is an early indicator of changes in TOC. MBC responds quickly to the
management changes, and is usually ‘starved’ because soil is too dry or does not have enough organic C [26]. The amount of LOC is of
particular importance as this provides a readily available carbon energy source for microbial decomposition. Soils with more labile C tend
to have a higher microbial biomass. Important sources of organic carbon as food for the microbial biomass are crop residues and soluble

compounds released into the soil by roots (root exudates) [159].

Micro/macro aggregate size: Macro-aggregates are quantified by means of “water stable aggregates” (WSA) defined as the
percentage of total aggregates that remain stable (aggregates > 250 pm) following slow-wetting and shaking and chemical actions [27].
Micro-aggregates, on the other hand, are quantified by measuring clay-size particles (< 2 mm diameter), specific silt-size (< 5 and/or < 20
mm), or specific sand size (< 125 mm), although it is best quantified by analyzing the overall size distribution of the fragments that result

from the breakdown of aggregates in the macro-aggregate tests.

Aggregate stability: Aggregate stability refers to the ability of soil aggregates to resist disruption when outside forces (usually associ-

ated with water) are applied. Aggregate stability is not the same as dry aggregate stability, which is used for wind erosion prediction [28].

Table 1: Commonly used terms in soil organic carbon, and soil aggregation and stability studies.

Aggregate distribution and stability

Soil aggregation is a process that binds together soil particles as their inner maintenance force is more powerful than forces of adjacent

particles. This process depends on time, place, application and soil management. Oades JM and Waters AG [29] reported that an aggregate
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hierarchy is not evident in soils where oxides are the dominant aggregate stabilizing agents (e.g. Ferralsols with high clay content). It is
commonly understood that in such soils, aggregate between 0.02 and 0.25 mm are highly stable and are not destroyed by agricultural

practices.

Fresh residues are C source for microbial activity and nucleation centers for aggregation when returned to cropland [160]. The en-
hanced microbial activity induces the binding of residue and soil particles into macro-aggregates [30] which could increase aggregates
stability and fix the unstable C, thus improving the SOC concentration [31] and increasing C sequestration [18]. Koushwaha CP, et al. [32]
revealed that larger aggregate size fractions had greater amount of organic carbon (OC) than smaller aggregate size fractions. This may
be due to either an increased aggregates’ stability and strength caused by the addition of zeolitic materials, or because the humification of
plant residues can increase the amount of OC in macro-aggregates during incubation in the treated soil. Hao XY and Chang C [33] reported
that fertilization improves soil structure and mean weight diameter (MWD), increases macro-aggregation and resistance to slaking but
may decrease stability of soil aggregates to dissolution and dispersive actions. They further reported that the stability of structure macro-
aggregates was higher in treatment without fertilizer than in treatment consisting of crop residue (CR) together with NPK fertilizers (CR
+ NPK) or NPK alone. Also, the MWD was higher in NPK than in CR + NPK. Munkholm L], et al. [34] also reported that unmanured soil is

denser than manured soil, and aggregates are stronger when dry and weak then wet.

Hao XY, et al. [35] showed that in aggregate size fraction (>2 mm), the amount of OC increased from “10% nanozeolite 3.27 (g Kgsoil'l)
and zeolite 2.91 (g Kgsoﬂ'l)” in the “10% zeolitic materials plus 5% alfalfa straw” treatment to “30% nanozeolite 3.93 (g K
3.54 (K,
ditions of “5% alfalfa straw in 3.93 or 3.54 (| Kgsoil'l) in “30% zeolitic materials plus 5% alfalfa straw” treatment toward “5% wheat straw
3.69 or 3.31 (g K

[37] showed that MWD  and OC contents in each aggregate size fraction increased with the additions of nanozeolite, zeolite, and plant

1) and zeolite

gsoil

1)”in “30 % zeolitic materials plus 5% alfalfa straw” treatment. The amount of OC in > 2 mm size fraction) increased with ad-

soil

gsoﬂ'l) in “30% zeolitic materials plus 5% wheat straw” treatment in nanozeolite and zeolite, respectively. Zotarelli ., et al.
residues. This study also revealed that nanozeolite and alfalfa straw were more effective for increasing the MWD  and OC contents in ag-
gregate size fractions than zeolite and wheat straw, respectively. In other words, higher percentage nanozeolite, zeolite, and plant residues

resulted in increasing the MWD  and OC in aggregate size fractions.

Blair N, et al. [38] observed slower decomposition and greater aggregate stability following the addition of intermediate quality Flem-
ingia macrophylla (> 4% polyphenols) versus the addition of high quality Medicago truncatula. The most probable reason for the stability
of the aggregate hierarchy is the continuous incorporation of young organic matter. De Gryze S., et al. [39] showed that macro-aggregates
had a linear relationship with wheat straw incorporation, but no relationship with the soil texture. Helfrich M., et al. [40] found that among
the various components of SOM, carbohydrates have particular importance in increasing aggregate stability, and to a certain degree could
protect SOC against mineralization. Hati KM, et al. [41] reported that the SOC is closely related to the formation and stability of soil aggre-
gates. Thus, the amendment of organic residues can improve soil structure and increase aggregate stability. Song MW, et al. [42] reported
that straw return plays a very important role in increasing soil TOC and labile OC fractions. Simansky V., et al. [43] observed higher total
carbon (C) and labile carbon (C ) contents in water-stable micro-aggregates (WSA ) and macro-aggregates (WSA ) in the size fractions
from 25 x 10* to 3 x 10~ m in RT compared to CT. There were also higher concentrations of C and C_ in WSA__ in the size fractions >3 x
107 m in CT. The application of crop residues together with NPK fertilizers increased the concentration of C, in all fractions of WSA . On
the other hand, C, concentration decreased by 7% in WSA . In crop residues with NPK fertilizers (CR + NPK), the highest concentration of
C_was observed in WSA__ in the size fraction 2 x 10 to 3 x 10 m. Chung H., et al. [44] revealed that organic matter in the soil is frequently
occluded within macro-aggregates where it is protected from decomposition. Tillage operation exposes this protected organic matter and
enhances its decomposition. Thakuria D., et al. [45] also observed that the application of bio-inoculants and retention of crop residues
conjointly help maintain C and N balance in soil and can enhance labile C pool in rice-legume cropping systems. Lahmar R reported that

conservation tillage such as NT increases topsoil aggregate stability, which could be explained by an increase in SOC at the soil surface.
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Simansky V., et al. [43] found that WSA  was higher by 9% in RT, which led to an increase in mean weight diameter of water-stable
aggregates by 11% and increasing of index stability (Sw) by 12%. Chen HQ,, et al. [18] found that RT practices allow C to build-up in the
plow layer by enhancing soil aggregation and reducing oxidation. Yang Y., et al. [82] also observed that the soil LOC is a sensitive indicator
for evaluating changes in the soil quality, because the LOC plays vital role in nutrient cycling and microbial activity energy uptake. Lewis
DB, etal [83] reported that increasing tillage intensity could reduce KMnO,-C levels in soils as a result of destruction of macro-aggregates
and elevated respiration. Under CT, due to increased soil disturbances, aggregated and protected SOC fraction can subject to rapid decom-

position via oxidation lowering the amount of KMnO,-C under CT.

Naresh RK,, et al. [56] also observed that macro-aggregates are less stable than micro-aggregates and more susceptible to the disrup-
tive forces of tillage, and > 2 mm size macro-aggregates showed the lowest percentage distribution across depths. This might be attributed
to the mechanical disruption of macro-aggregates with frequent tillage operations and reduced aggregate stability. The proportion of the
micro-aggregates in all treatments was small and they had the lowest OC content. However, micro-aggregates formation and the micro-
aggregates within the macro-aggregates can play an important role in C storage and stabilization in the long term [70]. Xue ], et al. [71]
found that over time, CT generally exhibits a significant decline in SOC concentration due to destruction of the soil structure, exposing
SOM protected within soil aggregates to microbial organisms. Thus, the adoption of no-till system can minimize the loss of SOC leading to
higher or similar concentration compared to CT. Zhou H., et al. [51] found that, compared to CT, macro-aggregates in RT in wheat coupled
with unpuddled transplanted rice (RT-TPR) was increased by 50.1% and micro-aggregates in RT-TPR decreased by 10.1% in surface soil.
Surface residue retention (50%) caused a significant increment of 15.7% in total aggregates in surface soil (0 - 5 cm) and 7.5% in sub-
surface soil (5 - 10 cm). In surface soil, 19.2% of total aggregate C was retained by > 2 mm and 8.9% by 0.1 - 0.05 mm size fractions. RT-TPR
combined with ZT on permanent wide raised beds in wheat (with residue) had the highest capability to hold the OC in surface (11.6 gkg*

soil aggregates).

Bandyopadhyay KK, et al. [47] reported significant positive correlation for SOC between WSA _and MWD in vertisols. Removal of resi-
dues from the surface and plowing through tillage accelerated decomposition which reduced aggregate stability in CT. Huang S., et al. [48]
observed significantly more macro-aggregates and higher SOM content in the bulk soil and > 2 mm aggregate fraction for the NPK plus
OM treatment compared with other treatments. Li CF, et al. [49] showed that MBC was affected by straw return with an affecting force of
96% at 0 - 7 cm depth and 98% at 7 - 14 cm depth. The probable explanation maybe that crop residue may enter the labile C pool, provide
substrate for the soil micro-organisms, and contribute to the accumulation of labile C. Mandal S., et al. [50] found that soil aggregation at
0 - 15 cm depth was not affected by cropping systems, but was affected by tillage. The ZT with residue and ZT without residue had 12 and
33% larger MWD than CT with residue and CT without residue, respectively, indicating the tillage effect dominating the residue effect.

Zhou H,, et al. [51] concluded that the application of NPK plus OM increased the size of sub-aggregates that comprised the macro-
aggregates. Also, they observed that long-term application of NPK plus OM improves soil aggregation and alters the three-dimensional
microstructure of macro-aggregates, while NPK alone does not. Zhang-liu DU, et al. [52] showed that NT and RT significantly increased
the proportion of macro-aggregate fractions (> 2000 and 250 - 2000 pm) compared with the moldboard plow without residue (MP-R) and
moldboard plow with residue (MP + R) treatments. Averaged across depths, MWD of aggregates in NT and RT were 47 and 20% higher
than that in MP+R. Hati KM,, et al. [53] revealed that the MWD of the top 15 cm soil under NT (1.05 mm) was significantly higher than that
under RT and MB (moldboard tillage) and the MWD was least under CT (0.71 mm). Similarly, %WS__ was maximum under NT (63.5%)
and minimum under CT (50.2%). Liqun Zhu,, et al. [54] showed that soil LOC fractions were significantly and positively correlated with
TOC concentrations at 0 - 21 cm soil depth. Such correlations suggested that TOC was a major determinant of soil LOC fractions. The for-
mation of micro-aggregates occurs in advanced stages of organic matter decomposition, so the OC in the micro-aggregates is more stable
or recalcitrant compared to the OC found in other aggregates, thereby favoring aggregate stability and C retention [55,56].
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Madari Beata,, et al. [36] also observed that the most pronounced difference between tillage systems was observed in the
surface soil layer (0 - 5 cm), where NT had higher aggregate stability (AS,: 96%; AS _: 89%), larger aggregate size distribution (MWD :
7.9 mm, MWD_.: 4.3 mm), and about 28% greater TOC in all aggregate size classes than in CT. Soil under NT had greater TOC in micro-
aggregates than under CT (NT: 22 g kg’; CT: 13 g kg!). Zotarelli I, et al. [37] revealed that the MWD of aggregates was on average 0.5 mm
greater in NT than in CT in the 0 - 5 cm layer in oxisols. Sandeep S., et al. [58] reported that tillage and its interaction were found to signifi-
cantly influence only those SOC fractions closely associated with aggregate stability, viz, labile polysaccharides and glomalin. The highest
amount of C,-derived carbon was found to be in plots receiving recommended doses of N as urea (29%) followed by control (25%). Na-
resh RK, et al. [59] showed significantly higher TOC and SOC content of 11.9 and 10.7 g kg™, respectively in wide raised beds transplanted
rice (RBTPR) and ZT with 100% residue retention and 11.0 and 9.4 g kg™, respectively in RBTPR and ZT with 50% residue retention. They
also reported that irrespective of residue incorporation/retention, wide raised beds with ZT wheat enhanced 53.6%, 33.3%, 38.7% and
41.9% of TOC, total inorganic carbon (TIC), SOC and OC, respectively, in surface soil as compared to CT with transplanted rice. Simultane-
ously, residue incorporation caused an increment of 6.4%, 7.4%, 8.7% and 10.6% in TC, TIC, SOC and OC, respectively over the treatments

with no residue management in wheat.

The above results reveal that decreasing micro-aggregates under NT would seem natural because of the different aggregate sizes pres-

ent in the soil implying that increased share of larger aggregates would result in decreased share of smaller aggregates.

Particulate organic matter

Particulate organic matter (POM) fraction comprises of all SOM particles less than 2 mm and greater than 0.053 mm in size. POM is
biologically and chemically active and is part of the labile (easily decomposable) pool of SOM. Franzluebbers AJ., et al. [60] found that the
crop residues persist longer at the soil surface under NT, thus differences in soil C and N levels between cropping sequences were more
apparent under NT compared to CT. Organic matter turnover, mineralizable C, and soil microbial biomass were greater for high-intensity
sequences than for monoculture. This suggests that higher crop residue inputs from intensive cropping were offset by any practice that
enhances organic matter decomposition under CT. Stimulation of residue and organic matter decomposition under CT could mask the
effects of cropping intensity on soil C and N levels, but under NT, their greater effects could be observed. Thus, both residue quantity and
quality could serve important roles in C and N accumulation in these soils. Manjaiah K and Singh D [61] also observed stratified particulate
organic carbon (POC) along the soil depth. A higher accumulation of POC was found in surface soil that reduced to halfat 15 - 30 cm depth.
Overall, the super-optimal dose as well as balanced application of NPK enhanced POC in soil. The POC contents in 100 and 150% of the
recommended rates of NPK in 0 -45 cm depth were increased by 9 and 22%, respectively, over 50% of the recommended rates. The POC
content in 100% NPK + FYM increased by 38 and 23% over 100 and 150% NPK, respectively.

Bhattacharyya R, et al. [67] reported slower macro-aggregates turnover in ZT compared with CT. This phenomenon might lead to
micro-aggregate formation within macro-aggregates formed around fine intra-aggregate POM and to a long-term stabilization of SOC oc-
cluded within these micro-aggregates. Duval ME,, et al. [68] reported that of the two POM fractions isolated in their study, fine POM (POM)
was, in general, more sensitive to soil tillage and land use than coarse POM ( POM). On the other hand, POM is more dependent on plant
derived C inputs and, therefore, more variable in time and space (also in depth) than POM. Liu E,, et al. [69] revealed that the average
concentrations of POC, DOC and MBC in organic manure plus inorganic fertilizer treatments (NP+S and NP+FYM) in 0 - 60 cm depth were

increased by 65 - 92%, 43 - 57%, and 75 - 99%, respectively, over unfertilized control.

Microbial biomass carbon

The microbial biomass consists mostly of bacteria and fungi, which decomposes crop residues and organic matter in soil. This process
releases nutrients, such as N, into the soil that are available for plant uptake. About half the microbial biomass is located in the surface
10 cm of a soil profile and most of the nutrient release also occurs here. Generally, up to 5% of the TOC and N in soil is in the microbial

biomass. When microorganisms die, these nutrients are released in forms that can be taken up by plants [159].
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Hopkins DW and Shiel RS [72] reported that the microbial biomass was greater in soils receiving annual additions of FYM for nearly
100 years in addition to inorganic NPK application. However, in a different study, a significant increase in MBC was found only in soils
fertilized with compost, while treatment with mineral fertilizers was characterized by a small MBC, as small as in the unfertilized soil.
Similarly, Omay AB [73] reported a significant decrease in MBC due to fertilizer applications, particularly N. The imbalanced use of fer-
tilizers also decreased MBC due to limitation imposed by major nutrients like P and K, which are essential for higher crop production
as well as for microbial cell synthesis. Wani SP, et al. [74] also reported that the highest increase in MBC (147%) was observed in 50%
recommended dose of N (RDN) through fertilizer (F) + 50% RDN through FYM followed by 79% increase in 50% RDN through FYM, 74%
increase in 100% RDN through F and 37% increase in 50% RDN through F.

Ghani A, et al. [75] reported that the fresh residues are C source for microbial activity and nucleation centers for aggregation when
returned to cropland. The enhanced microbial activity induces the binding of residue and soil particles into macro-aggregates [30], which
could increase aggregate stability and fix the unstable C, thus increasing the SOC concentration and C sequestration [18,31]. Haynes R] [1]
observed that DOC consisting of organic compounds present in soil solution acts as a substrate for microbial activity and is the primary
energy source for soil micro-organisms. Spedding TA., et al. [76] found that residue management had more influence than tillage on mi-
crobial characteristics, and higher SMB-C and N levels were found in plots with residue retention than with residue removal, although the

differences were significant only in the 0 - 10 cm layer.

Tresder KK, et al. [77] reported a complementary interaction between pigeon pea (a legume) root system and rhizo-bacteria. Pigeon
pea has a prolific root system, which releases an array of organic compounds viz. Psidic acid and oxalic acid. Gloumalin content is gener-
ally increased in the rhizosphere, which can stimulate and diversify the growth of the microbial biota and enzymatic activity, and thus, can
increase nutrient cycling and especially N and P acquisition to the crop [78]. Retention of crop residues at 3 tha™ under ZT and an associa-
tion of pigeon-pea leaf litter fall can stimulate the growth of microbial population by providing continuous supply of food. Rudrappa L.,
et al. [4] reported that application of NPK (50 to 150% of recommended rates) significantly enhanced other organic C fractions like MBC,
POC and KMnO, oxidizable C (KMnO,-C) in soil. The TOC in 0 - 45 cm depth in 150% NPK (63.5 Mg C ha™*) was increased by 39% over that
in 50% NPK (51.5 Mg C ha™) and 29% over that in 100% NPK (54.1 Mg C ha).

Six ]., etal. [79] reported that under intensive tillage a decline in microorganisms with soil aggregation can occur because of the inhibi-
tion of fungal growth and activity due to reduced establishment and maintenance of extensive hyphal networks, or because of the changes
in soil moisture that may differently influence bacteria and fungi either by directly affecting survival and growth or indirectly by shifting
substrate availability. Mandal A., et al. [80] also reported that the microbial biomass was greater in soils due to addition of straw plus
inorganic NPK for 34 years than that with NPK fertilizers alone in rice-based cropping system. Hao XH., et al. [81] also observed that the
microbial biomass was considerably greater in soils receiving FYM along with NPK fertilizers than in soils receiving merely NPK fertilizers

in three subtropical paddy soils.

Wang ., et al. [84] reported increased MBC with crop residue application in comparison to no residue application. Moharana PC,, et al.
[85] reported that highest values of TOC (11.5 g kg™') and black organic carbon [WBC] (7.9 g kg™) were maintained in FYM treated plots,
while the highest LBC (1.36 g kg'!) and MBC (273 mg kg™!) were found in FYM + NPK plots. The magnitude of change in SOC pools in sub-
surface (15 - 30 cm) soil was lower as compared to the surface (0 - 15 cm) soil. Significant increase in all SOC pools under FYM indicates
the importance of organic manure application in maintaining OC in pearl millet-wheat cropping systems in the inceptisol of subtropical
India.

Awale R, et al. [86] found that the trends for soil CO,-C mineralized at 21 or 30 days were similar. Hurisso TT, et al. [87] revealed that
the amount of MBC was directly related to the C concentration in the 1 - 2 mm aggregates and, as a consequence, to the C concentration
in the stable aggregates. Thus, MBC appeared as efficient stabilizing agents, but it was not selectively preserved in stable aggregates. Mi-

crobial biomass nitrogen (MBN) was not related to any C and N pools in 1-2 mm aggregates. Das TK,, et al. [88] found that crop residue
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application at 3 t ha resulted in 41.0% and 39.8% higher MBC and MBN, respectively, over no residue application. Enhanced SOC with C
input in crop residues at 3 t ha increased the amount of microbial biomass and enzymatic activities in the soil. Furthermore, combined
application of pigeon-pea + wheat residue at 3 t ha resulted in higher MBC and MBN over no residue I, which could be due to simultane-
ous C and N supply from the residues. The high C: N ratio of wheat residue temporally blocks N supply, this effect is probably masked by
pigeon-pea residue that has low C: N ratio. Mikha MM.,, et al. [89] reported that SOC is physically protected from microbial decomposition
within soil aggregates. Both, SOC and the coarse particulate organic carbon (CPOM-C) serve as energy source for soil microbial biomass

and hence, their availability significantly influences soil microbial activities.

Govaerts B, et al. [31] concluded that under ZT the additional C improves the soil structure, especially in terms of macro-aggregates,
which is active site for holding labile C. Hence, the increased OC content and better soil structure may have occurred under ZT. Mina BL,,
etal [62] reported that there was respectively 15.0 and 18.3% higher MBC and MBN under ZT than CT after 4 years of cropping. Although
the microbial biomass comprises only a small portion of the total SOC, it has a greater importance as it acts as a repository of nutrients for
plants as it is more labile than the total SOC. So, any agronomic manipulation in the OC pools will have corresponding changes in micro-
bial pool. Sa JCM and Lal R [63] found that the continuous replacement of organic manure on the soil creates a favorable environment for
the C cycling and formation of macro-aggregates. Furthermore, POC acts as a cementing agent to stabilize macro-aggregates and protect
intra-aggregate C in the form of POC. Verhulst N,, et al. [64] reported that crop residue application of 3 t ha* resulted in 41.0 and 39.8%
higher MBC and MBN, respectively than with no residue application. Enhanced SOC with C input from crop residues at 3 t ha! increased
the amount of microbial biomass and enzymatic activities in the soil. Frequent tillage operations under CT can easily exacerbate breaking
down of C-rich macro-aggregates in soils, then forming a large number of microaggregates with relatively low OC content and free organic

matter particles. The latter have poor stability and are prone to degradation, thereby causing the loss of SOC [65,66].

Wuest S [90] also reported the slight differences in the SOC and TN concentrations between the two years of study could be attributed
to the difference in the activities of soil microorganisms and the rate of residue decomposition due to the seasonal variation in soil tem-
perature and moisture regime. Sepat S., et al. [91] observed that ZT increased the MBC and MBN by 15.0 and 18.3%, respectively, over CT.
Plots under ZT - raised bed (ZT-B) recorded highest soil MBC, while f MBN under ZT-B remained comparable with ZT flatbed (ZT-F) and
CT raised bed (CT-B). Crop residue application resulted in 41.0 and 39.8% higher MBC and MBN, respectively, over no residue. Further-
more, among the crop residues, combined application of pigeon-pea + wheat residues resulted in highest MBC and MBN followed by sole
application of either pigeon-pea or wheat residue. Naresh RK. et al. [92] reported that ZT with residue retention resulted in 24-191%
more POM-C, averaging about 105% than no residue application. For POM, the increase was 48 - 187% more, with an average of 74%.
For both POM and POM fractions, the decreasing pattern in SOC concentration with depth was more prominent under conservation till-
age, especially under ZT, in such a way that the average concentrations in the 0 - 40 cm profile were not significantly different from those
under CT. Crop residue management influences microbial biomass as they are one of the primary forms of OC and nutrients used by the
microbial biomass. Retaining crop residues rather than burning results in increased microbial biomass as the amount of OC available to

the soil increases.

Soil carbon sequestration

World'’s soil holds around twice the amount of C (~1500 Pg C to 1 m depth (1 Pg = 10 g) that is found in the atmosphere (~750 Pg C)
and almost three times that is found in the biotic pool (~610 Pg C) [7]. Organic material is manufactured by plants using carbon dioxide
from the air and water. Plants (and animals, as part of the food chain) die and return to the soil where they are decomposed and recycled.
Minerals are released into the soil and carbon dioxide is released into the atmosphere. SOC sequestration is thus a part of the natural car-
bon cycle. Table 2 summarizes various strategies for sequestration of SOC. Dobermann A and Witt C [93] reported that rice straw contains
5-8kgN,0.7-1.2kgP, 12-17kgK, 0.5-1kgS, 3-4 kg Caand 1 - 3 kg Mg per ton straw on dry weight basis. These nutrients are released
upon the decomposition of the straw and support SOC accumulation as well as crop production. Aoyama M and Kumakura N [94] reported

an increase in SOM with animal manure application, and consequently, the formation of macro-aggregates (250 - 1,000 um). They further
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pointed out that manure application increased the accumulation of macro-aggregate-protected C and thus sequestrated more organic C
in soils. concluded that on average, a change from CT to NT can sequester 57 + 14 g C/m?/yr, with an average of 20 + 12 g C/m?/ yr. SOC
sequestration rates can be expected to peak in 5-10 years with SOC reaching a new equilibrium in 15-20 years. Liu XB,, et al. [95] showed
that soil cultivation can reduce SOC content and lead to soil deterioration, and finally reduce soil productivity. They also suggested that
by changing land use and tillage systems or by the adoption of sustainable crop rotations and the inclusion of perennial vegetation, SOC

sequestration rates can be increased to 20 - 75 g C/m?/yr, and it may reach a new equilibrium within several decades.

Campbell CA.,, et al. [96] reported an increase in SOC mostly by annual cropping with application of adequate fertilizer N and P in
semiarid southwestern Saskatchewan, Canada. They concluded that SOC and total N, microbial biomass LOC and N, mineralizable N and
wet aggregate stability all had generally positive response to fertilization. From a long-term pastures and cropping study in Georgia, USA,
Schnabel RR,, et al. [97] concluded greater SOC accumulation in pastures than annual crops due to longer growing periods, more exten-
sive root system, and less soil disturbance. The study revealed that the SOC near the soil surface was greater under pasture than under
conservation-tilled cropland, the latter with greater SOC than under conventional-tilled cropland (Figure 1). The SOC sequestration dur-
ing 16 years of pasture was estimated at 1.03 + 0.90 Mg C/ha/y.

Figure 1: Depth distribution of soil organic C under conventional tillage, conservation tillage, and pasture.
Source: Schnabel, et al. (2001) [97].

Witt C., et al. [98] found that the replacement of dry season rice by maize caused a reduction in soil C and N due to a 33 - 41% increase
in the estimated amount of mineralized C and N during the dry season. As a result, there was 11 - 12% more C sequestration and 5 - 12%
more N accumulation in soil continuously cropped with rice over maize-rice rotation with greater amounts sequestered in N-fertilized
treatments. Francioso 0., et al. [99] also reported that SOC and N differed significantly after 22 years for all treatments where the amend-
ments with cattle manure markedly increased the SOC and N contents, while cow slurries and crop residues reduced SOC and N contents

in rice.
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(1) Maximizing C input

(2) Minimizing C loss from soil

Plant selection
Species, cultivar, variety
Growth habit (perennial/annual)
Rotation sequence
Biomass energy crops

Reducing soil disturbance
Less intensive tillage
Controlling soil erosion

Tillage Utilizing available soil water
Type Promotes optimum plant growth
Frequency Reduces soil microbial activity
Fertilization Maintaining surface residue cover
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Rate, timing, placement Increases plant water use and production
Organic amendments

More fungal dominance in soil

Table 2: Strategies to sequester soil organic C.

Source: Franzluebbers, (2005) [100]

Franzluebbers AJ [100] reported that the impact of conservation tillage on SOC sequestration may be greater in degraded soils than in
fertile soils. The ratio of SOC under conservation to conventional tillage as related to initial SOC under CT was logarithmically greater in
soils with inherently lower organic C than in soils with inherently higher organic C content (Figure 2). Therefore on a relative basis, the

improvement in SOC was proportionately higher in degraded soils.

Figure 2: The ratio of soil organic C under conservation tillage-to-conventional tillage as related to the initial

soil organic C content under conventional tillage (Franzluebbers, 2005) [100].

Fertilization of crops is needed to overcome deficiency of nutrients especially in those soils exhausted by years of soil erosion, inten-
sive disturbance with tillage, and continuous harvest of products [161]. Excessive fertilization can also occur when agronomic prescrip-

tions exist without considering economic and environmental consequences [161]. Review of data from southeastern USA indicates that
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SOC generally accumulates with increasing rate of N fertilizer application (Figure 3). The average N fertilizer rate to achieve maximum
SOC sequestration (0.28 Mg C/ha/yr) was 171 kg N/ha/yr [100], well within the range of values often reported to maximize cereal crop
yields. However, when considering the C costs of N fertilizer (i.e. manufacturing, distribution and application), the optimum N fertilizer
rate was 107-120 kg /ha/yr based on C costs of 0.98 [0.86 + 0.08 + 0.04] to 1.23 kg C/kg for production, application, and liming compo-

nents, respectively.

Figure 3: Average change in soil organic C as affected by N fertilizer rate in the southeastern USA (Franzluebbers 2005)

[100]. Dotted lines represent the lower and upper limits of C cost of N fertilizer manufacture, distribution, and application.

Tillage increases the effect of drying-rewetting and freezing-thawing on soil, which increases macro-aggregate susceptibility to dis-
ruption [101,161] and accelerates the labile organic C mineralization and SOM degradation, thus increasing the loss of SOC in sub-tropical
to warm temperate rice-wheat cropping systems in China [102]. Al-Kaisi MM.,, et al. [103] found that SOC content in 0 - 5 cm soil layer was
highest under NT (8.6 g kg''), while it was lowest under CT (6.5 g kg!) and intermediate under RT. However, in 5 - 15 cm layer, the concen-
tration was higher in MB over RT or CT. In 15 - 30 cm layer also, the concentration was higher in MB than in CT but was at par with NT or
RT. The increase in SOC under NT in the surface soil was attributed to a combination of crop residue retention, reduced litter decomposi-
tion and reduced soil disturbance. Besides this, the SOM and the previous rice root residues below the surface were left undisturbed and

thus were not subjected to accelerated decay under NT and RT.

Denef K and Six ] [104] found that the ratio of POC and SOC improved from 31.4% in control to 38.5% in integrated use of chemical
fertilizers and FYM, 36.0% in farmer’s practice, and 35.5% in 50% RDN (FYM) treatments indicating that the regular addition of soil
amendments can improve and stabilize C in the fine-textured soil particles. Rudrappa L., et al. [4] reported that the application of super-
optimal dose of NPK (150% NPK) showed higher TOC (12.9 g C kg!) over either 50% NPK (9.3 g C kg™) or 100% NPK (10.0 g Ckg?) in 0
- 15 cm soil layer. There was an improvement in TOC in 100% NPK or 100% NP (9.3 g C kg') over 100% N (8.7 g C kg!) in the same depth.
The application of FYM with 100% NPK showed 15.2,9.9 and 5.2 g C kg™ in 0 - 15, 15-30 and 30-45 cm depth, respectively. Abid M and
Lal R [105] reported that conservation tillage, particularly NT leads to a concentration of SOC in the top soil layer (0 - 5 cm) due to plant

residues accumulating on the soil surface and alters its distribution within the soil profile.
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Generally, NT, RT and ST system, where soil cultivation is reduced, and residues are generally present in surface or near surface, can
result in higher SOM than in CT where the residues are incorporated into the soil. He N, et al [106] reported that the mean SOM in the 0 - 5 cm soil
layer was 18.8 g kg under NT with straw cover which was significantly greater than 14.3 g kg™ under CT, but this difference declined in
lower layer (from 14.1 gkg'in5-10cmto 9.6 gkg™ in 10 - 20 cm depth), with no significance in 20 - 30 cm depth. Thierfelder C and Wall
PC [107] also reported that the conventional ploughing resulted in an increase of C by only 6% in 0-20 cm depth (from the initial site mean of
6.5Mgha™ in 2004 to 6.9 Mg ha in 2008), whereas direct seeding increased SOCby 104% (to 13.3 Mgha') over the same period [108]. After 9
years of experimentation, significantly higher SOC was observed under NT in top layer (0 - 4 and 4 - 8 cm depths), where SOC was 57.8%
and 15.1% greater than that in plow layer. In the 8 - 30 cm depth, the SOC concentration was not different among tillage systems. Similarly,
after four years of experimentation, Tabaglio V., et al. [109] recorded significantly higher SOC in the top layer (0 - 5 cm depth) in favor of
NT (13.9 g kg™) over CT (10.3 g kg!), however the difference in lower depth was not significant. In another study in Texas, USA, after 11
years of experiment, Dao TH [110] observed an increase of SOC by 65, 17, and 7% in NT compared to plow-till soil in the 0 - 5,5 - 10 and
10 - 20 cm depths. In the 0 - 5 cm depth, difference in SOM between the NT and plow treatments were highly significant as NT resulted
in 33% higher SOM than under plow (23.9 g kg') [111]. NT also resulted in significantly higher (9%) SOC in 5 - 15 cm depth (26.6 g kg?).
Further, increased sampling depth had lower SOC under NT system. After 43 years of continuous experiment on corn, SOM content in the
top 30 cm layer was found to be significantly greater under NT (80.0 Mgha) than under chisel tillage (45.3 Mg ha') or mold board plough
tillage (44.8 Mg ha') [112].

Guo LB and Gifford RM [113] revealed that the magnitude of SOC depletion was reduced by application of either chemical fertilizers
alone or in combination with organic amendments. In comparison with control, the magnitude of SOC depletion was lower in treatments
involving 50% RDN (F) + 50% RDN (FYM) (13%), 50% RDN (FYM) (29 %), 100% RDN (F) (45%), and 50% RDN (F) (52%). The effect of
tillage on SOC concentration was significant in the surface layer (0 - 10 cm) (NT=13.0gkg?; and CT=10.1g kg'!). The concentration was initially
higher in NT than in CT, and the difference increased further after 10 years (NT = 15.5 gkg! vs CT=10.8 gkg!). Within the 10 years of experiment, SOC
content had increased by 21% in NT (gain of 0.61 Mg SOC ha yr ') whereas decreased by 2% in CT (loss of 0.06 Mg SOC ha* yr-!) [114]. At the
end of 15 years of study, the SOM content in NT with straw cover was 0.3 g kg™! higher than the initial concentration, but was decreased
by 0.2 g kg tin CT with straw removal. Under NT with straw cover, SOM was increased by 40.3% from 13.9 g kg™! in the upper layer (0 - 5
cm) and by 14.3% from 14.7 g kg™ in 5-10 cm layer while it was decreased by 20.1% from 13.9 g kg™ in 10 - 20 cm and 35.1% from 9.7 g
kgt in 20-30 cm layer, while under CT with straw removal there were no significant changes were observed (Wang, 2008).The rates for
SOC sequestration reported by [115] and [116] ranged from 0.34 to 0.81 Mg C ha! yr for Brazilian Cerrado region, and the potential of
SOC sequestration can be around 7.72 to 18.39 Tg yr', if 100% of the Cerrado crop area was under NT.

Lal R, et al. [117] also estimated that the global potential of SOC sequestration and restoration of degraded/desertified soils of 0.6
to 1.2 Pg C yr for about 50yr with a cumulative sink capacity of 30 to 60 Pg, comprising 0.4 to 0.8 Pg C yr through adoption of recom-
mended management practices (RMP) on cropland (1350 Mha), and 0.01 to 0.03 Pg C yr! on irrigated soils (275 Mha), and 0.01 to 0.3 Pg
C yr! through improvements of rangelands and grasslands (3700 Mha). Causarano HJ, et al. [118] revealed that SOC sequestration under
pasture compared with CT cropland averaged 0.53 Mg C/ha/yrat0-5cm (p <0.01),0.17 Mg C/ha/yrat5-12.5 cm (p < 0.01), and 0.05
Mg C/ha/yr at 12.5-20 cm (p > 0.05) for a total of 0.74 Mg C/ha/yr to a cumulative depth of 0 - 20 cm (Figure 4).
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Figure 4: Difference in SOC sequestration between conservation-tillage and conventional-tillage cropland (adapted from
Causarano., et al. 2008) [118].

Baker JM,, et al. [6] argued that if the SOC content in the entire rooting profile were accounted (i.e., 0 - 2 m), the only reasonable con-
clusion would be that conservation tillage systems only change the depth distribution of SOC and not the total amount of C stored in soil.
Liu SP, et al. [15] have found that SOM content for both plowing and rotary tillage at deeper soil was higher than that of the upper soil.
The reason might be that rotary tillage and plowing tillage result in mixing of crop straw into the deeper layer of soil, making SOM well
distributed at different depths [30]. Kukal SS., et al. [119] also observed that SOC concentration in the 0 - 60 cm soil profile was higher un-
der FYM application (1.8 to 6.2 g kg™) followed by NPK application (1.7 to 5.3 g kg'!) when compared to control plots. Tian SZ., et al. [120]
found that rotary tillage with straw return had higher SOC than plowing tillage with straw return at 0 - 10 cm soil depth in wheat field.

Srinivasarao C,, et al. [122] reported that in comparison with control, the 100% organic (FYM) treatment had significantly higher SOC
(27.5 Mg ha'), and a higher C sequestration rate (6.6 Mg C ha') at 1-m depth as compared to similar studies reported earlier. These pa-
rameters were also higher under 100% FYM at a rate providing equivalent amount of the recommended dose of N applied through chemi-
cal fertilizers followed by conjunctive use of FYM and chemical fertilizers. The SOC stock and SOC sequestration rates were both positively
correlated with cumulative C input. Briedis C., et al. [123] reported that Ca?* from the surface liming was positively correlated with the
TOC content and acted as a cationic bridge between the clay particles’ surfaces and the SOC, contributing to higher SOC sequestration.
Chen HYH and Shrestha BM [124] observed that the SOC increased with time (year) and resulted in increased percentage of water-stable
aggregates. Higher C accumulation in macro-aggregates could be due to the lower decomposable SOM associated with these aggregates
and also the direct contribution of SOM to the stability of macro-aggregates. Srinivasarao C., et al. [125] observed that the application of
FYM alone or in a combination with chemical fertilizers contributed to higher amounts of C inputs and subsequently in buildup of higher
SOC pool. Application of 10 Mg ha™* of FYM and recommended dose of chemical fertilizer (25:21.8:20.7 and 50:21.8:20.7 kg N, P, K ha™
respectively for groundnut and finger-millet) increased SOC pool by 41.2% after 13 years (i.e., with an increase of 9.3 Mg ha™). In a hypo-
thetical example, Causarano HJ, et al. [118] reported that in relative comparison with a conventional system, the SOC sequestration rate
could have been realistically increased to 0.25 Mg C/ha/yr (Scenario A in Figure 5), because SOC declined by 0.10 Mg C/ha/yr under con-
ventional agricultural practices following degradation from the previously elevated SOC amount. In Scenario B (the most often presumed
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condition), SOC sequestration under conservation agriculture would have been effectively the same as that observed without comparison
with conventional agriculture, because SOC under conventional agriculture was at a steady-state condition. In Scenario C, SOC sequestra-
tion under conservation agriculture would have to be adjusted to 0.05 Mg C/ha/yr, because the conventional system was improved by

other practices similar to that under conservation agriculture, which sequestered SOC at 0.10 Mg C/ha/yr [118].

Figure 5: Hypothetical example of soil organic C content under conservation agriculture and three different

baseline conditions of conventional agriculture. [Source Causarano., et al. 2008] [118].

Ghimire R, et al. [126] did not find any significant effect of crop residues incorporation on SOC in a conventionally tilled with no
residue rice-wheat cropping system but SOC was significantly greater by 11% under NT with residue retention. Zhu Liqun,, et al. [127] re-
ported that all the four improved management practices (IMPs) such as organic manure application (OM), organic manure combined with
chemical fertilizer application (MF), straw return (SR) and reduced RT or NT had significant effects on SOC sequestration. On an average,
OM, MF, SR and NT enhanced SOC concentration by 260, 328, 278 and 134 kg ha yr, respectively. The effective duration for OM, MF, SR
and NT for SOC sequestration was about 48, 26, 22 and 18 years, respectively. Accumulation enhancements of SOC concentration for OM,
MF, SR and NT over the SOC sequestration periods were about 34.7%, 36.1%, 22.0% and 12.7%, respectively.

BhattacharyyaR., et al. [128] reported that the ZT plots had nearly 17 and 14% higher total SOC and POC contents as compared with CT
(~9.8 and 3.6 g kg soil) in the 0- to 5-cm soil layer after 9 yr of cropping. Jha M., et al. [129] revealed that the application of bio-nutrients
containing Pseudomonas mycostraw, Cyanobacteria, and Azospirillum increased the SOC from 14 to 18% in a rice field in Bihar, India. Fol-
lett RF, et al. [130] reported that under NT, SOC pools and residual C,-C were maintained and C,-C pools increased (0.76 Mg C,-C ha™'yr™),
with 83% of the C,-C accruing in the 0- to 30-cm soil depth. Increases in SOC were the result of increased C,-C accumulation at depth while
retaining residual C,-C throughout the soil profile. Kahlon MS,, et al. [131] reported higher SOC concentrations under conservation tillage

than CT due to the disruption of soil aggregates and increased soil respiration because of release of protected SOC in the latter.
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Zhu Liqun,, et al. [132] also observed that soil TOC and LOC fractions in both rice and wheat straw return treatments were higher than
with either wheat or rice straw return alone, indicating that increased straw return plays a very important role in increasing soil TOC and
LOC fractions. Thakuria D., et al. [45] showed that the SOC content up to 15 cm soil depth was significantly higher in NT, RT and MB where
wheat residues were left after harvest, than that in CT. The SOC in MB was significantly higher than CT in 15-30 cm soil layer. Ladha JK,,
etal [133]and Alam MK, et al. [134] found that RT along with crop residues addition also benefit agro-ecosystems due to their effects on
nutrient accumulation, crop yield, and improved agro-ecosystem resilience. Pandey D., et al. [135] compared four tillage treatments con-
sisting of tillage time and intensity in a rice-wheat system in Varanasi, India, and reported that NT before sowing of rice and wheat could
increase SOC by 0.59 Mg C ha' yr. Ghimire R, et al. [136] also observed that soil management practices, such as intensive tillage and crop
residue burning or removal, contribute to decline in SOC. Weller S,, et al. [137] reported that SOC is lost as CO, and CH, emissions from an-
aerobic soils via sequential oxidation-reduction reactions mediated by diverse microbial groups as follows: Organic matter+0,—C0,+H,0
(mediated by obligate aerobes), Organic matter+NO, —N,+CO,+H,0 (facultative anaerobes), Organic matter + MnO,—~Mn**+ CO,+H,0 (fac-
ultative anaerobes), Organic matter + Fe (OH),—~Fe? +CO,+H,0 (facultative anaerobes), Organic matter+S0,* —»5*+C0,+H,0 (obligate

anaerobes) and Organic matter+C0O,—CH,+H,0 (obligate anaerobes).

Highly eroded soils like flooded rice soils, contribute to methane (CH,) emission, which has adverse effects on the environment. Total
anthropogenic CH, emission in 2010 has reached nearly 8 Gt CO,-C eq. Yr*[138]. Of the major agriculture-related greenhouse gas emis-
sions, rice fields contribute 11% of total annual CH, emissions. Mid-season drainage, intermittent flooding, or rotation of flooded rice
with upland cropping can mitigate CH, emissions from rice-based cropping systems. Brar BS,, et al. [139] reported that the SOC pool was
lowest in unfertilized control (7.3 Mg ha™') and increased to 11.6 Mg ha™* with 100% NPK+FYM. Organic manures contain most of carbon

in recalcitrant forms resulting in more C sequestration as it had already decomposed before its application to agricultural fields.

Ghimire R, et al. [121] discussed the influence of tillage, residue and nutrient management practices on SOC in rice-based cropping

systems. A conceptual framework for such influences is presented in figure 6.

Figure 6: Conceptual framework to describe the influence of tillage, residue, and nutrient management practices on soil
organic carbon in rice-based cropping systems. Carbon sources are present in a box marked with solid lines, and management
practices are shown in boxes with dotted lines.

Source: Rajan., et al. (2017) [121].
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Kushwa V,, et al. [140] reported highest (8.8 g kg™!) and lowest (5.9 g kg™!) SOC concentrations in NT and CT, respectively in 0 - 5 cm depth whereas highest SOC was
observed in MB in 5 - 15 cm depth. The stratification ratio of SOC was higher in NT (2.20) followed by RT (1.93), MB (1.68) and CT (1.51). Hossain M S,, et al. [141] found
greater SOC under poultry litter and cattle manure application in a rice-wheat-legume rotation over farmers’ practice of no manure and fertilizer application in a rice-wheat
fallow system in Bangladesh. Similarly, manure or straw addition when combined with N and P fertilizers increased SOC content by 0.30 Mg ha! yr! in a rice-wheat rota-
tion in China [142]. Naresh RK,, et al. [56] reported higher SOC (10.34 g kg*soil) in permanently wide raised bed with residue retained plots followed by that in RT residue
retained plots (8.14 g kg of soil) while lower SOC (5.49 g kg of soil) was found in puddled transplanted rice followed by wheat planted in conventionally tilled plots.

The above discussed information will be useful for developing appropriate technological and management solutions to increase agricultural sustainability and combat

environmental degradation.

Effect of integrated nutrient management on soil properties and SOC

SOM is the central indicator of soil quality and health, which is strongly affected by crop and soil management. The importance of increased SOM or SOC lies in its positive
effect on improving soil physical properties, conserving water, and increasing available nutrients. These improvements should ultimately lead to greater biomass and crop
yield. There is considerable concern that if SOM or SOC concentrations in soils are decreased adversely, the productive capacity of agriculture will then be compromised by
deterioration in soil physical properties and by impairment of soil nutrient cycling. Chaudhary J., et al. [143] reported that the NPK + FYM was superior to NPK alone in all
soils in improving the SOC and soil physical properties, i.e., size of soil aggregates, soil microbial biomass and dehydrogenase activity. Table 3 shows that organic carbon,
bacterial and fungal counts and activity of soil enzymes during wheat growth increased just after two years of soybean-wheat rotation and all these were higher in integrated
nutrient management (INM) systems than with fertilizers alone. Kang GS., et al. [144] concluded that the rice-wheat cropping systems were sustainable only when fertilizers
were supplemented with organic manures. After 17 years of continuous rice-wheat systems, there were significant improvements in SOC and total N, potentially mineraliz-
able N and mycorrhizal infection, soil enzymes, soil microbial biomass, soil respiration, where 50% NPK for rice was complemented with 6 t/ha of either FYM or wheat straw

or green manure after wheat grown with 100% NPK through fertilizers (Table 4).

Treatment Organic C (%) | Bacteria (10°/g) | Fungi (10*/g) | Cellulase' | Urease? | Acid Phosphatase® | Alkaline Phosphatase* | Aryl Sulphatase®
FP 0.44 8.6 2.9 1.00 10.0 33.8 108.2 349
Chemical fertilizers 0.47 9.3 1.6 1.15 7.0 23.0 105.9 29.2
Organic manure 0.50 8.4 1.5 1.37 8.6 35.1 116.6 35.0
INM 0.54 13.0 2.1 1.27 9.0 27.1 115.8 31.4
LSD p=0.05 - 2.3 0.9 0.15 2.5 10.9 41.4 11.1

Table 3: Microbial populations and soil enzymes in a vertisol in various nutrient management options in soybean- wheat rotation in India.

Cellulase = uM glucose/q soil/24h; Urease = uM NH -N g™ soil h”'; acid and alkaline phosphatase and aryl sulphatase = ug p-nitrophenol g* soil h'* ; FP: Farmer’s Practice; INM:

Integrated Nutrient Management

(Sources Rao, 2007) [145].

Treatment 0C% | TNkg/ha | Microbial infection (%) | DHA | Phosphatase | SMBC (mg/kg) | SMBN (mg/kg) | CO,-C | PMN
Control 0.47 1292 28.6 105.6 15.1 141.1 48.3 4.4 5.9
100% NPK 0.50 1299 34.4 82.2 18.3 157.0 50.7 2.7 7.3
IPNS (FYM) 0.63 1508 51.0 123.9 23.2 163.0 55.6 7.4 13.6
IPNS (WS) 0.52 1236 49.6 105.6 229 153.3 52.1 45 7.1
IPNS (GM) 0.68 1442 52.0 119.0 27.6 172.8 63.1 5.5 15.9
LSD (p =0.05) | 0.05 NS 12.7 34.4 6.6 31.8 7.1 2.0 3.6

Table 4: Effect of continuous application of fertilizers and organic manures on soil health indicators of a sandy loam soil under rice-wheat system for 17 years in a semi-arid

subtropical environment in India.

* DHA (dehydrogenase activity) = ug TPF g soil 24 h'; Phosphatase = pg PNP g soil h'; SMBC (soil microbial biomass carbon) and SMBN (soil microbial biomass nitrogen);
CO,-C respiration = mg CO,-C evolved kg soil 10 d; Potentially Mineralizable Nitrogen= mg kg soil 7d". IPNS= Integrated Plant Nutrient System

Source: Kang., et al. (2005) [144]
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Ghosh PK,, et al. [146] and Sharma P, et al. [147] also observed that conservation tillage significantly increased soil respiration
(+81.1%), SMBC (+104%) and soil dehydrogenase activity (+59.2%) compared to CT. Basak N [148] concluded that the soil enzyme
activity, acid and alkaline phosphatase, and aryl sulphatase activity besides dehydrogenase activity were better under IPNS with GM as
compared to IPNS with FYM. These results show a clear beneficial effect of continued green manuring on soil biological quality. Nath DJ., et
al. [149] found that the building up of POM and SOM would demand addition of crop residues and chemical fertilizers in a balanced form
and also to achieve intermediate C: N ratios since what is being built up through biological mechanisms is after all a reservoir of chemical

nutrients in slow and intermediate pools of organic matter.

Tong X., et al. [150] showed that straw incorporation can replenish the SOM by enhancing carbon inputs, which has a positive effect on
the accumulation of nutrients, improving the nutrient utilization efficiency. Zhu Liqun., et al [132] revealed that soil LOC fractions were
significantly and positively correlated with TOC concentrations at 0 - 30 cm soil depth. Such correlations suggested that TOC was a major
determinant of soil LOC fractions. Lewis DB,, et al. [83] found that combined application of pigeon pea+ wheat residue at 3 t ha!
resulted in higher dehydrogenase (20.9 pg-triphenyl formazan/g/h), B-glucosidase (145 pg p-nitrophenol/g/h), and acid phosphatase
activities (24.5 pg p-nitrophenol/g/h) than the single application of wheat or pigeon pea residue in either season, or no
residue control. Naresh RK,, et al. [59] reported that the soil C content in the 400 - 800 and 800 - 1200 kg of soil m™ intervals per-
formed similar change after 16 years. Changes over the length of the study averaged over tillage and crop residue practices were -0.07 *
0.09 and -0.05 + 0.02 kg C m™ in the 400 - 800 and 800 - 1200 kg of soil m™ intervals. This is equivalent to an average yearly change rate

of -5.5 and -3.9 g C m?2 yr! for each mentioned soil mass interval.

Awale R, et al. [86] reported that the magnitude of changes in SOC fractions between conservation tillage practices (ST and NT) and
CT was in the order of CPOM-C (17.2 - 41.8%) > cumulative C_, (6.6 - 22.5%) > KMnO -C (2.6 - 4.8%). These results suggest that tillage
induced changes were sensitively reflected by the changes in physical (CPOM-C), chemical (KMnO,-C), and biological (cumulative C__ )
SOC fractions, and therefore can be used to estimate early changes in SOC dynamics. In terms of tillage effects, CPOM-C was the most
sensitive fraction of organic C than total SOC which showed 2.7 - 6.6% enrichment. Thus, SOM is not only an important source of C for soil
processes but also a sink for SOC sequestration. Cultivation can reduce SOC content and lead to soil deterioration, and can finally reduce
soil productivity. By changing land use and tillage systems or by the adoption of sustainable crop rotations and the inclusion of pulses,

SOC sequestration rates can be increased to a range of 20 - 75 g/m?/yr, and SOC may reach a new equilibrium within several decades.

Carbon input levels, and crop productivity

One of the current challenges in SOC studies is to quantify the mechanisms, capacity, and longevity of C stabilization in agricultural
lands. The actual amount of soil C that can be stored is dependent on the farming systems and their management practices, soil type and
climatic conditions, as well as the initial soil C level of the site. Restoration of depleted soils for sustaining crop production is the greatest
challenge for sustaining agriculture and improving food security. Lowland rice-based cropping systems are considered to be the most

stable systems and are also the largest SOC conserving systems.

Several studies reveal the positive effects of RT or NT, crop residue addition, and improved nutrient management to improve SOC and
crop yields. Ghuman BS and Sur HS [151] reported that the RT in conjunction with crop residue improves soil properties and wheat yield
on rice-wheat cropping systems on sandy loam soils in the subtropical climate of northwestern Punjab, India. Aulakh MS,, et al. [152]
reported that the incorporation of wheat residues in flooded rice could increase C storage and maintain high grain yields, also in rice-wheat
systems. In that study, RT resulted in significantly higher wheat yield (5.1 Mg ha™) compared to CT (4.6 Mg ha™) and ZT (4.8 Mg ha™).
Highest wheat yield (6.1 Mg ha™') was obtained in RT followed by CT (5.8 Mg ha™') under residue incorporation in the third year.Basak N
[148] reported that total system productivity was 130% higher in a groundnut (Arachis hypogaea L.)-based systems (rainy season ground-
nut followed by other post rainy season crops namely, groundnut, chickpea [Cicer arietinum L.], wheat [Triticum aestivum L.], mustard
[Brassica spp.], sunflower [Helianthus annuus L.]) than in a fallow-based (rainy season fallow followed by above post rainy season crops)
system and was in the order: groundnut- groundnut > groundnut-chickpea > groundnut-wheat > groundnut-mustard > groundnut-sun-
flower, though sustainability yield index (SYI) was highest in the groundnut-groundnut system in Vertisols (Typic Haplustert). The gross C

input was relatively higher but the C loss rate was greater for the groundnut-based system. The amount of crop residues needed ha™ yr*
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to compensate the loss of SOC was estimated to be 4.3 Mg in the fallow-based and 7.6 Mg in the groundnut-based cropping system. Rasool
R, et al. [154] established the quantitative relationship between relative soil quality index (SQI) and functional goal such as long-term
average yields and SYI of sorghum and mungbean system (Table 5). Hossain M S,, et al. [141] and Rasool R,, et al. [154]also observed that

the combinations of organic and inorganic fertilizers can augment SOC accumulation and improve crop production.

Location Soil classification /textural | Cropping system | Indicators identified Indicator’s contribution to SQI
type >25% 15-25% <15%
Varanasi Typic Haplustept/ Sandy loam Rice - Lentil Available P and - Available P | Organic C
organic C

Barrack-pore Eutrochrept/ Sandy loam Jute - Rice - Wheat | Mean weight diameter | Mean weight | Microbial | Organic C

Available P, Microbial diameter, biomass C
biomass C, and Available P
organic C

Mohanpur | Aeric Haplaquept/ Sandy loam Rice - Wheat Alkaline phosphatase, Alkaline Organic C
organic C, phosphatase
mineralizable N

Table 5: Soil quality indicators identified for different soil types and cropping systems and their contribution to soil quality index in three

locations in India.

Source: Kusuma (2008) [153]

Koga N and Tsuji H [155] reported that that the carbon input management practices (i.e. residue incorporation and manure applica-
tion) significantly influenced the harvestable yield biomass production in wheat, potato, soybean and sugar beet in a temperate climate in
Japan. Yield reduction resulting from residue removal was more pronounced in wheat than in the other three crops. The effects of tillage
on crop yields were significant for wheat and potato as their yields were improved under RT than under CT. Srinivasarao C., et al. [125]
reported that the conjunctive use of chemical fertilizers along with FYM produced higher agronomic yields and reduced the rate of SOC
depletion. The higher average seed yields of pearl millet (809 kg ha™), cluster bean (576 kg ha'), and castor (827 kg ha!) over six crop-
ping seasons were obtained through integrated use of fertilizers and FYM. For every increase in the profile SOC stock, there was an overall
increase of 0.46 Mg of crop yield, comprising of individual yield increase of pearl millet (0.17 Mg ha™ y!), cluster bean (0.14) and castor
(0.15) Mg*SOC. Lewis DB,, et al. [83] reported that comparatively lower SOC with CT than ST and NT could also be attributed to higher soil
temperature favoring rapid C mineralization as a result of increased soil microbial activities under CT. Presence of high levels of microbial
biomass and activity, due to increased substrate availability resulted in high quality soil and improved crop productivity. Lopes AAC,, et al.
[156] and Karami A., et al. [157] reported positive effects on the crop yield and soil productivity after straw application, which were attrib-
uted mainly to the improved soil quality. Salahin N., et al. [158] suggested that increased residue retention with minimum tillage practices

improved soil properties and yields of upland crops but deeper tillage practices consistently maintained wetland rice production.

Need of predictive simulation models

The review suggests that various crop and soil management practices such as tillage, residue or nutrient management as well as vari-
ous climates can influence SOM/SOC dynamics and SOC sequestration. Hence, experimental approaches alone will not provide enough
information on the SOC components and SOC sequestration. Appropriate simulation models [159,162] will be necessary to predict SOC
dynamics, including soil microbial biomass [159], and SOC sequestration in response to varying pedoclimate and agriculture systems so

as to adapt to relevant management practices.

Conclusion

The dynamic processes that influence soil quality are complex, and they operate through time at different locations and situations. Soil

organic matter is both a source of C release and a sink for SOC sequestration. Cultivation and intensive tillage practices can reduce and
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change the distribution of SOC while appropriate crop rotations can increase or at least maintain the quantity and quality of SOM, and also
improve soil chemical and physical properties. The return of crop residues and the application of manure and fertilizers can all contribute
to an increase in soil nutrients and SOC content, but would need to be combined into an integrated nutrient management (INM) system
for improvement. Thus, returning crop residue to the soil or adding FYM on the soil surface is crucial for improving the SOC levels. The
large-scale implementation of the straw or manure plus inorganic fertilizer amendments will help enhance the SOC sequestration and

promote food security but responses and impacts would differ across climates and regions.

Conservation agriculture based management systems such as reduced or no tillage, crop residue addition, FYM incorporation, and
INM can increase SOC accumulation and improve sustainability of agricultural systems. No tillage can increase soil aggregations, improve
soil properties, and favorably influence SOC accretion. Effects of crop residue addition are often observed when they are integrated with
reduced tillage systems or with improved nutrient management. This study reviewed a large number of studies and identified several
research opportunities in relation to the impacts of alternative tillage, crop residue, and nutrient management practices to increase SOC
sequestration and enhance agricultural sustainability. Evaluating SOC dynamics of predominant crops and cropping systems of any region
or country with alternative management practices, and evaluating their potential impacts on agricultural system sustainability would
substantially benefit producers, researchers, and policy makers. More research evaluating impacts of alternative crop and soil (tillage,
residues and nutrient) management practices on SOC dynamics and SOC sequestration is required. Specifically, understanding of SOC se-
questration and nutrient dynamics during transition from conventional to conservation tillage for varying cropping systems are required.
More research on the influence of alternative tillage, crop residue, and nutrient management systems on SOC dynamics and its sequestra-
tion, and development of SOC monitoring system through carefully-designed long-term experiments combined with C and N simulation
models will advance our understanding of the SOC dynamics in major crops and cropping systems across representative climates and
locations which will help improve agricultural system sustainability globally. This review has mostly focused on the impact of tillage and
residue management systems on the short-term, which are yet to reach equilibrium. Although results may vary in the long-run, the short-
term changes can provide an indication of the direction of changes, and a useful notion on the advantages and limitations in adopting

specific agronomic management practices.
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