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Abstract

Tillage systems can changes in soil organic carbon dynamics and soil microbial biomass by changing
aggregate formation and C distribution within the aggregate. However, the effects of tillage method or
straw return on soil organic C (SOC) have showed inconsistent results in different soil/climate/ cropping
systems. Soil TOC and labile organic C fractions contents were significantly affected by straw returns,
and were higher under straw return treatments than non-straw return at three depths. At 0-7 cm depth,
soil MBC was significantly higher under plowing tillage than rotary tillage, but EOC was just opposite.
Rotary tillage had significantly higher soil TOC than plowing tillage at 7-14 cm depth. However, at 14—
21 cm depth, TOC, DOC and MBC were significantly higher under plowing tillage than rotary tillage
except for EOC. Compared with conventional intensive tillage (CT) and no tillage (NT) treatments
increased MBC by 11.2%, 11.5%, and 20%, and dissolved organic carbon (DOC) concentration by
15.5%, 29.5%, and 14.1% of bulk soil, >0.25 mm aggregate, and <0.25 mm aggregate in the 0—5 cm soil
layer, respectively. Compared with preceding crop residue returning (S, 2100-2500 kg C ha™! treatments,
and removal (NS, 0 kg C hal) treatments significantly increased MBC by 29.8%, 30.2%, and 24.1%, and
DOC concentration by 23.2%, 25.0%, and 37.5% of bulk soil, >0.25 mm aggregate, and <0.25 mm
aggregate in the 0—5 cm soil layer, respectively. Conservation tillage (NT and S) increased microbial
metabolic activities and microbial index in >0.25 and <0.25 mm aggregates in the 0—5 cm soil layer.
Responses of macro-aggregates to straw return showed positively linear with increasing SOC
concentration. Straw-C input rate and clay content significantly affected the response of SOC. Overall,
straw return was an effective means to improve SOC accumulation, and soil quality. Straw return-
induced improvement of soil nutrient availability may favor crop growth, which can in turn increase
ecosystem C input. Tillage reduction and residue retention both increased the proportion of organic C and
total N present in soil organic matter as microbial biomass. Microbial immobilization of available-N
during the early phase of crops and its pulsed release later during the period of greater N demand of crops
enhanced the degree of synchronization between crop demand and N supply. The maximum
enhancement effects were recorded in the minimum tillage along with residue retained treatment.

Keywords: Microbial biomass, conservation tillage, organic matter dynamics, straw return, soil
sequestration rate

Introduction

Soil organic C is a dynamic pool determined by the opposing processes of C inputs and losses.
Promoting accretion of soil organic C depends mainly on modifying the input—output
relationships, i.e. by increasing inputs or decreasing losses, or by a combination of both.
Conservation tillage is promoted, in part, for its beneficial effects on carbon retention that
occur with time. Reducing tillage affects several aspects of the soil. With time, conservation
tillage improves soil quality indices (Lal et al., 1998) 8 including soil organic C storage
(Potter et al., 1998) 62, Several factors probably contribute to the rate of soil improvement
when tillage is reduced. Clay content, soil fertility, and crop diversity (Bruce et al., 1995) 8
influence the changes in soil properties. Grisi et al. (1998) [ concluded that organic matter in
tropical soils is more humified than that in temperate soils. This is an important aspect of C
sequestration since humified C is reported to be the largest and least variable fraction of soil
organic C (Rosell et al., 2000) [%8], and constitutes the longest lived soil C fraction.

The slight positive effect of tillage reduction and the fact that fertilization had little effect on
organic C sequestration in that study suggest that the physical environment, characterized by
hot and relatively dry conditions constitutes a great challenge to increasing soil organic matter
content. Another mechanism by which soil organic matter is retained in conservation-tillage
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systems may be due to reduced oxygen availability below the
surface of no-till systems, which affects decomposition rates
(Wershaw, 1993) B4 and the distribution of aerobic and
anaerobic microbes and microbial processes (Doran, 1980)
(17, Slower subsurface decomposition rates would lower
oxidative losses of organic C. Residues left onthe surface
often undergo wider fluctuations in moisture content, ranging
from wet to dry (Franzluebbers et al., 1994) 24 and these
extremes are a clear contrast to the environmental conditions
of buried residues (Schomberg et al., 1994) 59, Buried
residues decomposed at 3.4 times the rate of residues left on
the soil surface (Beare et al., 1993) Bl This suggests that
reduced oxygen availability may not decrease decomposition
rate as much as greater soil-residue contact and improved
moisture conditions accelerate it.

Reduced residue—soil contact and extreme variation in
moisture and temperature at the soil surface undoubtedly play
significant roles in reducing surface residue decomposition
rates. However, surface (0-30 cm) soil itself in a no-till
system was shown to contain more moisture and to be cooler
than a comparable plow tillage soil (Doran et al., 1998) ['8], In
addition to increases in soil organic matter concentration
(Martens, 2001) %, changes attributable to a reduction in
tillage intensity have also been demonstrated for soil microbes
and microbial activity (Martens, 2001) B3 and for soil
physical properties, including soil structure. The biological
component of soil can be a good integrator of factors that
affect soil quality (Potter et al., 1998) 62, Microbial biomass
is the smallest portion of organic C in soil (Martens, 2001) &3,
Microbial biomass is more sensitive to changes in soil
conditions than is the content of total C (Sparling, 1992) [/,
and it has been proposed that the ratio of microbial C to total
C in the soil (Cmic: Corg) may be a sensitive index of changes
in soil organic matter dynamics (Wardle, 1992) . Tillage
greatly affects the size of soil microbial biomass (Martens,
2001) B8,

It is well known that bacteria play important roles in several
biogeochemical soil processes (Falkowski et al., 2008) [?4,
The soil is a heterogeneous matrix with a vast diversity of
physical and chemical characteristics, which lead to a wide
range of different niches that can sustain a large microbial
diversity. Agriculture is one of the most impacting
anthropogenic activities that affect the soil physical, chemical
and biological properties of the soils, and consequently, their
functioning. Conservational agriculture practices, i.e. reduced
tillage, crop residue retention, and crop rotation, have been
proposed as alternative to monoculture, crop removal and
tillage as they improve soil structure, increase soil organic
matter content and increase yields (Ussiri et al., 2009) 4,
Improved soil structure facilitates soil aeration, diffusion of
water and nutrients through the soil profile, moderates soil
temperatures and reduces erosion (Doran et al., 1998) [,
These improvements in soil quality and organic matter
content can also increase soil microbial diversity, and it is
then expected that soils with conventional agricultural
practices will contain different bacterial communities in terms
of structure, diversity and abundance than those with
conservation practices.

Tillage also affects the distribution of the soil microbial
biomass, being displaced toward the soil surface with no-
tillage, and toward lower depths with plow tillage. Specific
microbial population distributions may also be affected by
tillage (Doran, 1980) [7). Holland and Coleman (1987) (32
reported an increase in the fungal to bacterial ratio with no-
tillage, which may have implications for C and N cycling in

the soil. Tillage has been shown to disproportionately affect
the more labile forms of organic carbon in soil (Cambardella
and Elliott, 1992) [ including the fraction that accounts for
most of the simpler polymers involved in macro-aggregate
formation. Soil organic C loss with tillage and continuous
cropping may be minimized by proper residue management
and crop selection (Studdert et al., 1997) I8 and by increasing
cropping intensity (Doran et al., 1998) (8. Stratification of
soil properties is a natural consequence of soil development
that can become accentuated in soils subjected to reduced
tillage. Unger (1991) % and Bruce et al. (1995) ! reported
that soil nutrients become stratified when no-till management
is employed. There is a marked stratification of soil organic
matter with soil depth under no-tillage (Blevins et al., 1984)
BBl Naresh et al. (2017) ®° determined that reducing tillage
and maintaining surface residues in a long-term study
increased soil organic C and N in the surface 2.5 cm of soil.
When corn stover was returned to the soil, Clapp et al. (2000)
135 reported a 14% increase in soil organic C in the top 15 cm,
but soil organic C content decreased in the 15-30 cm depth.
Similar apparent re-distributions of soil C, where increases in
surface organic C generated by conservation tillage were
offset by decreases in subsurface organic C content, have
been documented (Ellert and Bettany, 1995) 2%, Soil-specific
responses to tillage-induced C storage were reported by
Wander et al. (1998) 2 in which carbon accretion was not
apparent in all soils in that trial. Plowing was shown to move
dispersed organic C from the 0—20 cm soil depth down to the
60— 80 cm depth in corn plots (Romkens et al., 1999) 7],
Therefore, the review paper would be beneficial for
determining how tillage and residue management practices
influence soil organic carbon dynamics and soil microbial
biomass.

Zibilsk et al. (2002) reported that the No-till resulted in
significantly greater soil organic C in the top 4 cm of soil,
where the organic C concentration was 58% greater than in
the top 4 cm of the plow-till treatment. In the 4-8 cm depth,
organic C was 15% greater than the plow-till control [Fig.1a].
The differences were relatively modest, but consistent with
organic C gains observed in hot climates where conservation
tillage has been adopted. Higher concentrations of total soil N
occurred in the same treatments; however a significant
reduction in N was detected below 12 cm in the ridge-till
treatment [Fig.1c]. The relatively low amount of readily
oxidizable C (ROC) in all tillage treatments suggests that
much of the soil organic C gained is humic in nature which
would be expected to improve C sequestration in this soil
[Fig.1b].
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Fig 1(a): Soil organic carbon by depth after 9 years of no-till, ridge-
till or plow-till treatment [Source: Zibilsk et al., 2002]
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Fig 1(b): Readily oxidizable soil carbon by depth after 9 years of no-
till, ridge-till or plow-till treatment [Source: Zibilsk et al., 2002]
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Fig 1(c): Total soil nitrogen by depth after 9 years of no-till, ridge-
till or plow-till treatment [Source: Zibilsk et al., 2002]

Huggins et al. (2014) B4 revealed that tillage by crop
sequence interactions occurred as treatments with MP and SS
as well as fallow averaged 135 Mg SOC ha? (0- to 45-cm
depth), while CP treatments with corn (CC and CS) and NT
with CC averaged 164 Mg SOC ha*. Crop sequence effects
on SOC (0- to 45-cm depth) occurred when tillage was
reduced with CP and NT averaging 15% greater SOC in CC
than SS [Fig.2a]. Depth distributions of SOC provide further
data on interactive effects of tillage and differences in crop C
inputs associated with crop sequence. Under reduced tillage
(CP and NT), the SOC in CC was significantly greater than in
SS at all depths with the exception of the 15- to 30-cm depth
in NT [Fig.2a]. In addition to less C inputs than CC, SS
accelerated rates of SOC decomposition. Tillage effects on
SOC were greatest in CC where CP had 26% and NT 20%
more SOC than MP, whereas SOC in SS was similar across
tillage treatments [Fig.2b]. Up to 33% of the greater SOC
under CC for CP and NT, compared with MP, occurred below
tillage operating depths. Substantial losses of SOC were
estimated (1.6 Mg SOC ha! yr?) despite lowering SOC decay
rates with reduced tillage and high levels of C inputs with CC.
Jacinthe and Lal, (2009) 8 also found that the soil properties
were strongly correlated with recent SOC, but moderately
with geogenic C [Fig.2c]. However, significant effects of
tillage on SOC, +-MBC, ,-MBC, and metabolic quotient (gco2)
were detected in the 0- to 5-cm soil layer in conjunction with
the lower gcoz in the surface soil layer of NT, suggests a more

efficient C utilization by soil microbes under NT than under
MP [Fig.2c].
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Fig 2(a): Tillage and crop sequence effects on total soil organic C
(0-45 cm), Cs—derived SOC (0-45 cm), Cs—derived SOC (0-45 cm)
and relationship to estimated C return [Source: Huggins et al., 2014].
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Jacinthe and Lal, (2009) B8 concluded that the rates of C
sequestration were estimated from the temporal trend in the
recent SOC pool (0— 40 cm in NR (23.2 Mg C ha™!), 9-yr MP
(32.9 Mg C ha™!) and 13-yr MP (33 Mg C ha™), and ranged
between 0.8 and 0.25 Mg C ha™' yr! during the first and
second decades of restoration. Despite a similar amount of
crop residue returned (2.8 Mg C ha™! yr'), recent SOC under
13-yr NT (36.8 Mg C ha™') exceeded that under 13-yr MP by
3.8 Mg C ha ! [Fig.3a]. Liu et al. (2014) reported that a strong
negative relationship existed between the decomposition of
wheat straw and clay content. One possible reason was that
biodegradation rates of straws were probably slower in the
soil with higher clay content which may lead to lower
efficiency of C transferring from straws to soil minerals, i.e.,
less humified SOC formed in these soils [Fig.3b].

Kushwaha et al. (2000) 51 observed that the highest levels of
soil MBC and MBN (368503 and 38.2+59.7ug g%,
respectively) were obtained in minimum tillage residue
retained (MT+R) treatment and lowest levels (214+264 and
20.3+27.1ug g%, respectively) in conventional tillage residue
removed (CT-R, control) treatment. Along with residue
retention tillage reduction from conventional to zero increased
the levels of MBC and MBN (3682 and 29+104% over
control, respectively [Fig.4a]. This increase (28% in of C and
33% N) was maximum in MT+R and minimum (10% for C
and N both) in minimum tillage residue removed (MT-R)
treatment. In all treatments concentrations of N in microbial
biomass were greater at seedling stage, thereafter these
concentrations decreased drastically (21+38%) at grain-
forming stage of both crops. In residue removed treatments,
N-mineralization rates were maximum during the seedling
stage of crops and then decreased through the crop maturity
[Fig.4a]. The increase in the level of MBC from the seedling
to grain-forming stage of crops was probably a result of
increased C input from the rhizosphere products to the soil
before and during flowering (Xu and Juma, 1993) 861, When
flushes of C were supplied into the soil in the form of crop
residue or root, the microbial biomass increased in size until
the substrate was depleted and then it decreased due to
limitation of C (Singh and Singh, 1993) [ In residue
retained treatments, however, N-mineralization rates were
lower than in residue removed treatments at seedling stage of
both crops. At grain-forming stage in all instances the N-
mineralization rates in residue retained treatments
considerably exceeded the rates in corresponding residue
removed treatments [Fig.4b]. Tillage reduction and residue
retention both increased the proportion of organic C and total
N present in soil organic matter as microbial biomass
[Fig.4b]. Hoyt et al. (1980) %1 reported greater proportion of
soil nitrate-N to ammonium-N in conventional tillage
compared to no-tillage and concluded that nitrification was
inhibited in no-tillage soils. Commonly two mechanisms of
nitrification inhibition in zero tillage are suggested,;
Acceleration of acidification of the soil surface in zero tillage
(Blevins and Frye, 1993) 1 perhaps inhibits nitrifies in some
cases, or substrate (NH4) limitation to nitrifies may be more
severe in zero tillage due to less mineralization or less
favorable spatial distribution. Doran (1980) "1 pointed out
that the microbial population is more anaerobic under no-
tillage. Under such conditions slower mineralization and
nitrification and greater immobilization and de-nitrification

are expected. Soil compaction is also known to reduce N-
mineralization rate from the added organic materials and
increased N retention in microbial biomass and soil organic
matter (Breland and Hansen, 1996) "), Miao et al. (2018) 4
reported that the contents of SMBC and SSOC decreased with
soil depth [Fig.4c]. The SMBC content at the 0-60 cm depth
under the SM and RF treatments was significantly higher than
that of the FA soil. The SSOC content of soil samples
subjected to the CC, SM, and RF treatments was greater than
that of the FA soil. The N fertilization rates showed no
distinct effect on the content of SMBC or SSOC at the 0-60
cm soil depth [Fig.4c].

Awale et al. (2013) % also found that compared with CT, ST
and NT had significantly higher SOC concentration by 3.8
and 2.7%, SOC stock by 7.2% and 9.2%, CPOM-C by 22 and
25%, and KMnO.-C by 4.8 and 4.1%, respectively in Expt 2
and had significantly higher SOC concentration by 3.9 and
6.6%, SOC stock by 11.9 and 8.7%, and CPOM-C by 33 and
45%, respectively in Expt 3. The KMnO4s-C and 30 d
cumulative Cmin Were greater under ST than CT by 3.3 and
23%, respectively in Expt 3 [Fig.5a]. Comparatively lower
SOC with CT than ST and NT could also be attributed to
higher soil temperature favoring rapid C mineralization —
resulted from increased soil microbial activities — under CT
(Dou et al., 2008) ¥, Campbell et al. (1996) % who
documented about 14.5% increment in SOC under NT as
compared with CT after 11 years. The amounts of Cpin Were
consistently higher under ST and NT than CT throughout the
incubation period except at 7 d, in Expt3. Across the study,
CPOM-C was 16.3-22.1%, MBC was 3.4-4.5%, cumulative
Cmin was 0.7-1.4%, and KMnO4-C was 1.6-1.7% of the total
SOC [Fig.5b]. Reduced tillage practices allow C to build-up
in the plow layer by enhancing soil aggregation and reducing
oxidation (Carpenter-Boggs et al., 2003) 2. Higher Cmin
under NT and ST could be attributed to higher availability of
C substrates for decomposition by microbial biomass (Chen et
al., 2009) 14, Senapati et al. (2014) [ showed that SOC
storages in 2012 were 35.5, 42.6, 40.1 Mg C ha' under
CCICT, CC/MT and CW/MT, respectively, indicating a loss
of SOC under cotton-based cropping systems by 0.69-0.96
Mg C ha? yrt. The results represent a higher loss of SOC
(31-34%) of the initial SOC storage within 19 years under
CC/CT and CW/MT, and comparatively lower loss (24%)
under CC/MT [Fig.5c]. Loss of SOC in cotton based cropping
systems under intensive conventional tillage is common
across the world including Australia. For example,
Franzluebbers et al. (2012) P estimated a loss of SOC by
0.31 £0.19 Mg C ha? yr? in the 0-0.20 m soil depth under
conventionally tilled cotton in the cotton belt of the southern
USA. Kintche™ et al. (2010) 9 observed a loss of SOC by
2.9-3.2 Mg C ha! in the top 0.20 m soil layer within 30 years
in cotton-based cropping systems under conventional tillage
and fertilizer application in Togo, semi-arid western Africa.
Hulugalle and Scott (2008) 3% reported a loss of SOC by 2.2—
3.5 Mg C ha yr' under some cotton-based cropping systems
in sub-tropical Australia. Insufficient return of crop residue to
the soil, intensive tillage, burning of crop stubble, long bare
fallow, excessive water and nitrogen inputs, hot summers and
extreme climatic events such as floods and droughts were
listed as the reasons of the loss of SOC under cotton cropping
systems in Australia.
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Kumar et al. (2018) 4 4 reported that after 2 years of the
experiment, potentially mineralizable nitrogen (PMN) and
microbial biomass nitrogen (MBN) content showed that in 0-
15 cm soil layer T1 and T3 treatments increased from 6.7 and

11.8 mgkg* in conventional tillage (Te) to 8.5, 14.4 and 7.6,
14.1 mgkg in ZT and RT without residue retention and 12.4,
10.6, 9.3 and 20.2, 19.1,18.2 mg kg ZT and RT with residue
retention and CT with residue incorporation (Ti, T3, Ts),
respectively [Table 1]. In 15 -30 cm layer, the increasing
trends due to the use of tillage crop residue practices were
similar to those observed in 0 -15 cm layer however, the
magnitude was relatively lower [Table 1].Continuous
retention of crop residue resulted in considerable
accumulation of PMN and MBN in 0-15 cm soil layer than
unfertilized control plots [Table 1]. Soils under the 200 kg
Nha? (F,), treated plots resulted in higher PMN in the 0-15
cm soil layer over those under the 120 kg Nha* and 80 kg
Nha treated plots. The PMN in surface soil were in the order
of 200 kg Nha (Fs), 10.4 mgkg™" > 160 kg Nha? (Fs), 9.8
mgkg'>120 kg Nha (F2), 8.9 mgkg'>80 kg Nha (F1), 7.3
mgkg'>unfertilized control (3.6 mgkg™). However, increase
in PMN was more in surface as compared to sub-surface soil,
which indicate that higher accumulation of organic carbon
due to retention of crop residue was confined to surface soil.
The increase in PMN in 160 kg Nha? (F3) and 120 kg Nha*
(F2) treatments in surface layer was 63.3 and 59.6% over
unfertilized control, while they were 25.5 and 17.9% greater
over 80 kg Nha' (F,) treatment, respectively [Table 1].
Highest DOC change (28.2%) was found in ZT with residue
retention (T1) plots followed by RT with residue retention
(T3) plots (23.6%).The use of ZT and RT with residue
retention (T1 andT3) plots for two wheat crop cycle increased
DOC by 21.2 and 16.1% more than that of ZT and RT without
residue retention and conventional tillage (T2, T4 and T6),
respectively [Tablel]. Lack of soil disturbance under ZT
provides steady source of organic C substrates for soil
microorganisms, which enhances their activity and accounts
for higher soil MBC as compared with CT — where a
temporary flush of microbial activity with tillage events
results in large losses of C as CO- (Balota et al., 2003). Dalal
et al., (1991) 8l studied the effects of 20 years of tillage
practice, CR management and fertilizer N application on
microbial biomass and found that MBN was significantly
affected by tillage, residue and fertilizer N individually as
well as through their interaction. Lewis et al., (2011)
increasing tillage intensity could reduce DOC levels in soils
as a result of destruction of soil macro-aggregates and
elevated respiration. Lower amount of DOC, hence is likely
under CT due to increased soil disturbances subjecting
aggregated protected SOC fraction to rapid decomposition via
oxidation

Table 1: Effect of different treatments on contents of various biological fractions of carbon in soil [Kumar et al., 2018 [43 441

Treafments PMN (mgkg™) MBC (mgkg™) MBN (mgkg™) DOC (mgkg™)
0-15cm | 1530em | 0-15cm | 1530cm | 0-15cm | 15-30cm | 0-15cm | 1530 cm
Tillage Practices
T ZTR 124 11.2 562.5 471.1 202 18.9 198.6 183.6
T, ZTWR 8.5 7.6 3504 302.1 14.1 126 167.1 159.2
T3 RTR 10.6 9.9 490.2 399.3 19.1 17.2 186.4 171.6
TsRTWR 7.6 6.6 318.1 299.8 144 13.7 159.5 148.7
Ts CTR 9.3 8.5 402.9 354.4 18.2 16.6 175.9 168.9
Ts CT 6.7 5.6 307.9 289.5 11.8 9.7 142.5 134.6
Nitrogen Management

Fo Control 3.6 2.8 218.3 202.9 10.8 104 103.7 92.3
F1 80 kg N ha'! 5.3 4.4 241.1 199.4 14.9 12.2 128.3 116.9
F2120 kg N ha™! 8.9 7.6 282.7 220.9 16.5 16.1 136.8 123.6
F3 160 kg N ha'! 9.8 84 3439 262.9 194 18.1 164.8 148.9
F: 200 kg N ha'! 10.4 9.7 346.3 269.6 22.7 21.7 155.7 1364

Values in a colunm followed by the same letter are not significantly different (P < 0.05).
PMN = potentially mineralizable nitrogen. MBC = microbial biomass carbon, MBN = microbial biomass nitrogen. DOC = dissolved organic
carbon
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Mandal et al. (2012) reported that the SOC stock was highest
within 0-15-cm soil and gradually decreased with increase in
depth in each land use systems. In 0-15 cm depth, highest
SOC stock (16.80 Mg ha™!) was estimated in rice—fallow
system and the lowest (11.81 Mg ha™) in the soils of guava
orchard. In 15-30 cm, it ranged from 8.74 in rice—rice system
to 16.08 Mg ha!' in mango orchard. In the 30-45-cm soil
depth, the SOC stock ranged from 6.41 in rice—potato to 15.71
Mg ha™! in rice-fallow system. The total SOC stock within
the 0-60-cm soil profile ranged from 33.68 to 59.10 Mg ha™!
among rice-based systems, highest being in soils under rice—
fallow system and the lowest for rice—rice system. The mango
and guava orchard soils had 68.53 and 54.71 Mg ha™! of SOC,
respectively, in the 0-90-cm soil depth [Fig.6a]. Liang et al.
(2011) observed that in the 0-10 c¢cm soil layer, SMBC and
SMBN in the three fertilized treatments were higher than in
the unfertilized treatment on all sampling dates, while
microbial biomass C and N in the 0—10 cm soil layers were
the highest at grain filling. In the same soil layer, soil-soluble
organic C generally decreased in the order MNPK >
SNPK > NPK > CK, while soluble organic N was the highest
in the MNPK followed by the SNPK treatment. There was no
significant difference in soluble organic N in the NPK and CK
treatments throughout most of the maize growing season.
Changes in soluble organic N occurred along the growing
season and were more significant than those for soluble
organic C. Soluble organic N was the highest at grain filling
and the lowest at harvest. Overall, microbial biomass and
soluble organic N in the surface soil were generally the
highest at grain filling when maize growth was most vigorous
[Fig.6b]. Murugan et al. (2013) revealed that the GRT and NT
treatments increased the stocks of SOC (+7 %) and microbial
biomass C (+20 %) in comparison with the MBT treatment.
The differences between the GRT and NT were small, but
there were more positive effects for the GRT treatment in
most cases (Fig.6c].

Bijay- Singh, (2018) reported that fertilizer N, when applied
at or below the level in the build-up of SOM and microbial
biomass by promoting plant growth and increasing the
amount of litter and root biomass added to soil. Only when
fertilizer N was applied at rates more than the optimum,
increased residual inorganic N accelerated the loss of SOM
through its mineralization. Soil microbial life was also
adversely affected at very high fertilizers rates. Optimum
fertilizer use on agricultural crops reduces soil erosion but
repeated application of high fertilizer N doses may lead to soil
acidity, a negative soil health trait [Fig. 7a]. Application of
optimum doses of all nutrients is important, but due to
fundamental coupling of C and N cycles, optimization of
fertilizer N management is more closely linked to build-up of
SOC and soil health. Concepts emerging from the work of
Poffenbarger et al. (2017) and depicted in [Fig.7a] suggest
that when N inputs are below the optimum rate at which
maximum yield is obtained, applied N stimulates crop growth,
increasing crop residue inputs to the soil and thereby
increasing SOC. Zhu et al. (2014) PY revealed that the Soil
TOC and labile organic C fractions contents were
significantly affected by straw returns, and were higher under
straw return treatments than non-straw return at three depths.
At 0-7 cm depth, soil MBC was significantly higher under

plowing tillage than rotary tillage, but EOC was just opposite.
Rotary tillage had significantly higher soil TOC than plowing
tillage at 7-14 cm depth. However, at 14-21 cm depth, TOC,
DOC and MBC were significantly higher under plowing
tillage than rotary tillage except for EOC [Fig.7b]. Compared
to conventional tillage (CT), no-tillage and reduced tillage
could significantly improve the SOC content in cropland.
Frequent tillage under CT easily exacerbate C-rich macro-
aggregates in soils broken down due to the increase of tillage
intensity, then forming a large number of small aggregates
with relatively low organic carbon content and free organic
matter particles. Free organic matter particles have poor
stability and are easy to degradation, thereby causing the loss
of SOC (Yang et al., 2003) 57, Hurisso et al. (2013) ¢ also
found that the positive residuals reflected observations with
POXC values greater than those predicted by the least squares
line, whereas negative residuals reflected observations with
greater-than-predicted mineralizable C values [Fig.7c].
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Fig 6(a): Effects of cropping on soil properties and organic carbon
stock [source: Mandal et al., 2012]
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Kumar et al. (2018) 13 44 also found that the ZTR (zero till
with residue retention) (T1) and RTR (Reduced till with
residue retention) (Ts) showed significantly higher BC,
WSOC, SOC and OC content of 24.5%, 21.9%,19.37 and
18.34 gkg?, respectively [Table 2] as compared to the other
treatments. Irrespective of residue retention, wheat sown in
zero till plots enhanced 22.7%, 15.7%, 36.9% and 28.8% of
BC, WSOC, SOC and OC, respectively, in surface soil as
compared to conventional tillage [Table 2]. Simultaneously,
residue retention in zero tillage caused an increment of
22.3%, 14.0%, 24.1% and 19.4% in BC, WSOC, SOC and

practices on different forms of carbon under sub-surface (15—
30 cm) soil were observed however, the magnitude was
relatively lower [Tablel]. Zhu et al., (2011) [*° compared to
conventional tillage (CT) and zero-tillage (ZT) could
significantly improve the SOC content in cropland. Frequent
tillage under CT easily exacerbate C-rich macro-aggregates in
soils broken down due to the increase of tillage intensity, then
forming a large number of small aggregates with relatively
low organic carbon content and free organic matter particles.
Free organic matter particles have poor stability and are easy
to degradation, thereby causing the loss of SOC Song et al.,

OC,

management. Similar

respectively over the treatments with no

increasing trends of

residue (2011) 781,

conservation

Table 2: Effect of tillage and nitrogen management on distribution of different forms of carbon in soil [Kumar et al., 2018 [43.44]]

Treatments WSOC (gkg?) SOC ( gg_g-l) OC ( _‘1) BC (gkg™)
0-15cm | 15-30 cm | 0-15cm | 15-30 cm | 0-15 cm | 15-30 cm | 0-15 cm | 15-30 cm
Tillage Practices
T1ZTR 28.8 26.2 23.1 19.3 9.61 9.13 4.69 4.28
T: ZTWR 25.3 24.6 18.4 14.8 7.87 7.21 3.76 3.19
T: RTR 27.0 259 224 18.2 8.68 8.17 4.13 3.87
T+sRTWR 237 21.8 18.1 14.2 7.66 7.07 3.12 2.96
Ts CTR 26.1 244 21.8 17.4 8.49 7.96 3.82 3.48
TsCT 218 20.9 16.1 13.1 6.21 5.64 2.89 2.63
Nitrogen Management

Fo Control 21.1 14.9 16.1 13.1 6.13 5.48 1.58 1.07
F1 80 kg N ha'! 28.3 21.2 17.8 14.7 6.46 6.16 2.46 1.75
F2120 kg N hat 29.5 2211 19.1 16.1 7.25 6.71 3.26 2.18
F: 160 kg N ha'! 302 23.1 20.8 18.2 7.75 7.28 3.82 2.66
Fs 200 kg N ha'! 31.1 254 21.3 18.7 7.93 7.48 4.15 342

Different small letters within the same column show the significant difference at P = 0.05 according to

Duncan Multiple Range Test for separation of mean.
WSOC= Water soluble organic carbon. SOC =Total soil organic carbon. OC =Oxidizable organic carbon. BC =Black carbon

Fang et al. (2015) @ observed that the cumulative carbon
mineralization (Cmin, mg CO2-C kg? soil) varied with
aggregate size in BF and CF top soils, and in deep soil, it was
higher in larger aggregates than in smaller aggregates in BF,

but not CF. The percentage of soil OC mineralized (SOCnin,%
SOC) was in general higher in larger aggregates than in
smaller aggregates. Meanwhile, SOCnin was greater in CF
than in BF at topsoil and deep soil aggregates. In comparison
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to topsoil, deep soil aggregates generally exhibited a lower
Chmin, and higher SOCnin [Fig.8a]. The deep soil may be more
readily decomposed in CF than in BF, potentially as a result
of a higher dead fine root biomass, since fresh carbon may
accelerate soil OC decomposition (Fontaine et al., 2007) %3,
Causarano et al. (2006) [*3 also concluded that the variation in
SOC was explained by management (41.6%), surface horizon
clay content (5.2%), and mean annual temperature (1.0%).
Higher clay content and cooler temperature contributed to
higher SOC. Management affected SOC primarily at the soil
surface (0-5 cm). All SOC fractions (i.e., total SOC,

particulate organic C, soil microbial biomass C, and potential
C mineralization) were strongly correlated across a diversity
of soils and management systems [Fig.8b].

Murphy et al. (1998) % concluded that 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
[Fig.8c]. Generally, up to 5 % of the total organic carbon 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.
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Fig 8 (c): Soil organic carbon (SOC) and nitrogen content (g kg*) of
sand-free aggregates from two depths under conventional tillage with
residue removal (CT), shallow tillage with residue cover (ST), and
no-tillage with residue cover (NT) [Source: Chen et al., 2009 [4]]

Fig. 8(c): Microbial biomass nitrogen and release of nitrogen
decreasing with depth [Source: Murphy et al., 1998 [59]
Kumar et al. (2018) 143 44 revealed that at the 0-15 and 15-30
cm, POC, PON, LFOC and LFON content under ZT and RT
with residue retention was greater than under without residue
and conventional sown plots, respectively. The decrease in the
disruption of soil macro-aggregates under ZT plots permitted
a greater accumulation of SOC between and within the
aggregates. Thus, less soil disturbance is the major cause of
higher POC in the ZT and RT plots compared with the CT
plots in the 0-15cm and 15-30 c¢m soil layers [Table 3]. This
phenomenon might lead to micro-aggregate formation within
macro-aggregates formed around fine intra-aggregate POC
and to a long-term stabilization of SOC occluded within these
micro-aggregates. The sequestration rate of POC, PON,
LFOC and LFON in all the treatments followed the order 200
kg Nha(F4) > 160 kg Nha* (Fs) > 120 kg Nha'(F,) >800 kg
Nha (F1) > control (unfertilized) (Fo) [Table 3]. Chen et al.,
(2009) 1 also found that single effect of residue application
was not significant but its significance became apparent after
its interaction with tillage system.

Table 3: Effect of different treatments on contents of various labile fractions of carbon in soil [Kumar et al., 2018 43 441]

Treatments POC (ngkg™) PON (mgkg™) LFOC (mgkg™) LFON (mgkg™h)
05cm | 5-15cm 0-5cm 5-15cm 05cm | 515cm 0-5cm | 5-15cm
Tillage Practices
T ZTR 13428 967.9 119.5 108.1 194.7 154.8 148 12.3
T: ZTWR 981.1 667.4 94.6 86.5 120.5 104.7 11.8 10.3
Ts RTR 1230.2 836.9 109.7 97.8 170.9 144.9 13.7 11.6
TsRTWR 869.4 604.4 82.6 76.6 107.1 97.3 9.7 8.6
Ts CTR 1099.1 7794 98.4 89.3 143.8 115.9 12.8 10.9
Ts CT 617.5 481.8 69.2 57.6 90.8 73.6 9.6 7.9
Nitrogen Management
Fo Control 709.7 658.6 31.7 26.3 123.9 104.3 6.4 5.8
F1 80 kg N ha! 860.7 785.6 68.4 56.2 132.8 116.1 7.6 6.9
F2120 kg N ha'! 952.2 808.9 89.5 78.5 150.6 127.6 9.7 8.6
F3160 kg Nha'! 1099.5 823.8 96.8 83.4 168.5 145.7 10.2 9.8
F4200 kg N ha'l 1153.1 898.4 103.9 97.3 176.2 152.9 11.7 10.6
Values in a column followed by the same letter are not significantly different (P < 0.05).
POC = particulate organic carbon. PON = particulate organic nitrogen. LFOC = labile fraction organic carbon, and LFON = labile fraction
organic nitrogen.

Puttaso et al. (2011) [4 observed that the residue
decomposition was sensitive to indigenous soil organic
nitrogen (SON), particularly during later stages [Fig.9a].
Thirteen years’ addition of residues led to largest soil organic
carbon (SOC) (8.41 Mg ha™') accumulation in topsoil (0-20
cm), while rice straw yielded only 5.54 Mg ha—1 followed by
the control (2.72 Mg ha™!). The highest SON (0.78 Mg N
ha™') was observed in the groundnut treatment [Fig.9a]. Xiao
et al. (2016) [ showed that the SOC concentrations were
significantly higher in macro-aggregates than micro-
aggregates; the MBC and Cuic: Corg ratios were highest in
small macro-aggregates. Therefore, small macro-aggregates
might have more active C dynamics [Fig.9b]. In agricultural
ecosystems, decreases in SOC are mainly induced by frequent
soil disturbance (e.g. tillage, fertilization, and weed control)
and crop removal (Kocyigit and Demirci, 2012) 1“2, MBC in
aggregates and bulk soil in other land uses decreased
compared with that in enclosure land [Fig.9c]. Further, the
maize field had the lowest MBC. Moreover, the MBC in
small micro-aggregates of prescribed-burning land (1850.62
mg kg™') was significantly higher than that of enclosure land
(1219.90 mg kg™'). The pasture and maize fields had much
lower MBC in micro-aggregates (623.36 mgkg™' and 514.30
mgkg™', respectively). However, the MBC in large macro-
aggregates did not differ significantly among all land uses. In

the three aggregates, MBC was the highest in small macro-
aggregates, followed by large macro-aggregates and micro-
aggregates [Fig.9c]. The Cmic: Corg ratios ranged between
1.71% and 3.44% [Fig.9c]. Compared to enclosure land, the
ratios in other land uses increased in aggregates and bulk soil.
The highest Cmic: Corg ratio (3.44%) was observed in small
macro-aggregates. This is mainly because the large radius of
large aggregates could limit the O2 concentration and gas
diffusion required by microbes (Gupta and Germida, 2015;
Jiang et al., 2011) B% %1, Thus, large macro-aggregates might
diminish the impacts of land uses and facilitate the
maintenance of a stable microbial biomass.

Dou et al. (2008) 1 reported that SMBC was 5 to 8%,
mineralized C was 2%, POM C was 14 to 31%, hydrolyzable
C was 53 to 71%, and DOC was 1 to 2% of SOC. No-till
significantly increased SMBC in the 0- to 30-cm depth,
especially in the surface 0 to 5 cm [Fig.10a]. Under NT,
SMBC at 0 to 5 cm was 25, 33, and 22% greater for CW,
SWS, and WS, respectively, than under CT, but was 20 and
8% lower for CW and WS, respectively, than under CT at the
5- to 15-cm depth. At the 15- to 30-cm depth, no consistent
effect of tillage was observed [Fig.10a]. Enhanced cropping
intensity increased SMBC only under NT, where SMBC was
31 and 36% greater for SWS and WS than CW at 0 to 30 cm.
Increases in SMBC due to enhanced cropping intensity were
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also reported by Thompson (1992) 1. Mineralized C was
significantly greater under NT than CT at 0 to 30 cm, except
for CW where no difference was observed [Fig.10b]. AtOto 5
cm, mineralized C was 27, 34, and 42% greater for CW,
SWS, and WS, respectively, under NT than under CT. Similar
results were observed for the 15- to 30-cm depth. At the 5- to
15-cm depth, however, mineralized C was greater under CT
than NT. Cropping intensity had less effect on mineralized C
than tillage. The greatest difference in mineralized C between
CT and NT was observed at the 0- to 5-cm depth, where NT
increased mineralization by 35% compared with CT.
Mineralized C as a fraction of SOC, however, was greater at 0
to 15 cm for CT than NT [Fig.10b]. This fraction ranged from
1.9 to 3.1% for CT and from 1.6 to 2.7% for NT. No
difference was observed at 15 to 30 cm. Mineralized N was
highly correlated with mineralized C in all cropping
sequences, but was more closely related to SMBN at 0 to 15

IS0

cm, indicating that biomass may also serve as a significant
source of labile N [Fig.10c]. No-till significantly increased
POM carbon over CT except for CW at 0 to 30 cm [Fig.10d];
however, tillage effects varied with soil depth. At the 0- to 5-
cm depth, NT significantly increased POM C compared with
CT. Particulate organic matter C at this depth under NT was
51, 65, and 107% greater for CW, SWS, and WS,
respectively, than under CT. The relationship between tillage
and POM C in the 5- to 15-cm depth, however, was different
from the surface soil. Particulate organic matter C for the
above cropping sequences at this depth was 35, 42, and 51%
lower for NT than CT, but at 15 to 30 cm showed a similar
pattern as in the surface soil [Fig.10d]. Cambardella and
Elliott (1992) © suggested that lower particulate organic
matter under CT was due to more rapid decomposition than
under NT.
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Fig 9(b): Soil organic carbon (SOC) (a) and total nitrogen (TN) (b) concentrations in the three sizes of soil aggregates and in bulk soil of
different land uses [Source: Xiao et al., 2016 [#%]]
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Fig 9(c): Microbial biomass carbon (MBC) (a) and the Cmic: Corg ratios (b) of the three sizes of soil aggregates and bulk soil of different land
uses [Source: Xiao et al., 2016 [59]
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Fig 10(a): Soil microbial biomass C (SMBC) and its proportion of soil organic C (SOC) as affected by cropping sequence and tillage at 0- to 5-,
5- to 15-, and 15- to 30-cm depths [Source: Dou et al., 2008[1°1]
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Fig 10(b): Mineralized C from 24-d incubation and its proportion of at 0- to 5-, 5- to 15-, and 15- to 30-cm depths [Source: Dou et al.,
soil organic C (SOC) as affected by cropping sequence and tillage at 2008 091}
0- to 5-, 5- to 15-, and 15- to 30-cm depths [Source:Dou et al., 2008
o1 Naresh et al. (2017) 5% reported that the T3 treatment resulted
in significantly increased 66.1%, 50.9%, 38.3% and 32%
Mineralizad Mo-Mineralized & 05 oM LFOC, PON, LFON and POC, over T7 treatment and WSC
soo | T MmermimeammEMER T soo 39.6% in surface soil and 37.4% in subsurface soil [Table
aoo | FoeER Beer T, 4].LFOC were also significantly higher following the
o | | oo treatments including organic amendment than following
applications solely of chemical fertilizers, except that the Fs,
T ] w-arevaze . . . — e Fe and F; treatments resulted in similar LFOC contents.
& ooy T o Z Application solely of chemical fertilizers had no significant
g o e = effects on LFOC compared with unfertilized control plots.
2 | 3= 101+ .25 R g Nevertheless, application of Fs or Fs significantly increased
— e [ = contents of POC relative to Fy (by 49.6% and 63.4%,
150 | LT | 1o respectively). Rajan et al., (2012) 6] concluded that FYM can
L increase the root biomass and microbial biomass debris which
e [ e is the main source of POC. It is suggested that the greater
o | FodiEz Biol0s o | 5o biochemical recalcitrance of root litter. Puget et al. (1995) (63
| - e T might have also increased the POC contents in soil depending
° = o am sl e s 20” upon the_ root biomass prodgced. The continuous rep!acement
of organic manure on the soil creates a favorable environment
I_:ig 10(c): Mineralized soil N with mineralized C or soil microbial for the cycling of C and formation of macro-aggregates.
biomass N (SMBN) at 0- to 5- and 5- to 15-cm depths [Source: Dou Furthermore, POC acts as a cementing agent to stabilize

[19] X .
etal., 2008 *7] macro-aggregates and protect intra-aggregate C in the form of

POC Six et al., (2002) [79,

Table 4: Effect of 15 years of application of treatments on contents of various labile fractions of carbon in soil [Naresh et al., 2017 5]

0-5 em layer 5-15 cm layer
Treatments WSC ‘ POC ‘ PON LFOC LFON WSC ‘ POC PON LFOC LFON
(mgkg™) | (mgkg?) | (mgkg™) | (mgkg)) | (mgkg) | (mgkg™) | (ngkg)) | (ngkg?) | (mgkg™) | (mgke)
Tillage crop residue practices
T: 2304 6384 67.24 81.3¢ 0.14 15.74 5358 54.7¢ 65.14 7.8¢
Ta 25.9¢ §9g0e 88.6% 107.8% 11.8° 17.8 6744 74,54 94,1 9.1¢
T3 27.8% 1105%® 106.7% 155.22 13.3% 19.6% 7§50 91.8% 132.67 10.9%
Ts 22.74 779¢d 77.9d 95.7¢ 9.8d 17.6% 609d 69.1% §7.6° g.3¢d
Ts 26.4b¢ 1033 07 .4b¢ 128.8° 12.6% 20.3% 842 87.3be 102.9° 10.4°
Ts 29.27 1357 117.52 177.8* 14.27 22.6° 9742 106.1* 141.27 11.8*
Tz 17.2¢ 6204 22.5¢ 52.7¢ 8.2¢ 13.2¢ 485¢ 18.8f 49.8° 6.8
Nutrient Management Practices

F1 21.9¢ 6314 24.7¢ 89.2¢ 6.84 15.1¢ 585 17.3¢ 47.0f 5.9¢
B 29,2 865¢ 92.5¢ 96.4° 9.5¢ 2024 789 73.54 §5.0d 8.9¢
B 20.8¢ 056 96.8¢ 108.1% 10.5% 21.9%¢ 813 79.4¢ 96.94 9.6%
Fy 28.4d 7884 72.94 91.3¢ 7.94 18.8d 728 59.44 66.7° 7.24
Fs 32.5% 13812 130.82 183.92 13.82 2647 1032a 112.1* 152,92 12.42
Fs 31.6% 1156% 114.2%® 160.5° 12.6® 23.6% 905ab 96,73 139.72 11.9*
F7 30.9° 1102° 103.9% 123.5 11.5° 22.7° 826b 88.30¢ 103.20¢ 10.1°

Values in a column followed by the same letter are not significantly different (P < 0.05).

WSC = water soluble C, POC = particulate organic C, PON = LFON = light fraction organic N.

particulate organic N, LFOC = light fraction organic C, and
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Ge et al. (2014) 8 observed a significant, soil type- and
depth-dependent effect of tillage on the incorporation rates of
labelled C to the labile carbon pool. Concentrations of
labelled C in the carbon pool significantly decreased with soil
depth, irrespective of tillage. Additionally, quantitative PCR
assays revealed that for most soils, total bacteria and cbbL-
carrying bacteria were less abundant in CT versus NT
treatments, and tended to decrease in abundance with
increasing depth. However, specific CO; fixation activity was
significantly higher in CT than in NT soils, suggesting that
the abundance of cbhbL-containing bacteria may not always
reflect their functional activity. The amount of **C-SOC was,
on average, 87% higher in CT soils when compared with NT
soils at depths of 0-1 cm, and 210% higher at 1-5 cm
[Fig.11a]. At 5-17 cm, the **C-SOC concentration was 141%
greater in P1 (paddy) soils under CT relative to the NT
treatment, and no #C-SOC content was detected under NT
treatments of three other soils [Fig.11a]. Generally, different
types of soils responded differently to tillage treatments: CT
treatment had a greater impact on upland soils than on paddy
soils [Fig.11a].

Under both CT and NT treatments, the overall *C-SOC
concentrations decreased with increasing soil depth, with
deeper soil layers being more sensitive to tillage practices.
The incorporation rates of autotrophically fixed “C into
microbial biomass carbon (MBC) and dissolved organic
carbon (DOC) were modulated by soil tillage [Fig.1lb &
11c]. Larger amounts of C-MBC were recovered from CT
soils than from NT soils, but the difference was not
significant in P2 (0-1 cm) and U1l (upland soil; 0-1 cm)
[Fig.11b]. Compared with NT treatments, CT also
significantly increased “C-DOC concentration in the 0-1 cm
depth by an average of 33%, whereas the effect of tillage on
14C-DOC contents at greater depths was highly dependent on
soil type [Fig.11c]. Under both CT and NT treatments, larger
amounts of *C-MBC and “C-DOC were observed in paddy
soils when compared with upland soils at 0-1 cm and 1-5 cm
[Fig.11b], with a significant soil type x soil tillage interaction.
Zhao et al. (2018) ® observed that an increasing C input
through return of crop residues can increase SOC
concentration before the soil C is saturated. Moreover,
average straw/stover C inputs were minimal at first in 1980
and then increased since the early 1990s, whereas root C
inputs increased continuously but at a slower rate [Fig.12a].
On average, the net increments of cumulative C inputs by
crop roots and straw/stover were 7.96 and 10.67 Mg C ha',
respectively, during the periods of 1980 and 2010 [Fig.12a].
Changes in average crop residue C inputs during 1980-1989
were characterized by small net C input [Fig.12a].
Straw/stover C inputs in this period were minimal, stabilized
at a low level (mean C input was only 0.005 Mg C ha™! y!,
whereas root C inputs were 0.57 Mg C ha! y!). From 1990
to 1999, both straw/stover and root C inputs increased
steadily, with a rate of 0.023 and 0.018 Mg C ha™! y!,
respectively. After 2000, straw/ stover C inputs increased
rapidly, with a rate of 0.077 Mg C ha™! y!, while the rate of
root C inputs stabilized at 0.016 Mg C ha™' y' during this
period [Fig.12a]. Cardinael et al. (2018) 'Y also found that
the reduction in crop OC inputs was offset by OC inputs from
the tree roots and tree litter-fall. Total root OC inputs in the
alleys (crop + tree roots) and in the control plot (crop roots)
were very similar, respectively 2.43 and 2.29 tCha? yr.
Alleys received 0.60 tCha' yr! more total aboveground
biomass (crop residues + tree litter-fall) than the control,
which was added to the plough layer. Tree rows received 2.35

tCha! yr more C inputs in the first 0.3m of soil compared to
the control plot, mainly from the herbaceous vegetation.
Down the whole soil profile, tree rows received 2 times more
OC inputs compared to the control plot [Fig.12b] and 65%
more than alleys. Overall, the agro-forestry plot had 41%
more OC inputs to the soil than the control plot to 2m of
depth (3.80 tCha* yr! compared to 2.69 tChalyr?). Geraei et
al. (2016) reported that the P soils showed a better and
different quality of organic C than other land use systems,
which was indicated by the highest proportion of microbial
biomass C (3.3%), permanganate oxidizable C (4.8%), and
cold- (0.55%) and hot-water extractable organic C (3.7%), but
the lowest proportion of non-labile C (95.2%) to the TOC
contents of the soils [Fig.12c]. In contrast, the agricultural
land use systems with conventional tillage practices showed
the minimum contents of microbial biomass C [Fig.12c], and
microbial quotient. The conventional tillage practices have
been shown to enhance soil aeration. The oxidation of organic
C is accelerated through exposure of the organic matter to
microbial attack, (Sharma et al., 2014) ',

-‘\'F’
=

Fig 11(a): The *C-SOC concentrations recovered at different depths
(0-1 cm, 1-5 cm, and 5-17 cm) in conventional tillage (CT) and no-
till (NT) soils [Source: Ge et al., 2014]
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Fig 11(b): The *4C-MBC concentrations recovered at different
depths (0-1 cm, 1-5 cm, and 5-17 cm) in conventional tillage (CT)
and no-till (NT) soils [Source: Ge et al., 2014]
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Fig 11(c): The “C-DOC concentrations recovered at different depths
(0-1 cm, 1-5 cm, and 5-17 cm) in conventional tillage (CT) and no-
till (NT) soils [Source: Ge et al., 2014]
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Fig 12(a): Changes in agricultural managements and crop residue C
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return to soils [Source: Zhao et al., 2018 8]
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Fig 12(b): Measured soil organic carbon stocks and organic carbon
inputs to the soil (a) in the agricultural control plot and (b) in the 18-
yearold agro-forestry plot [Source: Cardinael et al., 2018 1]
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Fig 12(c): Distribution of (a) microbial biomass C (MBC), (b)
permanganate oxidizable C (POX-C), (c) cold-water extractable
organic C (CWEOQC) and (d) hot-water extractable organic C
(HWEOC) as affected by different land use systems [Source: Geraei
etal., 2016]

McGonigle and Turner, (2017) concluded that the MBC in
cropland increased from 210 pg g* at 15 g kg™ SOC to only
530 ug g* at 45 g kg™ SOC [Fig.13a]. In contrast, MBC in
grassland increased from 440ug g* at 15 g kg SOC to 1190
ug g* at 45 g kg, thereafter increasing further to 1800ug g
at 65 g kg* SOC [Fig.13a]. The slope of increase of MBC in
response to increasing SOC was 2.5-fold higher in grassland
at 27.2 (g g/ (g kgt) compared to 10.7 (ug g1)/ (g kg™?) for
cropland [Fig.13a]. Zheng et al. (2018) [ also found that the
aggregate D varied with soil depth for different treatments
and was more variable in the topsoil as compared to lower
soil layers [Fig.13b]. Aggregate D for the ST and NT
treatments were significantly lower than for the MP and CT
treatments at the 0+10cm depth. This effect for the NT
treatment disappeared with increased soil depth; however, the
ST treatment still showed lower D for the 1020 and
20+30cm depths. This variation dwindled at lower depths
until 50£60cm, where there was no significant difference in D
between ST, NT, and MP; however, D was significantly lower
for the CT than for the ST and NT treatments. Kumar and
Babalad, (2018) 3 44 observed that the soil microbial
biomass carbon and nitrogen were significantly higher in all
the tillage systems except conventional tillage without crop
residue [Fig.13c]. The positive response of conservation
tillage practices as compared to conventional tillage systems
were probably due to higher levels of C substrates available
for microorganism growth, as well as better soil physical
conditions and higher water retention due to the altered land
configurations and applied residues (Singh et al., 2009) 7.
The improvement in SMB- C and N is mainly due to rate of
organic carbon input from plant biomass which is the
dominant factor controlling the amount of SMB in soil.
Reduction in loss of soil organic carbon in conservation
tillage and continuous, uniform supply of carbon from crop
residues serves as an energy source for microorganisms.

Shi-chao et al. (2018) ['? revealed that the NPKS treatment
resulted in significantly higher soil carbon sequestration rates
(CSR) than the NPK treatment. The equilibrium value of the
CSR for the NPKS treatment equated to cultivation times of
17, 11, and 8 years at the different sites. Straw return did not
significantly increase the SOC stocks in regions with low
SOC densities, but did enhance the C pool in regions with
high SOC densities. Additional cultivations and fertilization
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practices should be used when straw return is considered as an
approach for the long-term improvement of the soil organic
carbon pool [Fig 14 a, 14b & 14c].
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Fig 13 (a): Microbial biomass carbon in relation to soil organic
carbon for grassland and cropland [Source: McGonigle and Turner,

2017]
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Fig 14(c): Soil organic carbon (SOC) stock dynamics under straw
return in the black soils [Source: Shi-chao et al., 2018 2]

The SOC storage in macro-aggregates under different
treatments significantly decreased with soil depth [Table 5].
However, no significant variation was observed in the micro-
aggregate associated C storage with depth. SOC storage
increased with aggregate size from 1+2 to > 2mm and
decreased with a decrease in aggregate size. The SOC storage
in macro-aggregates of all sizes from 0-30cm depth was
higher in the ST treatment than in other treatments. From 30-
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60cm, trends were less clear. SOC storage in micro-
aggregates showed the opposite trend, with significantly
higher levels in the CT treatment from 0-30cm, and no
significant differences between treatments below this depth.
Soil aggregates have three major effects on soil (Kladivko,
2001) M, They regulate and maintain water, fertilizer, gas,
and heat in the soil, affect the types and activity of the soil
enzymes, and also maintain and stabilize the loose arable

layer (Ismail et al., 1994) 71, Almost 90% of SOC exists in
the form of aggregates in the topsoil. Protection and
maintenance of the macro-aggregate stability and ratio are of
great importance in the sustainability of soil fertility (Nimmo
and Perkins, 2002) %, In addition, the contributing rate of
SOC in differently sized aggregates decreased, consistent with
the trend of soil aggregate-associated C storage and SOC with
increasing soil depth.

Table 5: Distribution of soil organic carbon storage in water-stable aggregates in different soil layers and tillage treatments [Zheng et al., 2018

[53]]
Depth (cm) | Treatments Macro-aggregate (t ha™) Micro-aggregate (t ha™)
> 2 mm 2-1 mm 1-0.25 mm Sum 0.25-0.053 mm | 0.053-0.002 mm < 0.002 mm Sum
0-10 ST 2.65+0.74a" 5.87+0.34a 7.75+0.23a 16.28+0.85a 1.38+0.11c 0.26+0.02¢ 0.26+0.08b 1.90+0.08¢
NT 1.40+0.07b 5.82+0.36a 7.7840.40a 15.00+0.11a 1.26+0.10¢ 0.2320.02¢ 0.25+0.04b 1.75+0.08¢
MP 0.35+0.01b 3.98+0.29b 5.91+0.43b 10.24+0.17b 2.44+0.06b 0.73+0.05b 0.69+0.07a 3.86+0.08b
CT 0.440.04b 4.4320.22b 6.11x0.54b 10.99+0.37b 2.88+0.08a 1.96+0.23a 0.4420.14ab 5.28+0.20a
10-20 ST 2.43+0.03a 6.8540.19a | 9.14+0.16ab | 18.4240.29a 0.61+0.01ab 1.54+0.10¢ 0.72£0.01ab | 2.86+0.11b
NT 1.62+0.02b 5.0420.25b 8.49+0.10b 15.15+0.22b 0.49+0.10b 1.40+0.03c 0.670.14b 2.56x0.27b
MP 0.59+0.03d 4.02+0.31¢ 7.67+0.31c 12.28+0.16¢ 0.82+0.01a 3.27+0.06b 0.97£0.02ab 5.05+£0.07a
CT 1.35+0.09¢ 4.69+0.09bc 9.42+0.19% 15.46+0.36b 0.73+0.11ab 3.56+0.08a 1.05+0.17a 5.35+0.23a
20-30 ST 3.06+0.10a 6.77+0.51a 9.9240.17a 19.7520.47a 1.70£0.56a 0.96+0.28b 0.21+0.11c 2.87+0.44b
NT 1.41+0.03b 6.32+0.47a 8.30+0.10ab 16.02+0.34¢ 1.99+0.13a 0.98+0.10b 0.54+0.11be 3.51+0.32b
MP 2.15+0.26b 6.52+1.23a 9.03£1.10ab 17.71+0.38b 2.03+£0.22a 0.59+0.21b 0.59+0.06b 3.20+0.37b
CT 2.090.46b 3.4820.36b 7.76x0.11b 13.33+0.07d 1.88+0.07a 1.73£0.09a 2.12+0.14a 5.73£0.06a
30-40 ST 1.92+0.03a 5.74+0.61a 7.01+0.57a 14.67+0.09a 1.29+0.26a 0.68+0.24a 0.33+0.04a 2.31+0.10a
NT 1.06+0.25ab 4.00+0.54a 4.430.15b 9.50x0.34b 1.27+0.15a 0.93+0.34a 0.26+0.10a 2.45+0.27a
MP 1.12+0.45ab 4.71+0.42a 7.72+0.57a 13.56+0.23a 1.20+0.06a 0.56+0.14a 0.31+0.12a 2.07+0.12a
CT 0.600.14b 2.87+1.53a 5.83£1.19ab 9.30x1.01b 2.00£0.58a 0.95+0.26a 0.10£0.02a 3.05+0.86a
40-50 ST 0.66+0.23ab 3.29+0.90a 4.60+0.55a 8.55+0.3% 0.79+0.35a 0.48+0.18a 0.26+0.06a 1.53+0.58a
NT 0.23+0.07b 1.66+0.24a 4.02+0.36ab 5.90+0.23c 1.09+0.26a 0.16+0.04a 0.21+0.06a 1.46+0.35a
MP 0.87+0.24a 2.9720.60a 3.35x0.26b 7.1820.27b 0.93+0.16a 0.2520.19a 0.34+0.07a 1.53+0.26a
CT 0.55+0.19ab 1.71+0.20a 4.85+0.04a 7.11£0.33b 1.35+0.29a 0.33+0.11a 0.15+0.06a 1.83+0.27a
50-60 ST 0.23+0.15a 1.99+0.21a 3.48+0.31a 5.69+0.05a 0.80+0.04b 0.22+0.04b 0.33+0.06a 1.34£0.12b
NT 0.34+0.07a 1.06+0.06b 3.50+0.17a 4.90+0.06b 1.33+0.08a 0.19+0.04b 0.17+0.03a 1.69+0.10b
MP 0.31+0.11a 2.21+0.25a 3.20+0.35ab 5.72+0.14a 1.29+0.03a 0.20+0.06b 0.23+0.07a 1.71£0.15b
CT 0.15+0.03a 1.83+0.10a 2.38+0.06b 4.36+0.05¢ 1.21+0.02a 0.96:0.06a 0.26+0.04a 2.44+0.12a
* Data are represented as means + S.D., and data with the same letters within each column indicate no significant difference at P = 0.05level.

Crop residues provide a source of organic matter, so when
returned to soil the residues increase the storage of organic C
and N in soil, whereas their removal results in a substantial
loss of organic C and N from the soil system (Malhi and
Lemke 2007) B, Therefore, one would expect a dramatic
increase in organic C in soil from a combination of ZT, straw
retention and proper/ balanced fertilization (Malhi et al.,
2011b). Naresh et al., 2016 8 also found significantly higher
POC content was probably also due to higher biomass C.
Results on PON content after 3-year showed that in 0-5 cm
soil layer of CT system, T, and Ts treatments increased PON
content from 35.8 mgkg™ in CT (To) to 47.3 and 67.7 mg-kg™
without CR, and to 78.3, 92.4 and 103.8 mgkg™? with CR @ 2,
4and 6 thal, respectively. The corresponding increase of PON
content under CA system was from 35.9 mgkg? in CT system
to 49 and 69.6 mgkg! without CR and 79.3, 93.0 and
104.3mgkg™? with CR @ 2, 4 and 6 tha, respectively. Small
improvement in PON content was observed after 4 years of
the experiment. Singh et al., 2014 found that carbon stock of
18.75, 19.84 and 23.83Mg ha! in the surface 0.4 m soil depth
observed under CT was increased to 22.32, 26.73 and
33.07Mg hat in 15 years of ZT in sandy loam, loam and clay
loam soil. This increase was highest in clay loam (38.8%)
followed by loam (34.7%) and sandy loam (19.0%) soil. The
carbon sequestration rate was found to be 0.24, 0.46 and 0.62
Mg ha? yrtin sandy loam, loam and clay loam soil under ZT
over CT. Thus, fine textured soils have more potential for

storing carbon and ZT practice enhances carbon sequestration
rate in soils by providing better conditions in terms of
moisture and temperature for higher biomass production and
reduced oxidation (Gonzalez-Sanchez et al., 2012) 28], Gupta
Choudhury et al. (2014) B9 revealed that the residue
incorporation or retention caused a significant increment of
15.65%in total water stable aggregates in surface soil (0-15
cm) and 7.53% in sub-surface soil (15-30 cm), which
depicted that residue management could improve 2.1-fold
higher water stable aggregates as compared to the other
treatments  without  residue incorporation/retention.
Bhattacharya et al. (2013) reported that tillage-induced
changes in POM C were distinguishable only in the 0- to 5-
cm soil layer; the differences were insignificant in the 5- to
15-cm soil layer. Plots under ZT had about 14% higher POM
C than CT plots (3.61 g kg™ bulk soil) in the surface soil
layer.

Naresh et al. (2015a) B also found that conservation tillage
practices significantly influenced the total soil carbon (TC),
total inorganic carbon (TIC), total soil organic carbon (SOC)
and oxidizable organic carbon (OC) content of the surface (0
to 15 cm) soil. Wide raised beds transplanted rice and zero till
wheat with 100% (Tg) or with 50% residue retention (Ts)
showed significantly higher TC,SOC content of 11.93
and10.73 g kg* in Tg and 10.98 and 9.38 gkg™*, respectively in
Tg as compared to the other treatments. Irrespective of residue
incorporation/ retention, wide raised beds with zero till wheat
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enhanced 40.5, 34.5, 36.7 and 34.6% of TIC, TC, SOC and
OC in surface soil as compared to CT with transplanted rice
cultivation. Aulakh et al. (2013) ™ showed that PMN content
after 2 years of the experiment in 0-5 cm soil layer of CT
system, T, T3 and T, treatments increased PMN content from
2.7 mgkg? 7d* in control (T1) to 2.9, 3.9 and 5.1 mgkg™* 7d?
without CR, and to 6.9, 8.4 and 9.7 mg kg 7d? with CR (Ts,
T7 and Ts), respectively. The corresponding increase of PMN
content under CA system was from 3.6 mgkg™ 7d in control
to 3.9, 5.1 and 6.5 mgkg* 7d* without CR and to 8.9, 10.3
and 12.1 mgkg™? 7d! with CR. PMN, a measure of the soil
capacity to supply mineral N, constitutes an important
measure of the soil health due to its strong relationship with
the capability of soil to supply N for crop growth.

Conclusion

Soil microbial biomass, the active fraction of soil organic
matter which plays a central role in the flow of C and N in
ecosystems responds rapidly to management practices, and
serves as an index of soil fertility. The practices of crop
residue retention and tillage reduction provided an increased
supply of C and N which was reflected in terms of increased
levels of microbial biomass, N-mineralization rate in soil.
Residue retention and tillage reduction both increased the
proportion of organic C and total N present in soil organic
matter as microbial biomass. Microbial immobilization of
available-N during the early phase of crops and its pulsed
release later during the period of greater N demand of crops
enhanced the degree of synchronization between crop demand
and N supply. The maximum enhancement effects were
recorded in the minimum tillage along with residue retained
treatment. The conservation tillage (ST and NT) treatments
effectively improved the soil structure and strengthened the
stability of water-stable soil aggregates. In addition, they
increased the SOC content and storage in aggregates of
different sizes with comparison of MP and CT. Furthermore,
long-term adoption of conservation tillage methods
significantly increased the content of water-stable macro-
aggregates and of aggregate MWD, and increased the SOC
content, ratio of, and storage in the macro-aggregates. In
particular, the ST treatment increased the SOC content and
enriched the newly formed C in macro-aggregates. In
addition, correlation analysis suggested a significant
correlation between SOC and aggregate- associated C in
differently sized aggregates. The 0.25-1 and 1-2mm
aggregates were the main sites of SOC storage and were also
the important indices of the soil C pool saturation.

The organic carbon content under no-tillage and reduced
tillage system increased compared to conventional tillage due
to retention of residues and minimum disturbance in the
former system. The no-tillage system showed a trend to
accumulate organic carbon near the soil surface layer.
Conventional tillage reduced soil organic C stocks and that of
its labile fractions both in top and subsoil (20-100 cm). POC
reduction was mainly driven by a decrease in fine POC in
topsoil, while DOC was mainly reduced in subsoil. Fine POC,
LFOC and microbial biomass can be useful early indicators of
changes in topsoil organic C. In contrast, LFOC and DOC are
useful indicators for subsoil. Reduced proportions of fine
POC, LFOC, DOC and microbial biomass to soil organic C
reflected the decline in soil organic C quality caused by
tillage. The LOC fractions to SOC ratios also decreased,
indicating a reduction in C quality as a consequence of tillage
and residue management. Reduced LOC fraction stocks in
subsoil could partially be explained by the decrease in fine

root biomass in subsoil, with consequences for SOC stock.
However, not all labile fractions could be useful early
indicators of SOC alterations due to | tillage and residue
management options.
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