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Abstract— The effects of tillage on soil organic carbon (SOC) and nutrient content of soil aggregates can vary spatially
and temporally, and for different soil types and cropping systems. Surface soil (0-15 cm) was fractionated into aggregate
sizes (>4.76 mm, 4.76-2.00 mm, 2.00-1.00 mm, 1.00-0.25 mm, 0.25-0.053 mm, <0.053 mm) under two tillage regimes. The
percentage of soil OC mineralized (SOC,, % SOC) was in general higher in larger aggregates than in smaller aggregates.
Tillage significantly reduced the proportion of macro-aggregate fractions (>2.00 mm) and thus aggregate stability was
reduced by 35% compared with RNT, indicating that tillage practices led to soil structural change for this subtropical soil.
Soil organic C decreased with increasing soil depth but was greater under tree than others and was mainly concentrated in
the topsoil layer (0—20 c¢cm). In comparison to topsoil, deep soil aggregates generally exhibited a lower C,,,, and higher
SOCin. The highest SOC was in the 1.00-0.25 mm fraction, while the lowest SOC was in micro-aggregate (<0.025 mm) and
silt + clay (<0.053 mm) fractions and CT, respectively. Tillage did not influence the patterns in SOC across aggregates but
did change the aggregate-size distribution, indicating that tillage affected soil fertility primarily by changing soil structure.
The percentage of soil OC mineralized (SOC,, % SOC) was in general higher in larger aggregates than in smaller
aggregates. Meanwhile, SOC,,, was greater in coniferous forests (CF) than in broad-leaved forests (BF) at topsoil and deep
soil aggregates. In comparison to topsoil, deep soil aggregates generally exhibited a lower C,i,, and higher SOC,;,. The sum
of macro-aggregate contributing rates for clay-humus stability of soil organic C (SOC) was significantly superior to that of
the micro-aggregates. Water-stable aggregates increased by 34.5% in the CA with residue retention treatment, effectively
improving the soil structure. Furthermore, 0.25-1.00 and 1-2mm aggregates had the highest SOC microbial biomass
storage and responded rapidly to the various tillage treatments. Greater proportion of micro-aggregates within macro-
aggregates in the plots under NT-NT compared with CT-CT was also observed in the surface layer only. Plots under NT-NT
had about 10% higher coarse (250-2000 um) intra-aggregate particulate organic matter-C (iPOM-C) within >2000 pum
sand free aggregates in the 0- to 5-cm soil layer compared with CT-CT plots. The fine (53—-250 um) iPOM-C within the 250-
to 2000-um aggregates was also higher in the continuous NT plots compared with CT within both >2000 and 250 to 2000

um sand free aggregate size classes in that soil layer.

Keywords— Aggregates sizes, aggregate stability, soil depth, macro-aggregates, micro-aggregates, fractionation,
particulate organic carbon.

l. INTRODUCTION

Soil organic carbon (SOC) is the largest constituent of the Earth’s terrestrial carbon pool (Stockmann et al., 2013), and slight
C losses from the soil may lead to considerable changes in atmospheric CO, concentration (Wang et al., 2002), which would
affect the magnitude of future climate change (Davidson, and Janssens, 2006). Increasing anthropogenic disturbances
especially, on land use/cover change is the major cause of soil quality deterioration in the world (Haynes, 2005). Soil organic
carbon (SOC) has recently gained prominence in assessment of soil quality since it compound affects chemical, physical and
biological aspects of the soil. Though described by some as the least most understood component of the soil because of its
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dynamism, (Lehmann and Kleber, 2015) SOC has been linked to its potential role in carbon sequestration through proper
management of land use and cover types (Yang et al., 2012). Land use and cover types influence C fluxes in an ecosystem;
through litter quality, deposition and turnover rate. Although SOC is an indicator of soil quality, conceptualization of soil
fractions can be used to detect even slight changes in management and regulate degradation (Blair et al., 1995).

As CO, exchange between soil carbon and atmospheric CO, varies strongly along climate gradients (Wang et al., 2010) focus
on whether there are enhanced response patterns in SOC stability along increasing latitudinal or altitudinal gradients.
Numerous studies have implicated temperature as a primary controller of SOC stability by altering the quality and quantity of
litter input into soil and soil physico-chemical characteristics (Bird et al., 2002; Garten et al., 2006). SOC stability was found
to increase with increasing mean annual temperature (MAT) based on chemical sequential fractionation analysis Hilli et al.,
2008). However, the components and stability of SOC were not always consistently related to variations on MAT (Djukic et
al., 2210). Radiocarbon dating and *C enrichment differentiation for soils indicated that SOC stability along latitudinal and
altitudinal gradients was negatively related to MAT (Garten, 2011). Therefore, in addition to temperature affecting SOC
stability, other factors must also contribute to SOC stability.

. MATERIAL AND METHODS

Dameni et al. (2010) revealed that the distribution of aggregates at the top soil layers (0—10 and 10-20 c¢cm) among the
different size classes was significantly influenced by land-use type. Small macro-aggregates (250-2000 pum) represented 15
to 38% and were found to be the dominant aggregates in all land-use types and all soil depths [Fig.1a]. Other size fractions
constituted a smaller amount of soil weight, varying from 7% to 22% across land use and soil depths. However, the slaked
treatment, large macro-aggregates (>2000 pum) had the smallest amount of soil and represented 1 to 3.5% of the total
aggregates collected. In other size classes, the percentages of aggregates collected from different land uses were significantly
different and followed the order of <53 ym = 53-250 pm < 250-2000 pm. The distribution of micro-aggregates (53-250 pm)
and the mineral fraction (<53 um) represented 7 to 19% of the total weight of aggregates [Fig.1a]. For the rewetted treatment,
the amount of large macro-aggregates (>2000 um) was consistently greater than the amount collected from the slaked pre-
treatment. The percentage of soil collected followed the order of >2000 pm =~ 53-250 pm < (<53 pm) <250-2000 pm.
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FiG. 1(a): Aggregate size distribution for slaked
and rewetted pre-treatments, at the top soil layers
(0-10 and 10-20 cm) of cropland (CL), forage field
(GL), and fruit tree land (FTL) [Source: Dameni et

al., 2010].

FiG. 1(b): Sand-corrected slaked aggregate organic

C concentration at the top soil layers (0-10 and 10-

20 cm) of cropland (CL), forage field (GL), and fruit
tree land (FTL) [Source: Dameni et al., 2010].

Dameni et al. (2010) also found that the distribution of the SOC contents in aggregate-size fractions at depths of 0-10 and
10-20 cm within the profile under various land-use types [Fig.1b] indicated a significant effect of land use and soil depth on
the SOC stock. Within each size class, aggregate C concentration in the FTL soil was significantly greater than in the CL and
GL. For each system, differences generally narrowed with increasing soil depth. For FTL soil, a marked decrease in SOC
stock from the first to the second layer was noted. In general, the measured SOC stock across land use types was greater in
the topsoil (0-10 cm) than in lower depths. Multiple comparisons of means revealed that at the depth of 0-10 cm, the
concentration of SOC in different land-use types followed the order FTL > GL~ CL for all aggregate-size fractions [Fig.1b].
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Fang et al. (2015) also found that the mass of soil aggregates of >5 mm diameter was the greatest followed by 2-5 mm, 0.5—
1mm, 0.25-0.5 mm, and <0.25 mm, and that of 1-2 mm aggregates was the lowest [Fig.2a]. Moreover, smaller aggregates
had a higher OC concentration (0.5-1 mm, 0.25-0.5 mm and <0.25 mm) than larger aggregates (>5 mm, 2-5 mm and 1-2
mm) in CF topsoil, and OC concentration decreased with increasing aggregate size in BF topsoil. In contrast, the OC
concentration varied very little between aggregate size classes at deep soils in both forests [Fig 2b]. The C,i, during the first
15 days was the highest in aggregates of 1-2 mm and <0.25 mm, followed by >5 mm and 2-5 mm, and the lowest in
aggregates of 0.5-1 mm and 0.25-0.5 mm in CF topsoil [Fig.2b]. Similarly in BF topsoil, the C,,;, during the first 15 days
was higher in <0.25 mm aggregates than in other aggregates, and did not differ significantly between the six aggregate
categories at deeper soil depths in either vegetation type [Fig.2b].

In CF topsoil, the Cp,, measured over 43 and 71 days were generally higher in aggregates of 1-2 mm and <0.25 mm than in
other aggregates, but such patterns were not observed in deep soil. In BF topsoil, the C;, measured over 43 and 71 days were
generally higher in aggregates of >5 mm and <0.25 mm than in other aggregates, and higher in larger aggregates (>5 mm, 2—
5 mm and 1-2 mm) than in smaller aggregates (0.5-1 mm, 0.25-0.5 mm and <0.25 mm) in deep soils [Fig. 2b].
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FIG. 2(c): The weighted mean of soil

FiG. 2(b): The organic carbon organic carbon mineralized

FIG. 2(a): The components of soil concentration and mineralization of ercentaqe in various acareqates
aggregate fractions of two depths in aggregate soil within 71 days at percentag . ggreg .
. . A ) . vary with incubation days in two soil
two restored plantations [Source: Fang  various soil depths in two restored depths under two restored
et al., 2015] plantations [Source: Fang et al., pt i
2015] plantations [Source: Fang et al.,

2015]

Fang et al. (2015) revealed that in CF topsoil, the SOC,,, was significantly higher in aggregates of 1-2 mm than that in
aggregates of 0.5-1 mm and 0.25-0.5 mm, while the highest value of OC mineralization percentage was found in aggregates
of >5mm in BF topsoil. Likewise, the soil OC mineralized potential (CO), mineralization constant (k) and decomposition
days of half mineralizable carbon (t,5) varied with aggregate size, vegetation type and soil depth. The Cq was higher in CF
than in BF soil aggregates at both depths, while the ty5 in BF topsoil aggregates exceeded those in topsoil aggregates of CF.
In CF, the

Co and ty5 were higher in deep soil aggregates than in topsoil aggregates, however, the ty5 was lower in deep soil aggregates
than in topsoil aggregates in BF [Fig.2c].

Generally, physical protection is one of the important mechanisms to carbon stability. Compared with BF, CF had smaller
soil aggregates and fewer larger soil aggregates, and the MWD was lower in CF than that in BF deep soils, which means the
stability of the soil OC was better in CF Martens, (2000). However, the value of SOC,, was significantly higher in CF than
in BF and there was no difference of C,,, in deep soil of CF and BF [Fig. 2b]. Soil organic matters were the adhesive in the
formation of soil aggregates [6], which mainly came from root exudates and decomposition of microbes on plant residue
Rumpel and Koegel-Knabner, (2011).Soil aggregates might not be a major factor controlling OC stability when soil OC
concentration was both low both in CF and BF at the early stages of vegetation restoration. Thus SOC ., was not lower in CF
with relatively higher percentage of smaller soil aggregates than in BF.

Blume et al. (2002) reported that microbial activity in deep soil was similar to that measured in topsoil when normalized to
biomass size. Therefore, it would not be surprised that deep soil had a higher SOC, in view of lower OC concentration
compared with topsoil [Fig.3a]. Taylor et al. [61] considered that deep soil was metabolically active and contained
substantial numbers of microorganisms despite the low biomass contents, which was consistent with the finding that deep
soils had a higher value of C,ic/Cyrq quotient (ratio of microbial biomass carbon to OC) Agnelli et al. (2004).
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FIG. 3(a): A stylized illustration of the mechanical FIG. 3(b): Characteristics of density fractions in topsoil
framework shows the difference of OC stability and subsoil layers and their relation to soil respiration
influenced by nutrient concentration and aggregate (fLF: free light fraction, oLF: occluded light fraction,
composition in two restored plantations [Source: Fang et HF: heavy fraction, OC: OC concentration) [Source:
al., 2015]. Schrumpf et al., 2013]

Schrumpf et al. (2013) also found that the density fractionation separates total soil OC into fractions of different OC-to-
TN ratios and HF-OC was in a more advanced decomposition stage than LF-OC, and that more microbial derived
OC contributed to HF-OC. This is in line with smaller OC-to-TN-ratios [Fig.3b].

Wang et al. (2014) observed that at both the depositional and the eroding site, the HF represented the most important part of
the total SOC at all depths, constituting >80% of SOC [Fig.4a]. The contribution of the HF to SOC was slightly lower at the
depositional site than at the eroding site at all depths, indicating the larger contribution of fLF and oLF to SOC at the
depositional site. The relative contribution of fLF and oLF to SOC decreased with depth at both sites. No free and occluded
light fractions were present at 160-200 cm depth at the eroding site. Gu et al. (2016) [revealed that SOC concentration in all
treatments decreased with soil depth. The significant differences of SOC among treatments were solely at depths of 0-40 cm,
where soil physicochemical properties changed. Further changes would have occurred following activity by microorganisms.
Average SOC content at depths of 0-40cm in ST and GT were 6.26 g kg™ and 6.59 gKg™ respectively, significantly higher
than that of 5.44 g kg™ in CK [Fig.4b]. The use of ST and GT increased SOC by 15.15% and 21.14% respectively. In the
course of the growing season, SOC concentrations in all treatments presented substantial changes with seasons. The
maximum SOC was recorded in the dry and cold season, and the minimum in the warm and wet season. Gu et al. (2016) also
found that compared to the control without cover (CK), ST and GT treatments increased the contents of SOC,LOC, DOC,
POC and EOC by 14.73%, 16.5%, 22.5%, 41.5% and 21%, respectively, in the 0-40 cm soil layer, and by 17%, 14%, 19%,
and 30%, respectively, in the 0-100 cm soil layer [Fig.4c].
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[Source: Wang et al., 2014]

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
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15% greater than the plow-till control [Fig.5a]. 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 c¢m in the ridge-till treatment [Fig.5b]. 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.5c].
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Zibilsk et al., 2002] [Source: Zibilsk et al., 2002] et al., 2002]

Huggins et al. (2014) revealed that 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.6a]. Up to 33% of the greater SOC under CC for CP and NT, compared with MP, occurred
below tillage operating depths. Jacinthe and Lal, (2009) 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.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].
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Naresh et al. (2017) reported that the T treatment resulted in significantly increased 66.1%, 50.9%, 38.3% and 32% LFOC,
PON, LFON and POC, over T treatment and WSC 39.6% in surface soil and 37.4% in subsurface soil [Table 1].LFOC were
also significantly higher following the treatments including organic amendment than following applications solely of
chemical fertilizers, except that the Fs, Fg and F; treatments resulted in similar LFOC contents. Application solely of
chemical fertilizers had no significant effects on LFOC compared with unfertilized control plots. Nevertheless, application of
Fs or Fg significantly increased contents of POC relative to F; (by 49.6% and 63.4%, respectively). Rajan et al. (2012)
concluded that FYM can increase the root biomass and microbial biomass debris which is the main source of POC. It is
suggested that the greater biochemical recalcitrance of root litter. Puget et al. (1995) might have also increased the POC
contents in soil depending upon the root biomass produced. The continuous replacement of organic manure on the soil
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creates a favorable environment for the cycling of C 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 Six et al., (2002).

TABLE 1
EFFECT OF 15 YEARS OF APPLICATION OF TREATMENTS ON CONTENTS OF VARIOUS LABILE FRACTIONS OF
CARBON IN SOIL [NARESH ET AL., 2017]

0.5 cm layer e o - SiSemlayer =~ =000
Treatments WSC POC PON | LFOC LFON WSC POC PON LFOC LFON
(mgkg™) | (mghg™) | (mghg™) | (mgkg) | (mgkg™) | (mgkg™) | (mgkg™) | (mgkg) | (mghkg) | (mgkg™)
Fooe s Tillage crop residue practices . S > D TR M 2t O |
T: 23 672 S o4 15T £38 &g 7 6514 < g
1 ) §8.6° 118 | 17.59 64 7453 | 1™ 9.1
T: 106.7 1330 10.6% o= T I W T
T 33 =5 o 3 15 ol 00 7o 1% 7 o T
; 364 i3t 74 T 20.3% : 8 1029° 104
T 29 1357 17.5 177.8 | 32 )7 106.1 1.2 1.8
T 17.2¢ 620% 228 527 824 132° 485" 18 8° 15 8* :
| o fanagement Practices o == i = 1
P 21 1 6.89 15.0° 153 173 70 (K
Fi o E 20,2¢ o] 338 s of 5.9
s 10.5> ) 7.4 96,079 ~a—
Fu 2 § = oA L e o =3
F 325 138 | 13.8° 1121 152 12.4
Fo_ 316" | 1136* | 1142% T 7 1397 | 11
I 30O 1102 §2 114 10 10,19
Valuey m a colummn followed by the same letter are not sigzmuficontly difterent (P < 9.05)
WSC = water soluble C, POC = paruiculate orgamue C. PON = LFON = light fraction organic N

particulare organic N. LFOC = Light fraction organie C. and

Xiao et al. (2016) showed that the SOC concentrations were significantly higher in macro-aggregates than micro-aggregates;
the MBC and Cpic: Coq ratios were highest in small macro-aggregates. Therefore, small macro-aggregates might have more
active C dynamics [Fig.7a]. 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). MBC in aggregates and bulk
soil in other land uses decreased compared with that in enclosure land [Fig.7b]. 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.7b]. The Cpic: Corg ratios ranged between 1.71% and 3.44% [Fig.7b]. Compared to enclosure land,
the ratios in other land uses increased in aggregates and bulk soil. The highest Cpc: Corg ratio (3.44%) was observed in small
macro-aggregates. This is mainly because the large radius of large aggregates could limit the O, concentration and gas
diffusion required by microbes (Gupta and Germida, 2015; Jiang et al., 2011). Thus, large macro-aggregates might diminish
the impacts of land uses and facilitate the maintenance of a stable microbial biomass.

Dou et al. (2008) 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.7c]. 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 [Fig7c].
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Fig. 7(a): 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]

Fig. 7(c): 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]

Fig.7 (b): Microbial biomass carbon
(MBC) (a) and the Cpc: Corq ratios
(b) of the three sizes of soil
aggregates and bulk soil of different
land uses [Source: Xiao et al., 2016]
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Kumar et al. (2018) also found that the ZTR (zero till with residue retention) (T;) and RTR (Reduced till with residue
retention) (T3) 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 OC, respectively over the treatments with no residue management. Similar increasing
trends of conservation practices on different forms of carbon under sub-surface (15-30 ¢cm) soil were observed however, the
magnitude was relatively lower [Table 2]. 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., (2011).

TABLE 2
EFFECT OF TILLAGE AND NITROGEN MANAGEMENT ON DISTRIBUTION OF DIFFERENT FORMS OF CARBON
IN SOIL [KUMARET AL., 2018]

Treatments | WSOC@kg) | SOC(gkgh) | OC@keh [  BC(gkg)
[ 015¢m | 1530 em [ 015 cm_kjji.‘ﬂ cm 0 I§ cm 1530 cm ] 015 cm 1530 ¢
Tillage Practices
T: ZTR 28 8 262 23.1 19.3 961 ).13 1.69 4.28
T: ZTWR 253 246 184 14.8 | 787 721 376 | 3.19
T: RTR 270 259 224 1§52 | 868 817 413|387
T:RTWR 23.7 218 18.1 14.2 7.66 7.07 3.12 2.96
T:CTR 26.1 244 21.8 17.4 5.49 796 3.82 3.48
TeCT 21.8 309 16.1 131|621 <64 2890 | 263
TP, 1 S o _Nitrogen Management 59 A — e
FoControl | 211 149 161 131 | 613 | 548 | 158 | 107
Fi 80 kg N ha'! 28.3 21.2 17.8 14.7 6.46 6.16 246 1.75
F:120 kg N ha'' 29.5 22.1 19.1 16.1 7.28 6.71 326 2.18
| F> 160 kg N ha! 302 331 20.8 8.2 7.78 7.28 362 2.66
“Fa 200 ke N ha 311 ~ 254 | 213 18.7 793 EE ~ 315 | 342
Diftferent small letters within the same colunm show the sizmificant diffesence at P = 0.05 according to

Duncan Muluple Range Test for sepaation of mean
WSOC= Water soluble orgamic carbon. SOC =Total sotl orgmuce carbon, OC =Oxadizable orgatue carbon, BC =Black carbon

Kumar et al. (2018) 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 cm 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™(F)
> 160 kg Nha™ (Fs) > 120 kg Nha™(F,) >800 kg Nha™ (F,) > control (unfertilized) (F,) [Table 3]. Chen et al., (2009) 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]

iiadriiad POC (ingkg™) PON (mngkg™) LFOC (mgkg™) LFON (mngkg™)
0-8S em l $-185 cm O0&em | S 18Sem 0-8 cin $18 em 0-Sem l S-1Sem
Tillage Practices
I ZTR 13428 967.9 119.5 108.1 194.7 154.8 148 12.3
T: ZTWR 981.1 667.4 946 86.5 120 5 104.7 118 10.3
T: RTR 1230.2 $360 109.7 a7 8 1709 1439 137 11.6
L RTWR 8694 604.4 826 76.6 107.1 973 93 86
Ts CTR 1099, ] 779.4 98 4 59,3 1438 1159 12.8 109
Te CT 6175 4818 692 | 576 90 8 73.6 9.6 7.9
Nitrogen Management
¥o Coutrol 709.7 658.6 317 26.3 123.9 104.3 64 5.8
~ Fi80kgNbha' | 8607 | 7856 | 684 | S62 | 1328 | 1161 | 716 6.9
F1120 kg N ha'! 952.2 808.9 895 78.5 150.6 127.6 97 8.6
F; 160 kg N lia! 1099.5 8238 96.8 234 168.5 1457 102 93
Fe200 kg N ha? 11431 598 4 1039 97.3 1762 152.9 1.7 10.6
Values m o colunm followed by the same letter are not sigmficantly different (P < 0.05)

POC = particulate organie crbore, PON = particulate orgamic mitrogen., LFOC = labile fraction orgamic carbon, and LFON = latale fiaction
OrRANIC MITroRen
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Zheng et al. (2018) observed that the SOC storage in macro-aggregates under different treatments significantly decreased
with soil depth [Table 4]. 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 30-60cm, 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). 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). 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.

Naresh et al. (2016) 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, T4, and Ts treatments increased PON content
from 35.8 mgkg™ in CT (T,) 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
tha®, 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
ha™ 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™* yr'in
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). Gupta Choudhury et al.
(2014) 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.

TABLE 4
DISTRIBUTION OF SOIL ORGANIC CARBON STORAGE IN WATER-STABLE AGGREGATES IN DIFFERENT SOIL
LAYERS AND TILLAGE TREATMENTS [ZHENG ET AL., 2018]

Depth (o) | Treatments Macro-aggeegate (1 ha ') Micro-agpregate (1 ha *)
-~ 2 num 21 mm | 1-025 mm | Sum Q250055 mun D055 0002 mm 0,002 mm S
ST 2.6540.742° 5 87 20,344 T752023 16.28+0.854 (LR INE IS 0.2 f=l).2¢ 0.2620.08h L9020, 08¢
NT 102007 5 82440, 36a 7. 7820 408 15.00+0.11a 12640 10 0232002 0.25+004b 17540 08¢
MP | OAS2001L | L 9R20.29b | s 9120.43h | 10, 2420170 244100060 | O73+005, 06920075 ‘ 3, 802 000k
T 044 20 040 4432022 61120550 | 10,9907 2 BR 110,08 19620230 04520, 190 28 20 204
10-20 St | 2434003 6852019 9 1420, 16a 18.4220.2% 0L.6120.0]ab 154=0.10¢ 0.72=0.01aby 28620110

N1 1.622002b D4£10.251 8.4920.10b 151520220 0.4940.10b 1 AD=0.03¢ 067201 4L 21.562027b
MP w00l 40220.31¢ 6720 M 122810 Lo 06210012 L2710 060 0.97 20,020 0510 078

. 1, 252008 44692000 V.42 20 19 15,4620, 36b 073201 L 1 5620,08a 10520170 5, 352020

2-30 ST Lo 10w n . 51a V9220.17a 19,9520 470 1011 S04

(
{
{

10 256 1. 212400 1 ¢ LR 20 440
(
(
{

NT 1.412003b 6.3220.47a 85020 10ub 16,02 2035 1.9920.13a 15420111 151=20.32b

MP 11520.26b 6522125 9.03=1.10ab 17.71 203380 | 2.0310.22a 0.59 2006t 3.20040.371

(| LN 20 40b L4Kz0 3ok oxit1lb 15,58 320.000 1L EE 20072 1200, (Wn 212240, 149a V2 Déa

3040 ST 1,92 40,033 ' 410,612 ) 2057 14,67 10,09 1.294), 260 06820, 240 ). 5320048 1A 2000
NT LO620.25ah 44N 540 L4320.150 950=0.34b L2731 52 09320 34a L. 2621), 1 0n 2452027

MP | 1122045ah | 47100428 | 772057 | 13.5610.33a 1.20201.064 0.56=0.14a 0.31=0.12a 2.0720.12a

(9 e 20, 14b IAT 2150 \E521 190 QM1 0tb LO0A1) 4K 09520, 260 11020028 105 40, 8o

4030 ST 066102 35b 1. 2040 904 $.04124) 5% 85510 39 0,790,352 04820 18a ). 2620 004 14D 20 S5y
NT 232007 16620244 L0220 S6aly 5.90k40.23¢ 1.0921). 264 0.1620.04u 0.2120),06a (R CET .

MP 0.87 20,244 2.9720.60a 3 35241260 71820270 0.9340.164 0.2520.19 ).3420.07a 15340264

Cl (L5520 19 17120200 445 20 04 11203 1352029 03320 1 1a 0152000 18320270

SO-60 Sl 023301 5a 199340, 21a 53820 5 1a 69200, 050 0.8040.04b ), 3520.06a 1.3420.12b
| 032007 | Oae(06h | AMI20.17 | 4902006b | 13320084 0172008 16910 100

MP 0.31+0.11a 2.2120.25a 3.20=0.35k | 5.72:0.14a 1.2920.034 0.2320.07a 1,71=0.150

CT 0.1520.03a LR3I20. 10a 2 3820.060 4.36:20.05¢ 12120024 0.26=0.04a 2442012

* Dhata sre represerted as mennn + 500, and data with the same letters within each column indicate no significant differenoe a1 P = 005 Llevel
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Naresh et al. (2015a) 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 (Tg) showed
significantly higher TC,SOC content of 11.93 and10.73 g kg™ in T and 10.98 and 9.38 gkg™, respectively in T as
compared to the other treatments. Irrespective of residue incorporation/ retention, wide raised beds with zero till wheat
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 (T,) to 2.9, 3.9 and 5.1 mgkg™ 7d™* without
CR, and t0 6.9, 8.4 and 9.7 mg kg™ 7d™ with CR (T, T; and Tg), 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.

Ou et al. (2016) reported that the tillage systems obviously affected the distribution of soil aggregates with different sizes
[Fig.8a]. The proportion of the >2 mm aggregate fraction in NT+S was 7.1 % higher than that in NT-S in the 0.00-0.05 m
layer. There was no significant difference in the total amount of all the aggregate fractions between NT+S and NT-S in both
the 0.05-0.20 and 0.20-0.30 m layers. NT+S and NT-S showed higher proportions of >2 mm aggregate and lower proportions
of <0.053 mm aggregate compared to the MP system for the 0.00-0.20 m layer. The proportion of >0.25 mm macro-
aggregate was significantly higher in MP+S than in MP-S in most cases, but the proportion of <0.053 mm aggregate was
11.5-20.5 % lower in MP+S than in MP-S for all the soil layers [Fig. 8a]. Du et al. (2013) reported that the NT system did
affect the SOC stock distribution in the soil profile but not the total quantity. Tillage regimes obviously influenced soil
aggregation distribution in the soil profile. In the upper 0.00-0.05 and 0.05-0.20 m layers, the NT system improved the
formation level of the >2 mm aggregate but reduced the formation level of <0.053 mm aggregates, compared to the MP
system, suggesting that mechanical operation reduced large-macro-aggregate formation and disrupted soil macro-aggregates
into individual particles (Huang et al., 2010 and Jiang et al., 2011). The aggregate-associated SOC concentration in different
soil layers was influenced by tillage systems [Fig.8b]. In the 0.00-0.05 m layer, SOC concentration in macro-aggregates
showed the order of NT+S>MP+S = NT-S>MP-S, whereas the NT system was superior to the MP system. However, the NT
system significantly reduced the SOC concentration in the 2.00-0.25 mm fraction in the 0.05-0.20 m layer. A similar trend
was observed in the 0.25-0.053 mm fraction in the 0.20-0.30 m layer. Across all the soil layers, there was no difference in the
<0.053 mm fraction between NT-S and MP-S, as well as between NT+S and MP+S, indicating that the NT system did not
affect the SOC concentration in the silt + clay fraction. In average across the soil layers, the SOC concentration in the macro-
aggregate was increased by 13.5 % in MP+S, 4.4 % in NT-S and 19.3 % in NT+S, and those in the micro-aggregate (<0.25
mm) were increased by 6.1 % in MP+S and 7.0 % in NT+S compared to MP-S. For all the soil layers, the SOC concentration
in all the aggregate size classes was increased with straw incorporation, by 20.0, 3.8 and 5.7 % under the MP system, and
20.2, 6.3 and 8.8 % under the NT system [Fig. 8b]. The higher proportion of >2 mm aggregates and lower proportion of
<0.053 mm aggregates under NT systems might be the result of the higher soil hydrophobicity, low intensity of wetting and
drying cycles, higher soil C concentration or the physical and chemical characteristics of large macro-aggregates making
them more resistant to breaking up (Vogelmann et al., 2013).

ol ol ol e e
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F1G.8 (a): Distribution (%) of water-stable aggregates
with different sizes in different soil layers as influenced
by tillage treatments. (a) 0.00-0.05 m; (b) 0.05-0.20 m; (c)
0.20-0.30 m. MP-S: moldboard plow without straw;
MP+S: moldboard plow with straw; NT-S: no-tillage
without straw; NT+S: no-tillage with straw [Source: Ou
et al., 2016].

F1G.8 (b): Aggregate-associated SOC concentration in
different layer intervals as influenced by tillage
treatments. (a) 0.00-0.05 m; (b) 0.05-0.20 m; (c) 0.20-0.30
m. MP-S: moldboard plow without straw; MP+S:
moldboard plow with straw; NT-S: no-tillage without
straw; NT+S: no-tillage with straw.
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Guo et al. (2016) also found that compared with CT treatments, NT treatments did not affect SOC concentration of bulk soil
in the 5—20 cm soil layer, but significantly increased the SOC concentration of bulk soil in the 0—5 c¢m soil layer [Table 5]. In
comparison with NS treatments, S treatments had not significant effects on SOC concentration of bulk soil in the 5-20 cm
soil layer, but significantly enhanced the SOC concentration of bulk soil in the 0—5 cm soil layer [Table 5]. In the 0—5 cm
soil layer, NT treatments significantly increased SOC concentration by 5.8%, 6.8%, and 7.9% of bulk soil, >0.25 mm
aggregate, and <0.25 mm aggregate, respectively, compared with CT treatments [Table5]. NT treatments significantly
increased MBC of bulk soil, >0.25 mm and <0.25 mm aggregates by 11.2%, 11.5% and 20.0%, respectively, compared with
CT treatments. DOC concentrations of bulk soil, >0.25 mm aggregate, and <0.25 mm aggregate under NT treatments were
15.5%, 29.5%, and 14.1% higher than those under CT treatments, respectively. In comparison with NS treatments, S
treatments significantly increased SOC concentrations of bulk soil by 12.8%, >0.25 mm aggregate by 11.3%, and <0.25 mm
aggregate by 14.1%. In addition, MBC of bulk soil, >0.25 mm aggregate, and <0.25 mm aggregate under S treatments were
29.8%, 30.2%, and 24.1% higher than those of NS treatments, respectively. S treatments exhibited 25.0%, 37.5%, and 23.2%
higher DOC concentrations of bulk soil, >0.25 mm aggregate, and <0.25 mm aggregate compared with NS treatments,
respectively. In the 0—5 cm soil layer, there were significant interactions of tillage and straw returning on SOC concentration
of >0.25 mm and <0.25 mm aggregates, MBC of bulk soil and <0.25 mm aggregate, and DOC concentration of >0.25 mm
aggregate [Table 5]. This increase in SOC concentration can be attributed to a combination of less soil disturbance and more
residues returned to the soil surface under conservation tillage (Dikgwatlhe et al., 2014).

TABLES
CHANGES IN SOC FRACTIONS WITHIN AGGREGATES UNDER DIFFERENT TILLAGE AND RESIDUE TREATMENTS [GUO ET
AL., 2016].
Organic C Soil fractions CTNS cTS NTNS NTS
S0OC (0-5 cm soll layer) Bulk soll 19.604+0.55 o 21.29:0.120 20332046 ¢ 21.75x0.18 a
(gkg ") >025 mm 189.70¢0.10 ¢ 213020100 20 432006 ¢ 23371006 a
<0.258 mm 17.2820.06 ¢ 19.48:0.12b 18412077 ¢ 21242018 &
SOC (5-10 cm soll layer) Bulk soll 17.8420.56 a 18102020 a 17.87£087 a 18312017 &
(gxg ") >0.25 mm / / / /
<025 mm / ! /
SOC (10-20 cm soll layer) Bulk soll 15672047 a 1597+£0.41a 1553+041 a 15.50+0.20 a
(gxg™') =025 mm / / ! /
=025 mm / / / /
MBC (0-5 cm soil layern) Bulk s0ll 18461584 0 2366£38.58 b 2024211 40 ¢ 2657+28.71 a
(mg kg ") >0.25 mm 1962+3.68 d 2538227.09 b 217325773 ¢ 28441222 90 a
«<0.25 mm 151721056 ¢ 1820z14.420 175821133 b 224523386 a
DOC (0~5 e soil layer) Bulk saoil 1.092004 d 1.33+0.03 b 1.222003 ¢ 1 562004 a
(gxag ") >0.25 mm 1052005 d 1.43:003 0 1.342001 ¢ 1862001 a
<0.2% mm 0.85+003 d 1.10:0.02 b 1.012002 ¢ 12540020

Different letters in a line denote significant differences among treatments.

CTNS, conventional intensive tillage with straw removal; CTS, conventional intensive tillage with straw returning; NTNS,
no-tillage with straw removal; tillage; NTS, no-tillage with straw returning. SOC, soil organic C; MBC, microbial biomass C;
DOC, dissolved organic C

Naresh et al. (2018) reported that the SOC pool was the highest in the100 per cent RDF + VC (56.8 Mg C ha™), and it was on
par with 50 per cent RDF +VC (52.8 Mg C ha™)>75 per cent RDF +VC (51.4 Mg C ha™)>VC (49.4Mg C ha™) >RDF (39.3
Mg C ha™)> control (35.9 Mg C ha™) treatments. A higher percentage of C build-up was observed in 100 per cent RDF + VC
treatment (43.6 per cent) followed by 50 per cent RDF+VC treatment (40.7 per cent), which was reflected in the profile SOC
concentration of respective treatments. The SOC build-up rate also followed a similar trend as C build-up. The C budgeting
shows that 36.8 per cent of the C applied as VC was stabilized. With the exception of the control and sole application of RDF
through chemical fertilizer, the magnitude of SOC sequestration in other treatments was 7.9-9.6 Mg ha™. Higher SOC
sequestration was observed with the application of vermicompost along with 100, 75 and 50 per cent recommended rate of
RDF. Cultivation of a crop without using any organic and/or inorganic fertilizer inputs (control) caused a net depletion of
SOC pool by 12.0 Mg C ha™. Though application of \VC decreased the bulk density of the soil particularly at surface and
subsurface layer due to higher SOC and increased root biomass it improves the SOC concentration significantly and
ultimately increased SOC stock of the profile. SOC concentrations and stocks increased considerably with organic manure
incorporation rates, which are possibly attributed to a larger proportion of recalcitrant organic compounds in manure (Liu et
al., 2014). Vermi-compost manure application can result in an increase in lignin and lignin-like products, which are major
components of the resistant C pool in the soil (Lima et al., 2009). Crop production was also enhanced by the manure inputs,
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which lead to higher total C inputs from rhizodeposition, root biomass and stubble return [Table 6]. The prevailing low levels
of SOC concentrations are attributed to soil-mining practices — a little or no crop residues returned to the soil, excessive
tillage, unbalanced fertilizer use and severe soil degradation. Ploughing for seedbed preparation disturbs the soil, adversely
affects the distribution and stability of aggregates, exacerbates the oxidation of SOM and depletes the SOC pool (Kong et al.,
2005).

TABLE 6
PROFILE ORGANIC C (OC), C BUILD-UP, C BUILD-UP RATE, C SEQUESTERED, C: N RATIO AND WET AGGREGATE
STABILITY (WAS)IN THE SOIL PROFILE AS AFFECTED BY 7 YR OF TILLAGE CROP RESIDUE AND NUTRIENT MANAGEMENT
PRACTICES [SOURCE: NARESH ET AL., 2018]

Tréatments Profile Q‘(' C build-up C build-up rate C Sequestrated C:N WAS
Mg ha™ % | Mg C ha™! y! Mg C ha™ Ratio (%)
Tillage crop residue practices

Iy $3.8+3.1 27.9:0,7¢ 1.06+0.08* 6.7+0).2¢ 14 8% 93 4¢
s 1362007 52201 R
I3 3. 36.620).6" 1. 4640 09% 8. 640 8% 9 43¢ )& b
| 63328 31.8=0.6% 1.33+0.04¢ 7.620.8® 13 59 )4 5%
Ts T20+3 7 41 .0=22" 1.63£0.09" 9.2+ 2% 12.3% 969
Ts 73.0+3.6 4]1.2+2.3° 1.64+0.10" 9 6x0.2° 9.28 )7.6°
T 11 5229 22 421 .2¢ 0.89=0.06° S 320.5¢ 153" | 8979
o " Fertilizer Management Practices - i )
Fi 3% 941 6° -12.040,7¢ 16.2° 93 74
Fz2 39.3=1.8¢ 29.8=0.064 1.28=0.0074 -0.61=0.8¢ 15 3 )2 3%
F3 §2.8=0.02* 40.7=2 4* 1.82=0,006 9 3,82 14.5% 90,1%
Fa S1.4:21% 37.320.06° 1.73:0.021" 8 540.5" 13.7¢ 89.9*
Fs 5681 9 43 60,09 1.88=0.00]1* 9 G20 T 8 90~ 87 40
Fs 49 442 3" 34241 8° 1 464007 T 940, 3¢ 10.8¢ 91.1%

Zhao et al. (2014) concluded that the contents of SOC, TN, POC and LOC responded differently as the change of soil depth
[Fig.9a]. In all land use types, contents of SOC, TN, POC and LOC in top soil (0-10 cm) were 3.26-7.86 g.kg™ 0.39-0.72
g.kg?, 0.65-1.31 g.kg™ and 0.76-1.07 g.kg™, respectively, which were significantly higher than other soil layers. The
contents of SOC, TN, POC and LOC decreased significantly in soil depth of 10-40 cm while the decreases trended to be
flatter in subsoil (40—100 cm). Additionally, the differences in contents of SOC, TN, POC and LOC in deep subsoil (100-200
cm) were negligible. Vegetation can greatly influence soil quality, C and N cycling, and regional socioeconomic
development (Fu et al., 2010). It is also reported that converting cropland into land with perennial vegetation would increase
the SOC content (Groenendijk et al., 2002).

Duval et al. (2016) reported that the concentration of labile soil organic carbon (POC. and POCy) did not reflect any
differences between the cover crops and Ct in 2008 at 0—20 cm [Fig.9b]. The 3 years of C-input by cover crops were
insufficient to affect the most dynamic and labile fractions of SOM, despite C-input differences among treatments. As from
2009, SOC increase by the cover crops was mainly due to higher POC, concentration [Fig.9b]. In 2009 and 2011, the cover
crops significantly enhanced POC, levels compared with Ct. Differences among cover crops were also found. In general,
gramineous species showed higher POC, concentration than V. This difference among species may have been caused by the
higher quality of the legume contribution (lower C: N), which stimulated residue decomposition and thus had a direct
influence on POC,. Regarding the Ct treatment, POC, increased in the W, O and O + V treatments by 66 and 95% in 2009 -
2011, respectively, whereas in the V treatment, POC. rose by 33 and 49% for the same periods [Fig.9b]. These results
suggest that cover crops of gramineous species would enhance accumulation of more recalcitrant materials on the soil
surface, thus promoting SOM increase. Also, larger residue amounts with a high concentration of soluble compounds and a
low C: N ratio (vetch + soybean residues) would fuel microbial activity, stimulate decomposition and have a negative effect
on organic fractions (Scherer-Lorenzen, 2008).

Chen et al. (2009) also found that the amount of large macro-aggregates was extremely low and made up of almost all rocks,
therefore SOC and Nt content was not determined in large macro-aggregates. The influence of tillage on aggregate C and Nt
content is shown in [Fig.9c]. At 0-15 cm, tillage effect was confined to the 2-0.25 mm size fraction, in which the
conservation tillage treatments contained significantly higher SOC contents than CT, ST had significantly higher Nt contents
than CT, and NT tended to have higher Nt contents than CT [Fig.9c]. No significant differences were detected in SOC and Nt
contents in the 0.25—- 0.05 mm and <0.05 mm classes among all treatments [Fig.9c].
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FIG 9(b) Total orgamc carbon
(SOC) (a), coarse particulate
organic carbon (POCc) (b), fine
particulate organic carbon (POC)
(c) and mineral-associated organic
carbon (MOC) (d) as affected by
cover crops at 0-20 cm depth
[Source: Duval et al., 2016] .
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FiG. 9(c): Soil organic carbon (SOC)
and nitrogen content (g kg1) 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) [Chen et al., 2009].

FiG. 9(a): Distribution of soil organic
carbon (SOC, A), total nitrogen (TN,
B), particulate organic carbon (POC,
C), and labile organic carbon (LOC,
D) contents of different land used
types in soil depth of 0—200 cm
[Source: Zhao et al., 2014].

Krishna et al. (2018) reported that the total organic carbon (TOC) allocated into different pools in order of very labile > less
labile > non labile >labile, constituting about 41.4, 20.6, 19.3 and 18.7%, respectively. In comparison with control, system
receiving farmyard manure (FYM-10 Mg ha® season-') alone showed greater C build up (40.5%) followed by 100%
NPK+FYM (120:60:40 kg N, P, K ha’+ 5 Mg FYM ha’season™) (16.2%). In fact, a net depletion of carbon stock was
observed with 50% NPK (-1.2 Mg ha™) and control (-1.8 Mg ha™) treatments. Only 28.9% of C applied through FYM was
stabilized as SOC. A minimal input of 2.34 Mg C ha™ y™ is needed to maintain SOC level [Table 7]. The magnitude of
carbon pools extracted under a gradient of oxidizing conditions was as follows: Cy, >C,; > Cy. > C_ constituting about 41.4,
20.6, and 19.3 and 18.7%, respectively, of the TOC [Table 7]. However, the contribution of VL, L and LL pools to SOC was
51.2, 23.1 and 25.5%, respectively. While active pool (Cy_ + C) constituted about 60.1%, passive pool (C.. + Cyp)
represented 39.9% of the TOC. Among the treatments, 100% NPK+FYM (44.4%) maintained a proportionately higher
amount of soil C in passive pools. With an increase in the dose of fertilization, on average, C allocation into passive pool was
increased (33.0, 35.3, 40.7% and 39.3% of TOC under control, 50% NPK, 100% NPK and 150% NPK treatments,
respectively).

TABLE7
OXIDISABLE ORGANIC CARBON FRACTIONS (VERY LABILE, LABILE, LESS LABILE AND NON-LABILE) IN SOILS (G KG-1) AT
DIFFERENT LAYERS (CM) [KRISHNA ET AL., 2018]

Treatment Very labile C Labile C
0-15 15-30 30-45 | Total 0-15 1530 | 3045 Total
Control 36:0.5° | 1.420.3° | 1,3202" | 6.3204" | 24203 | I, 0202 | Tj.iiﬂif 425060
50% NPK $.6203% 2.140,7* 1.5£0.1* 8.1+0.9* 1.740.4" 0.9+ n<‘ .2 313407
“100% NPK 14207 23:0.2 | 14205 | 80407 | 182047 | 08205 | 06203 | 32%08°
1500 NPK SO=02" | 26202 | 1.5:0.1" | m:..'; 1220F | 07202 | 0902 | 28504
100% NPK+FYM 4.820.2" 2.0:0,2% 1.3=0.¥ 8. 14),2¢ 1,040, 3% 0,702 0.740,3* 3.4+0.2°
FYM 5.0+1.3* 2.230.2° 1.4:0.3* | 95+1.6° 25097 0.7+0.3* 0.7+0,2° 3.9+09°
Fallow 1.2+) 7% 1.520.5" 0.750.3° | 632080 | 2.2%).07 10503 | 1.020,2° INESHE
ok i o IL\\ I.\'lllk; (.7 o o - o . \(lh 'll\llk ) o ety
“Control 1.5+0.3° T0.680.4° | 04:0.0° | 26407 1.220.5" 12:0.3° | 0.24 n:" 26405
50% NPK 1.840.1° 0.440.1° 0.5+0.X 27401 1.2£0.9° 1.7+0.8° 0.7+0.4%" 35+1.8"
100% NPK 2§20 3" 0S80 | 112027 | 4'136? 1.320.6° 1.550.6° | 05=02" | 33=10"
150 NPK 2.6+0,2° 0.0+, 1™ 04202 | 394).1" 1.420.3° 1.5=0,2° 0.8+0 |- 3.740.3"
1007 NPK+FYM 2.7+0.6° 1 50,2° 1L420.1° | 5.620.7° 2 (20).8° 1.3=0.1* | 03=03% 35207
FYM 1.90.7% 1.720.2° 1.050.2° |4 ~-n“' 3713 1.0:0.2° | uwn 5.1:19°
Fullow 1.5+0.3° 1.350.7% 090485 | 38:1.2° 2102 LA=0.7° | 0.4202% | 39007
*values m the same cohunn followed by different letters are ssgmificantly different at P<0.001 according to Duncan’s Multiple

Range Test (DMRT) for separation of means. + indicates the standard deviation valoes,

Nath et al. (2015) revealed that the TOC content for all the treatments was high in surface soil (0-10 cm) than in subsurface
soil (10- 30 cm). TOC in surface and sub-surface soil was in the order organic > organic + inorganic > VM >inorganic >
control and organic > organic +inorganic > inorganic > VM > control respectively [Table 8]. Build-up of higher amount of
TOC in surface soil over sub-surface soil is attributed to accumulation of organic matter from root biomass and left over crop
residues in the former that decreased with soil depth. Addition of root biomass and root exudates results in such variation in
soil depths (Kaur et al., 2008). Application of organic manure alone or in combination with inorganic fertilizer considerably
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increased TOC in 0-10 cm soil depth than control plot [Table 8]. A higher percentage of C build-up was observed in 100 per
cent RDF + VC treatment (43.6 per cent) followed by 50 per cent RDF+VC treatment (40.7 per cent), which was reflected in
the profile SOC concentration of respective treatments [Table 8]. The SOC build-up rate also followed a similar trend as C
build-up. The C budgeting shows that 36.8 per cent of the C applied as VC was stabilized. Higher SOC sequestration was
observed with the application of vermin-compost along with 100, 75 and 50 per cent recommended rate of RDF. Cultivation
of a crop without using any organic and/or inorganic fertilizer inputs (control) caused a net depletion of SOC pool by 12.0
Mg C ha™.Maintaining the SOC pool above the critical level is necessary to sustain agronomic productivity and to minimize
environmental degradation (Lal, 2010c). However, maintaining or improving the SOC pool in light-textured soils of arid and
semi-arid regions is a major challenge (Srinivasarao et al., 2012).

TABLES8
SOIL ORGANIC CARBON (SOC) POOLS UNDER DIFFERENT MANAGEMENT REGIMES IN SURFACE SOIL (0-10 CM) AND
SUBSURFACE (10-30 CM) PADDY GROWING SOILS [NATHET AL., 2015]

Sub fractionation of orgamuc carbon (o)

Treannents Very labnle Labtle Less labtde  Noaelalile  TOC (%) Active pool  Passive pool
(C ., (C J 1C o) (C ) (<) (C,)
010 em
Control 028(22%)  0.04(3%) O0.10(8%) 088(67%) 130 250, 75%
M 033 (24%) 010(T) 017¢12%) 076 (57%) ] 36" 3% 699,
Inorgank 030(23%) 0.10¢8%) O 14(11%) 0.79(59%) 133 30% T0°%
Organsc 036 125%)  013(%%%)  0.02(8%) 0.85(59%) | 46% 34%, 66%%
Osgamic+Increzamic 037 (26%) 014 (10%) 005 (4%) 0.87(60%)  1.43# 36% 64%
10-30 ¢
Comtrol Q13 (1%%) 0.06(9%) 0.16(23%) 035 (50%) 0.7 27% 73%
™ Q15(19%) O.00(i3%) 01520%) 0.40(49%) 080" 31% 69%
Inorganic I3 (16%) OO0 (14%) 017 21%)  0.40 (49%) 081 30% T0%%
Ongimc 014 (1%%) 009(12%) 0.10(14%) O041(55%) 074 3% 69%
Orgnmc+Hnorgone - O 16(1%%) 009 (11%) 0.15(18%) 0.45(53%} 085 29%, 71%
0-30 cm
Control 021421%)  005(5%) O0.13(13%) 0.6] (61%) 1o 26% T4%
024(22%) 010(9%) 0.16(15%) 0.58 (54%} 1.08" 3% 69%
G222 01100 0 16414%) 0,60 (56%) |om 0% T0%
025(23%) 011102 011 (10%)  0.63(57%) 1.24% 33% 67%
mc+Inorramic 027(23%)  O12(1%)  0.10(9%) 0.66(58%) (WEL 33% 67%

Parentheses show percent of TOC, defferent letters supenscripted refers 10 sigmficant differences between the treatiments at 5% bevel
of significance. [Cantrol: without any crganic and incrgamic femtilizer; VM: village management (partially decomposed cow dung
apphed @ 70-80 Mg ha™): Inocganse (NPK) fertilizer (130-100-60 was used m the form of urea, smgle superphosphate and muriate
of potash). Orgusc musmre (phosphate solubzlizing biofertilizer and azobacter bio-fertilizer applied in two steps: seediings dip and
sotl application; Onganic+Inorgaaic: both coganic and wotgame fertdizer applied 1ogether]

Application of high fertilizer N rate in high C: N residue amended soils lowers the C: N ratio of the residue which avoids net
immobilization but enhances the mineralization process (Pathak et al., 2006). This N remained in the soil after harvest and
helped to maintain inorganic N concentrations in soil. The WAS under ZT without residue retention (93.4%) significantly
increased by 4%compared to CT system (89.7%). A similar trend was observed under fertilizer management practices where
control (91.7%) significantly increased WAS by 2.3% compare to 100% VC (93.9%). The 50%RDF +50%VC and 75%RDF
+25%VC decreased WAS by 4% compared to under 100% RDF system [Table 8]. The study reported that mechanical tillage
increased the breakdown of soil macro-aggregates and that CT disrupted soil macro-aggregates into micro-aggregates or
individual particles. In addition, soil under CT system distributed aggregates during the plowing event by bringing protected
aggregates to the soil surface.
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FiG. 10(a): Levers associated with agricultural practices FiG. 10(b): Sources and sinks of carbon from different
that may influence SOC stocks. pools under terrestrial and aquatic ecosystems.
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Several organic cropping systems, characterized by a diversified rotation including legume cover crops, exhibited similar or
higher SOC stocks than their conventional counterparts, while fresh OC inputs to soil were not higher and tillage was more
frequent (Autret et al., 2016) (a process not represented in [Fig. 10a]. Kallenbach et al. (2015) showed that in an organic
cropping system, soil microorganisms had a higher carbon use effeciency and higher growth rates than under the reference
conventional system. This should result in more microbial necromass being formed per unit of C input. Microbial necromass
represents a significant fraction of soil organic matter and a major constituent of SOM stabilized in the long term (Cotrufo et
al., 2013), which would explain the increased or preserved SOC stocks.

Each year, an estimated 25-40 billion tons of fertile soil are lost globally (FAO and ITPS, 2015). Hence, improving soil
health through sustainable land management should be a common goal for farmers and land managers, to protect, maintain
and build their most vital resource — soils. Soils are the major reservoir of C in terrestrial ecosystems, and soil C plays a
dynamic role in influencing the global C cycle and climate change [Fig. 10b] while regulating soil health and productivity
(Mehra et al., 2018; Singh et al., 2018). Soil contains C in two forms: soil organic C (SOC) and soil inorganic C (SIC), with
most soils (except calcareous soils) having more SOC than SIC [Fig. 10b]. Thus far, enormous scientific progress has been
attained in understanding soil functional characteristics relating to SOC stocks and C dynamics in agro-ecosystems
(Stockmann et al., 2013).
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FiG. 11(5): Potential links between climate change_, land use
and management change, and soil health indicators (Source:
Allen et al. 2011)

F1G.11 (b): Potential nitrogen—carbon-climate interactions
(Source: Gruber and Galloway, 2008)

Allen et al. (2011) revealed that climate change scenarios considered by Intergovernmental Panel on Climate Change (IPCC)
prediction include increase in atmospheric CO, concentration, increases in air temperature, changes in precipitation and
prevalence of extreme climate events. For instance, global temperature change of 1.6-6.4 °C by 2100, atmospheric CO,
concentration increases by up to 550 ppm and precipitation change by at least 20% have been predicted (IPCC, 2007a).
However, the predicted changes vary geographically and with future greenhouse gas (GHG) emission control. Therefore, the
actual magnitude of changes of these parameters and consequences of these changes will therefore be location specific and be
dependent on the extent of future success in reducing emission of GHG. Changes in precipitation are likely to be different for
different parts of the world [Fig.11a].

Gruber and Galloway, (2008) also found that, soil organic matter (SOM) is essential in maintaining physical, chemical and
biological functions in soil. In fact, SOM is the key indicator of soil health. It contains both living and non-living
components. Living components include soil microbial biomass and living roots. Non-living SOM is a heterogeneous organic
matter, variously described as labile, slow and recalcitrant SOM, light fraction (free or occluded) and heavy fraction,
particulate (> 53 mm) and non-particulate SOM. It is also described by its chemical constituents such as proteins, lipids,
starch, carbohydrates, hemicelluloses, celluloses, lignins, polyphenols, pectins and tannins or by humic acid, fulvic acid and
humins. Soil organic carbon (SOC) constitutes about 50% of SOM and contains labile, slow and recalcitrant C pools. It could
be also considered that, the influence of atmospheric N deposition, an important component of global environmental change;
the rates of N deposition have increased by threefold to fivefold over the past century and may continue to increase rapidly in
densely populated areas. The increasing rates of atmospheric N deposition may play a major role in modulating climate
change impacts [Fig.11b].

1. CONCLUSION

In topsoil, WS macro-aggregate formation was highest (28.2 g of >250 mm aggregates per gram of C added) with the lowest
residue input (2.5 g residue-C kg™ soil). In the subsoil, WS macro-aggregate formation increased to 76.3 g of >250 mm
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aggregates per gram of C added with residue input of 5 g residue-C kg™ soil and decreased thereafter. The concentration of
POC, MBC and HWC were higher under topsoil (0-10 cm) as compared to subsoil (10-20 cm) in CA practices. Organic
carbon concentrations in the <0.053-, 0.053- to 0.25-, 0.25- to 2.0, and >2.0-mm fractions were 14.0, 12.0, 14.4, 24.1%
greater, respectively, in CA than in CF. The contents of SOC,LOC, DOC, POC and EOC by 14.73%, 16.5%, 22.5%, 41.5%
and 21% in the 0-40 cm soil layer, and by 17%, 14%, 19%, and 30% in the 0-100 cm soil layer. These results suggest that
over time, the MBC and MBC-derived C under the fine-sized residue treatment may constitute a significant source of stable
SOC through strong physical and chemical bonding to the mineral soil matrix. Conservation management in the North West
IGP is important in maintaining soil structure stability and conserving SOC from rapid decomposition with associated
organic carbon fractions.

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. 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.
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