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Abstract
Limited information is available on the C stabilization mechanism of tropical soils under different management practices
including long-term organic manuring, mineral fertilization alone, or in combination with lime. Hence, to understand the effect
of continuous application (for 60 years) of organic manure, fertilizer, and lime alone or in combination on an acidic Alfisol,
stabilization of soil organic carbon (SOC)was evaluated under maize (ZeamaysL.) wheat (Triticum aestivumL.) cropping. There
were eight treatments that included farmyard manure (FYM) and nitrogen (N) applied in terms of FYM, additional dose of
phosphorus (P) and potassium (K) applied in terms of inorganic fertilizer (FYM + P’K’), FYM + P’K’with liming (FYM + P’K’
+ L) and NPK alone. These treatments were laid in a randomized block design with three replications. Results indicated that FYM
+ P’K’ plots had maximum amount of SOC inside large macroaggregates. The value was 33 and 92% greater than only minerally
fertilized (NPK) and unfertilized control plots, respectively, whereas microaggregate-associated C was highest in plots with FYM
+ P’K’ and lime (FYM + P’K’ + L), which was 48 and 183% more than unfertilized control and NPK plots, respectively. Inside
soil microaggregates, plots under FYM + P’K’ had highest labile C, while NPK + L plots had highest recalcitrant C. Plots with
organic amendments contained higher glomalin in large macroaggregates. Plots treated with FYM + P’K’ had maximum intra-
aggregate particulate organic matter withinmicroaggregates inside macroaggregates (iPOM_mM), which was 28 and 74% higher
than NPK and unfertilized control plots, respectively. Total C stock inside the protected microaggregates within macroaggregates
was maximum for FYM + P’K’ plots. It had 38, 67, and 171% higher C stock than NPK, FYM, and unfertilized control plots,
respectively. Interestingly, despite estimated C input in FYM-treated plots was much higher than NPK plots, FYM-treated plots
had less C stabilization within microaggregates and within microaggregates inside macroaggregates. Microaggregates within
macroaggregates accounted for ~54% of the recalcitrant C content. Thus, macroaggregates stabilization through occlusion of
microaggregates was accountable for sequestration of SOC and only FYM application did not promote that mechanism compared
to NPK. Carbon stabilization within macroaggregates under FYM plots was mainly governed by amorphous iron oxide.
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Introduction

Soil organic matter (SOM) is key to many soil functions and
foundation for maintaining soil quality. So to maintain the soil
quality, it is important to have a clear understanding about
composition, function, and behavior of SOM. The quality
and quantity of SOM depend considerably on the conditions
under which soils have developed. Under tropical and sub-
tropical climatic conditions, SOM content is relatively low
compared to temperate regions. But irrespective of any agro-
ecosystem, storage of sufficient SOM is crucial for physical,
chemical, and biological functioning of soils.

Under hot and humid climate, the turnover rate of SOM is
very high (Ghosh et al. 2016). Availability of optimum mois-
ture and temperature causes decomposition of easily degrad-
able portion of SOM and releases CO2, which is a greenhouse
gas (GHG) and may cause environmental hazards. So, long-
term storage and effective management of SOM are essential
for overall soil benefits. In a global perspective, minimizing
CO2 concentration in atmosphere and increasing soil organic
carbon (SOC) can be achieved through feasible means, i.e., by
appropriate soil management practices. Sequestration of SOC
has many advantages, including restoration of degraded soils,
enhanced biomass production, purification of surface and
ground waters, and reduction of CO2 enrichment in the atmo-
spheric (Lal 2004, Kumar and Nath 2019). Thus, understand-
ing SOC storage mechanism and its dynamics is essential to
adopt suitable management practices.

Researchers have tried to keep no stone unturned in under-
standing SOM dynamics. But complexity of SOM composi-
tion, varying turnover rates under different climatic condi-
tions, and heterogeneous mineralogical composition of soils
along with differential soil biota distribution make it difficult
to generalize SOMdynamics globally (Davidson and Janssens
2006, Davidson et al. 2012, Wankhede et al. 2020). The fac-
tors regulating SOC dynamics are climate, soil biota,
topography, and chemical compositions of soil and
management practices. The major mechanisms for SOC
stabilization as given by Lützow et al. (2006, 2008) are as
follows: (i) spatial inaccessibility of SOC against decomposer
organisms caused by the processes that cause the physical
occlusion of SOM, (ii) chemical recalcitrance, and (iii) inter-
action with mineral surfaces (phyllosilicates and oxides of Fe
and Al).

Various studies have shown that continued addition of or-
ganic manures could augment soil macroaggregation and lead
to increased stable C pools. However, research in the past
showed that manure applications in the long run increased
the macroaggregate dispersion and caused decreased aggre-
gate stability in a Typic Haploboroll (Whalen and Chang
2002). Further studies revealed that addition of high quantity
of organics beyond a certain threshold may lessen the
glomalin-related soil protein (GRSP) content, subsequently

decreasing the soil aggregate stability by altering GRSP allo-
cations to macroaggregates in a brown soil of China (Xie et al.
2015). Studies on GRSP distributions with organic manure
addition and macroaggregate stabilization are limited.
Furthermore, various SOC stabilization mechanisms have
been proposed by many researchers, most of which are con-
fined to temperate climate (Six et al. 2002, 2004). In tropical
and subtropical climatic conditions, the SOC stabilization as
impacted by application of mineral fertilizers and manure
vis-à-vis by manure addition in combination with mineral fer-
tilizers (NPK) and lime is not well understood (Ghosh et al.
2018). So, the specific objectives of this study were as fol-
lows: to evaluate impacts of long-term (60 years) nutrient
management practices on surface soil aggregation and soil C
stabilization within aggregates; to determine amorphous Fe
oxide, glomalin, and C cycling enzymes in surface soils; and
to quantify their relationships with SOCwithin aggregates and
aggregate stability. The hypotheses were as follows: (i) long-
term integrated nutrient management (farmyard manure
(FYM) application based on equal N fertilization + adjusted
doses of P and K) augment C stabilization within aggregates
over NPK + lime (L) plots, and (ii) integrated nutrient man-
agement would affect glomalin, C cycling enzymes, and intra-
aggregate particulate organic matter of soil surface more than
NPK + L (farmers’ practice).

Materials and methods

Experimental site

A permanent trial was initiated in 1956 at Birsa Agricultural
University (BAU), Kanke (Ranchi), Jharkhand, India (23°44′
N, 85°32′ E, 625 m above the mean sea level). The area is
having sub-tropical climate with summer temperature reaches
to 42 °C. Winter is mild with 23.1 °C average annual temper-
ature. The average annual rainfall is about 1450 mm. The soil
is acidic red clay loam (containing 15.3% silt and 36.4% clay)
with low to medium available nutrient content. The dominant
clay minerals are kaolinite and illite. Initially, soil had pH 5.5;
CEC 10.5 cmol (p+) kg−1 soil, bulk density 1.45 Mgm−3, and
total N 0.067%.

Experimental design and treatments

Eight treatments with three replications each were laid out in a
randomized block design (Table 1). Size of each plot was 4 m
× 2.5 m. Each year, recommended dose of N–P2O5–K2O at
110–90–70 kg ha−1 were applied to both crops. Nitrogen (in
the form of urea) was applied in three split doses, whereas P
(in the form of single superphosphate) and K (in the form of
muriate of potash) were applied as basal dose. In organically
amended plots, FYM was applied equivalent to 110 kg N

45947Environ Sci Pollut Res  (2021) 28:45946–45961



ha−1. Additional dose of P and K was applied in terms of
mineral fertilizer after deducting the amount present in
FYM. Lime requirement was calculated as per Shoemaker
buffer method (Shoemaker et al. 1961) and lime was applied
at 3–4 Mg ha−1 once in every 4 years.

Cropmanagement practices and estimation of C input

The field was in continuous maize-wheat rotation since 1956.
Other crop management details are given in Trivedi et al.
(2020). Total C inputs under different treatments by 54 years
of maize and 53 years of wheat were estimated following
Kundu et al. (2007). Here, FYM contained ~34% C.

Soil sample collection in the field and processing

After wheat harvest (on 29 April 2016), soil samples in tripli-
cates were collected from all plots using a core sampler from
four soil depths (0–15, 15–30, 30–45, and 45–60 cm).
Sampling from further depth (>60 cm) was not possible be-
cause of hard pan. For all soil layers, soil bulk density values
were computed. Treatment and depth wise soil samples in
triplicates were bulked to get one bulk sample per plot. After
collection, samples were air-dried under shade, followed by
grinding and sieving to gently pass through an 8-mm sieve for
further analysis.

Separation of soil aggregate

By using three sieves, four soil aggregate size fractions were
separated by wet sieving of soil samples (< 8 mm) (Elliott
1986). The aggregate fractions were as follows: (i) large mac-
roaggregates (>2 mm), (ii) small macroaggregates (0.250–2

mm), (iii) microaggregates (0.053–0.25 mm), and (iv) silt +
clay (< 0.053 mm). Soil samples weighing 100 g after sieving
through 8-mm sieve were evenly spread on the 2000-μm sieve
followed by submergence in water at room temperature for 5
min, causing the soil to slake. For water-stable aggregate sep-
aration, subsequent sieving was done by moving sieves in an
up and down motion for 3 min using Yoder’s apparatus. The
materials remaining on the sieves were collected on pan
placed below the set of sieves and were backwashed into four
different Whatman No. 1 filter papers placed over funnels
mounted on 500-ml conical flasks. Oven drying of all aggre-
gate fractions were done at 50 °C until a constant weight was
obtained. The samples were weighed and were stored at room
temperature for further analysis.

Size density fractionation and SOC determination

Microaggregates inside macroaggregates were secluded fol-
lowing Six et al. (1998, 2002) with a little modification.
Twenty grams of macroaggregates (M) sub-sample was sep-
arated into three fractions: microaggregates inside macroag-
gregates (mM), coarse particulate organic matter inside mac-
roaggregates (cPOM_M), and silt and clay insidemacroaggre-
gates (s+c_M). The method of density fractionation for
microaggregates (i.e., mM and microaggregates, m) was mod-
ified from Six et al. (1998). After cooling to room temperature,
5 g subsamples of mM and m were weighed and suspended in
35 ml 1.85 Mg m−3 sodium iodide in 50-ml graduated centri-
fuge tube (Modak et al. 2020). Intra-aggregate POM (i.e.,
iPOM_mM or iPOM_m) and silt and clay (i.e., s+c_mM or
s+c_m) fractions were separated following Modak et al.
(2020). All fractions were dried at 50 °C and weighed. The
entire scheme of density fractionation is presented in Fig. 1.

Table 1 Treatment details
Treatments Denoted as Source of nutrient Nutrient dose

N P K Lime FYM
(Mg
ha−1)

N:P2O5:K2O
(kg ha−1)

Control Control – – – – – 0:0:0

N N Urea – – – – 110:0:0

FYM FYM FYM – – – 22.0 0:0:0

NPK NPK Urea SSP MOP – – 110:90:70

FYM + P(A-X) + K(B-Y) FYM + P’K’ FYM SSP MOP – 22.0 0:21.2:15.8

Lime + NPK NPK + L Urea SSP MOP LR – 110:90:70

Lime + FYM + P(A-X) +
K(B-Y)

FYM+ P’K’ +
L

FYM SSP MOP LR 22.0 0:21.2:15.8

Lime + N N + L Urea – – LR – 110:0:0

Where the subscripts A and B stand for full dose of P andK, i.e., 90 kg P2O5 and 70 kgK2O ha−1 , respectively. X
and Y represent the amount of P and K present in full dose of FYM applied on N basis to meet 110 kg N ha−1 . LR
denotes lime applied after calculating lime requirement
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SOC of bulk soils and all aggregate size fractions were
determined using an isotopic ratio mass spectrometer
(IRMS) (Isoprime; Òlsoprime UK) coupled with an
Elemental Analyzer (Owens and Rees 1989). SOC content
within mMwas measured using treatment-wise soil bulk den-
sity and proportion of mM values. Total SOC stocks of dif-
ferent soil fractions were calculated.

Determination of carbon cycling enzymes

Activities of soil enzymes such as α-glucosidase (AG) and β-
g lucos idase (BG) were s tudied us ing MUB (4-
methylumbelliferone)-based fluorescence indicators such as
4 -MUB-α -D -g lucopyranos ide and 4-MUB-β -D -
glucopyranoside as substrate, respectively (Steinweg et al.
2012). As the soil sample is acidic in nature, 50mMof sodium
acetate buffer was prepared. Stock standard solution of 1 mM
was prepared by dissolving 17.6 mg of MUB in 100 ml water.
For preparation of standard curve, 2.5, 5, 10, 25, 50, and
100 μM of MUB was prepared after diluting the stock solu-
tion. Soil slurry was prepared taking 2.75-g field moist soil in
a conical flask. Standard plates were prepared by pipetting
200 μL of appropriate standards into correct wells of MUB.
Ninety-one milliliters of 50 mM buffer was added. The con-
tents were well mixed with glass rodmanually and then placed
in a shaker for 30 min at a speed of 120 rpm. Contents were
allowed to settle down and supernatants were poured into flat
and wide petri dish. Eight hundred microliters of soil soupwas
pipetted into deep well microplates for enzyme activity

measurement. Two hundred microliters of appropriate
200 μM substrate was pipetted into correct assay wells. The
plates were then sealed and mixed well by horizontal motions
on a table top. These plates were incubated at 35 °C for 1.5 h.
Two hundred fifty microliters from each well was transferred
into corresponding well in a flat and transparent bottomed
black 96-well plate. Five microliters of 0.5 N NaOH was
added to each sample to stop the reaction. The fluorescence
reading was taken at 365-nm wavelength, using a spectropho-
tometer, with an activation at 310 nm. Standard curve for each
soil sample was prepared separately to exclude any back-
ground fluorescence present in the soil samples. From the
standard curves, calculation for each enzymatic activity for
each sample was performed separately.

Determination of total glomalin-related soil protein

Total glomalin content in all aggregate fractions obtained after
wet sieving was determined using the method as described by
Wright and Upadhyaya (1998). 0.5 g soil sample was taken
from all aggregate fractions in glass tube. To it, 10 mL of
50 mM citrate buffer (pH 8.6) was added and autoclaved at
121 °C for 1 h. The supernatant was collected after centrifu-
gation at 5,000 rpm for 5 min. Then again in the leftover
aggregate residue, 20 ml of the same citrate buffer was added,
autoclaved, and centrifuged until nearly clear supernatant was
obtained. This way, all the glomalin content in the soil aggre-
gate fraction was pooled and collected in glass tubes. Then 0.5
mL pooled glomalin was pipetted and to it, 5 mL Bradford’s

s

s+c - silt + clay
cPOM - course particulate organic matter
mM - microaggregate inside macroaggregates
s+c_M - silt + clay inside macroaggregates
LF_mM - light fraction inside mM
iPOM_mM - intraparticulate organic matter inside mM
s+c_mM - silt + clay inside mM
LF_m - light fraction inside microaggregates
iPOM_m - intraparticulate OM inside microaggregates
s+c_m - silt + clay inside microaggregates

cPOM mM s+c_M LF_m iPOM_m
s+c_m

Macroaggregates (M)

8 mm sieves bulk soils s+c

Microaggregates (m)

iPOM_mM s+c_mMLF_mM

Fig. 1 Fractionation scheme adapted from Six et al. (1998, 2002)
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reagent was added. The developed color was measured at
595-nm wavelength using a spec t rophotometer .
Spectrophotometer reading was adjusted to zero taking blank
as reference solution.

Determination of amorphous Fe oxide

Amorphous Fe oxide was determined following McKeague
and Day (1966). For this, 0.2 N ammonium oxalate was pre-
pared by dissolving 14.211 g of it in 500 mL distilled water.
pH of the solution was attuned to 3 using 1 N oxalic acid. Soil
sample from each aggregate fraction (except silt + clay) of
0.25 g was weighed into 50-mL centrifuge tube. The tubes
were wrapped with aluminum foil. To it, 10 mL acid ammo-
nium oxalate was added and shaking was done for 4 h. Then
the samples were centrifuged for 10 m at 2000 rpm. After
centrifugation, the content in centrifuge was filtered using
Whatman No. 42 filter paper. Filtrate was transferred to a
100-ml volumetric flask and the volume was maintained up
to the mark using distilled water. From this, 50 mL was taken
and digested until it became dry. To it, 10 ml di-acid mixture
(HNO3:HClO4::9:4) was added and digested. Di-acid treat-
ment was done until the black color disappeared (organic mat-
ter removed). Finally, the digested samples were washed with
double-distilled water into a 50-ml volumetric flask. Three
blanks were also taken without soil in it. Absorbance reading
was taken using an atomic absorption spectrophotometer at
247.2-nm wavelength. Absorbance reading of standard was
also taken to plot calibration curve.

Statistical analysis

Data obtained for different soil properties were analyzed using
analysis of variance (ANOVA) for a randomized block design
as described by Gomez and Gomez (1984). Tukey’s honestly
significant difference (HSD) test was used as a post hoc mean

separation test (p < 0.05) using SAS 9.4 (SAS Institute, Cary,
North Carolina, USA). The OPSTAT of Hisar Agricultural
University, India, was used to establish correlation among
different parameters (Sheoran et al. 1998). Microsoft Office
Excel 2013 was used to draw all figures.

Results

Soil aggregate size distribution

Small macroaggregates accounted for >50% total aggregates
in the 0–15-cm soil layer (Table 2). Large macroaggregates
were highest for FYM-treated plots. The concentration of
large macroaggregates under FYM plots was 36 and 56%
greater than NPK and unfertilized control plots, respectively.
But small macroaggregate distribution was maximum for
plots treated with NPK + L. The concentration of small mac-
roaggregates (0.25–2 mm) under NPK + L was 26% more
than control plots (Table 2). Microaggregate distribution was
maximum for FYM + P’K’ fertilized plots. In FYM-treated
plots, silt + clay fraction was higher than other treatments and
least amount was found in case of minerally fertilized (NPK)
plots.

Total organic carbon within soil aggregates

Among all treatments, FYM + P’K’-treated plots contained
highest SOC within large macroaggregates (Fig. 2). That val-
ue was 92 and 33% greater compared with unfertilized control
and NPK plots, respectively (Fig. 2). Among the minerally
fertilized plots, large macroaggregates of NPK + L plots had
53% higher SOC concentration than unfertilized control plots.
All manure containing plots had higher SOC within large
macroaggregates compared with NPK-treated plots. The
SOC content inside small macroaggregates was also highest
for FYM+ P’K’ plots in surface soil layer followed by FYM+

Table 2 Sand uncorrected soil
aggregate distribution (g 100 g−1)
of bulk soils in 0–15-cm soil
depth as affected by 60 years of
fertilization and liming under
maize-wheat cropping system in
an Alfisol

Treatments* >2 mm 2–0.250 mm 0.250–0.053 mm < 0.053 mm

Control 11.5d 51.1 cd 28.3b 9.09ab

N 9.50e 57.8bc 23.9c 8.77b

FYM 18.0a 53.7c 16.5d 11.7a

NPK 13.2c 59.4b 25.2bc 2.24d

FYM + P’K’ 14.6c 48.9d 33.0a 3.39d

NPK + L 6.91f 64.2a 18.1d 10.8a

FYM + P’K’ + L 16.5ab 53.9c 22.3 cd 7.22bc

N + L 9.06e 54.4c 28.4b 8.11b

*See the “Materials and methods” section for treatment details. Means with similar lowercase letters within a
column are not significantly different according to Tukey’s HSD test
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P’K’ + L plots. Highest amount of microaggregate-associated
C, which was 48 and 18% higher than control and NPK plots,
respectively, was there with FYM + P’K’ + L plots. Plots
under FYM, FYM + P’K’ + L and FYM + P’K’ had similar
microaggregate-associated C in soil surface (Fig. 2).
Likewise, C associated with microaggregates of NPK + L-
treated plots was similar to organically amended plots.

Labile and recalcitrant carbon pools of soil aggregates

Large macroaggregates of FYM + P’K’ had 11, 40, and 32%
higher labile C compared with FYM, NPK, and unfertilized
control plots, respectively (Fig. 3). Similarly, large macroag-
gregates of FYM + P’K’ plots had highest recalcitrant C,
followed by FYM and minerally fertilized plots. Small mac-
roaggregates of FYM + P’K’-treated plots also had highest
amount of labile C. Small macroaggregates of FYM + P’K’
plots contained 80, 90, 41, and 12% higher labile C than the
small macroaggregates of unfertilized control, NPK, FYM,
and FYM + P’K’ + L plots, respectively (Fig. 3).

But unlike labile C, small macroaggregates of FYM + P’K’
+ L had 15%more recalcitrant C than FYM + P’K’ plots (Fig.
3). Labile C within microaggregates was similar for unfertil-
ized control and NPK plots and was least for plots treated with
N fertilizer alone. Recalcitrant C inside microaggregates was
maximum for NPK + L plots, followed by N plots.
Interestingly, recalcitrant C within microaggregates of FYM
+ P’K’ plots was least, despite of having maximum labile C in
the same soil fraction.

Distribution of amorphous iron oxide within soil
aggregates

Within large macroaggregates, FYM plots contained highest
concentration of amorphous iron and the value was 34 and
28% higher compared with NPK and unfertilized control
plots, respectively (Table 3). However, amorphous iron oxide
concentrations were similar within small macroaggregates of
FYM and unfertilized control plots. The least amount of amor-
phous iron oxide was found in small macroaggregates of
FYM + P’K’ + L plots. In general, amorphous iron oxide
concentration within small macroaggregates was lesser than
large macroaggregates, except for unfertilized control, N, and
FYM + P’K’ plots. Within microaggregates of N plots, amor-
phous iron oxide was highest and that value was 25 and 76%
higher than unfertilized control and NPK plots. Least amount
of iron oxide was found in the microaggregates of NPK plots.

Total glomalin-related soil protein distribution inside
soil aggregates

In all soil fractions, organically amended plots had more
GRSP compared with minerally fertilized plots. Plots treated
with FYM+P’K’+L had 56 and 18% higher GRSP in large
macroaggregates than unfertilized control and minerally fer-
tilized plots (Table 4). Liming also improved distribution of
GRSP in large macroaggregates. But it had no influence on
GRSP distribution in other aggregate fractions. Glomalin con-
centrations in small macroaggregates and microaggregates of
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for treatment details. Bars with similar lowercase letters within a particu-
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FYM+ P’K’ + L plots were highest, followed by FYM+ P’K’
plots. Unlike other fractions, highest glomalin concentrations
were found within silt + clay fractions under FYM + P’K’
plots. However, GRSP was least in plots treated with only N
across the treatments.

Distribution of microaggregates within
macroaggregates (mM), coarse particulate organic
matter within macroaggregates (cPOM_M), and silt
and clay (s+c_M) within macroaggregates

Plots under N + L plots had 31 and 10% higher cPOM_M than
NPK and unfertilized control plots, respectively (Table 5).
Among all treatments, NPK + L plots had significantly lower
amount of cPOM_M. In general, organically manured plots
had lower amount of cPOM_M compared with minerally fer-
tilized plots. However, reverse trend was found for distribu-
tion of microaggregates inside macroaggregates (mM).
Concentration of mM was more in all plots amended with
manure than minerally fertilized plots, except NPK + L-
treated plots. Interestingly, microaggregate distribution inside
macroaggregates was highest for NPK + L-treated plots. Silt
and clay concentration inside the macroaggregates (s+c_M)
accounted for <10% value of total macroaggregates. Clay and
silt distribution inside macroaggregates did not differ signifi-
cantly for most of the treatments. Only FYM + P’K’ + L plots
had significantly lower s+c_M concentration (< 5%). But the
actual amount of cPOM_M in 100 g of bulk soil was found to
be highest in FYM+P’K’+L plots and was least in NPK + L
plots. Amount of cPOM_M was 12 and 8% higher than NPK
and unfertilized control plots, respectively (Table 7). On the
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Table 3 Amorphous iron oxide concentration in soil aggregates as
affected by 60 years of fertilization and liming under maize-wheat
cropping system in an Alfisol

Treatments* Amorphous iron oxide concentration (%)

>2 mm 2–0.250 mm 0.250–0.053 mm

Control 0.46bcd 0.56a 0.48bc

N 0.52abc 0.54ab 0.60a

FYM 0.59a 0.56a 0.47bc

NPK 0.44 cd 0.36d 0.34d

FYM + P’K’ 0.40d 0.41 cd 0.41 cd

NPK + L 0.53ab 0.45c 0.43c

FYM + P’K’ + L 0.44d 0.36d 0.45bc

N + L 0.48bcd 0.47bc 0.51b

*See the “Materials and methods” section for treatment details. Means
with similar lowercase letters within a column are not significantly dif-
ferent according to Tukey’s HSD test
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contrary, amount of mMwas highest in NPK + L plots follow-
ed by NPK and organically amended plots.

Distribution of soil fractions inside microaggregates
within macroaggregates

Light fraction constituted <1% of the microaggregates inside
macroaggregates (LF_mM) (Table 6). The highest amount of
light fraction was obtained in unfertilized control, followed by
FYM + P’K’ plots. But in 100 g bulk soil, concentrations of
LF_mM in unfertilized control and FYM + P’K’ plots were
similar (Table 7). Plots treated with FYM also had maximum
concentration of iPOM inside microaggregates within macro-
aggregates (iPOM_mM), which was 28 and 74% more than
NPK and unfertilized control plots, respectively (Table 6).

Among all plots, manure-treated plots contained higher
amount of iPOM_mM than minerally fertilized plots. Least
concentration of iPOM_mM was obtained in N + L plots
and that value was 18 and 31% less iPOM_mM than unfertil-
ized control and N plots, respectively. But in 100 g of bulk
soil, NPK plots had highest amount of iPOM_mM,which was
nearly double the amount of unfertilized control plots and the
concentration of iPOM_mM was least in N + L plots
(Table 7).

Plots under N + L had highest s+c_mM concentration. In
general, plots receiving mineral fertilizers had greater s+
c_mM concentrations than organically manured plots. The N
+ L plots had 10 and 16% greater s+c_mM than N- and NPK-
treated plots, respectively. But when 100 g bulk soil was con-
sidered, NPK + L had highest amount of s+c_mM followed
by NPK and organically manured plots (Table 7).
Concentration of s+c_mM in NPK + L plots was 42 and
94% higher than that of NPK and unfertilized control plots,
respectively.

Distribution of soil fractions within free
microaggregates

Amount of light fraction obtained after density fractionation
of free microaggregates was very less, that constituted barely
2% of total free microaggregates (Table 6). Among all treat-
ments, plots with N + L treatment had significantly higher
amount of light fraction, i.e., 1.7% of total microaggregates.
There was not much change in distribution pattern when
LF_m concentration in 100 g bulk soil was considered
(Table 7). Again N + L plots had highest concentration of
the intra-aggregate POM within free microaggregates
(iPOM_m). Thus, the plots under N + L had 48, 62, and
38% more iPOM_m compared with N, unfertilized control,
and NPK plots, respectively (Table 6). Silt and clay within
free microaggregates (s+c_m) was the major constituent of

Table 4 Glomalin-related soil
protein distribution in soil
aggregate fractions as affected by
60 years of fertilization and
liming under maize-wheat
cropping system in an Alfisol

Treatments* Glomalin-related soil protein (mg kg−1)

>2 mm 2–0.250 mm 0.250–0.053 mm < 0.053 mm

Control 1.40b 1.03d 1.00d 0.73bc

N 1.39b 1.06d 0.95d 0.62c

FYM 1.90a 1.60bc 1.54b 0.82b

NPK 1.85a 1.79ab 1.57b 0.71bc

FYM + P’K’ 2.00a 1.86ab 1.84a 1.12a

NPK + L 1.85a 1.49c 1.25c 0.69c

FYM + P’K’ + L 2.18a 1.91a 1.90a 1.09a

N + L 1.95a 1.40c 0.95d 0.70c

*See the “Materials and methods” section for treatment details. Means with similar lowercase letters within a
column are not significantly different according to Tukey’s HSD test

Table 5 Percentage distribution (g/100 g of macroaggregate) of sand
uncorrected microaggregate (mM), free coarse particulate organic matter
between microaggregate (cPOM_M) and silt and clay (s+c_M) within
macroaggregate as affected by 60 years of fertilization and liming under
maize-wheat cropping system in an Alfisol

Treatments* (g/100 g of macroaggregates)

cPOM_M mM s+c_M

Control 60.1b 33.4d 6.57b

N 63.3ab 27.2d 9.57a

FYM 60.3b 31.0 cd 8.75a

NPK 50.2d 43.4b 6.35b

FYM + P’K’ 45.5e 45.0b 9.53a

NPK + L 33.7f 56.9a 9.38a

FYM + P’K’ + L 57.9bc 37.9c 4.12c

N + L 65.9a 28.0d 6.03b

*See the “Materials and methods” section for treatment details. Means
with similar lowercase letters within a column are not significantly dif-
ferent according to Tukey’s HSD test
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free microaggregates, accounting for 60–75% (averaged
across treatments) of total free microaggregates. In the unfer-
tilized control plots, s+c_m concentration was maximum
(74.9%), followed by s+c_m concentrations in N and NPK
plots (Table 6). But in 100 g of bulk soil, s+c_m concentration
in both unfertilized control and FYM + P’K’ plots was similar
(Table 7).

Total SOC stock in microaggregates inside
macroaggregates and within microaggregates

The C stock in LF_mMwas very less compared with all other
fractions of soil, despite having higher C concentration owing
to its significantly lower weight in bulk soil (Table 9). Total
SOC stock in iPOM_mM fraction of FYM+P’K’+L plots was

significantly greater compared with all other treatments
(Table 9). The iPOM_mM-associated C stock under FYM +
P’K’ + L was ~59, 11, and 317% higher than iPOM_mM-
associated C stock of FYM, only minerally fertilized (NPK)
and unfertilized control plots, respectively (Table 9). The
FYM + P’K’ and FYM + P’K’ + L amended plots had re-
markably higher amount of iPOM_mM-associated C stock
than the minerally fertilized and unfertilized control plots,
except NPK plots.

Averaged across treatments, the s+c_mM fraction had
higher total SOC stock than iPOM_mM fraction. Plots under
FYM + P’K’ had highest s+c_mM fraction–associated C
stock, followed by FYM + P’K’ + L plots. The s+c_mM
fraction–associated C stock in FYM + P’K’ plots was ~144
and 51% higher than s+c_mM fraction–associated C of unfer-
tilized control and NPK plots, respectively (Table 9). Total

Table 6 Percentage distribution
of light fraction (LF), intra-
aggregate POM (iPOM), and silt
and clay (s+c) inside
microaggregates within macroag-
gregates (mM) and free
microaggregates (m) as affected
by 60 years of fertilization and
liming under maize-wheat
cropping system in an Alfisol

Treatments (g/100 g of microaggregates within macroaggregate) (g/100 g of free microaggregates)

LF_mM iPOM_mM s+c_mM LF_m iPOM_m s+c_m

Control 0.90a 20.8de 78.3ab 0.80c 24.3c 74.9a

N 0.50d 24.8 cd 74.7bc 1.00b 26.7bc 72.3ab

FYM 0.40e 36.2a 63.4e 0.70 cd 30.4b 68.9b

NPK 0.60c 28.3bc 71.1 cd 0.70 cd 28.6b 70.7b

FYM + P’K’ 0.70b 27.7bc 71.6 cd 1.00b 36.2a 62.8c

NPK + L 0.50d 20.8de 78.7ab 0.60d 30.7b 68.7b

FYM + P’K’ + L 0.40e 29.8b 69.8d 1.00b 30.4b 68.6b

N + L 0.50d 17.1e 82.4a 1.70a 39.4a 58.9c

*See the “Materials and methods” section for treatment details. Means with similar lowercase letters within a
column are not significantly different according to Tukey’s HSD test

Table 7 Distribution of all the separated soil fractions (aggregate fractions and size density fractions) within 100-g bulk soil in the 0–15-cm soil depth
as affected by 60 years of fertilization and liming under maize-wheat cropping system in an Alfisol

Treatments* Soil fraction distribution (g/100 g of bulk soil)

Soil aggregate fractions Within macroaggregates
(M)

Within microaggregate inside
macroaggregate (Mm)

Within free microaggregates
(m)

M m s + c cPOM_M mM s+c_M LF_mM iPOM_mM s+c_mM LF_m iPOM_m s+c_m

Control 62.6c 28.3b 9.09ab 37.6b 20.9de 4.11bc 0.19a 4.35c 16.4e 0.23c 6.88bc 21.2a

N 67.3ab 23.9c 8.77b 42.6a 18.3ef 6.44a 0.09c 4.54c 13.7f 0.24c 6.38bcd 17.3b

FYM 71.7a 16.5d 11.7a 43.2a 22.2d 6.27a 0.09c 8.05ab 14.1f 0.12e 5.02d 11.4d

NPK 72.6a 25.2bc 2.24d 36.4b 31.5b 4.61b 0.19a 8.92a 22.4b 0.18d 7.21b 17.8b

FYM + P’K’ 63.5bc 33.0a 3.39d 28.9c 28.6c 6.05a 0.20a 7.92b 20.5c 0.33b 11.9a 20.7a

NPK + L 71.1a 18.1d 10.8a 23.9d 40.5a 6.67a 0.20a 8.42ab 31.8a 0.11e 5.56 cd 12.4d

FYM + P’K’ + L 70.4a 22.3 cd 7.22bc 40.8a 26.7c 2.90d 0.11b 7.95ab 18.6d 0.22 cd 6.78bc 15.3c

N + L 63.4bc 28.4b 8.11b 41.8a 17.8f 3.83c 0.09c 3.04d 14.6f 0.48a 11.2a 16.7bc

See the “Materials and methods” section for treatment details. Means with similar lowercase letters within a column are not significantly different
according to Tukey’s HSD test

45954 Environ Sci Pollut Res  (2021) 28:45946–45961



SOC stock of NPK + L plots was similar to FYM + P’K’ + L
plots. Liming with minerally fertilized plots increased total
SOC stock inside s+c_mM fractions (Table 9).

Although SOC stock associated with LF_m and LF_mM
was lower in quantity, among all the treatments, total SOC
stock was highest in FYM + P’K’ plots. Total SOC stock in
iPOM_mM fractions was also highest in FYM + P’K’ plots.
The C stock in iPOM_m fraction of FYM + P’K’ plots was
253 and 344% higher compared with control and NPK plots,
respectively (Table 9). Plots with NPK + L contained greater
iPOM_m fraction–associated C stock than NPK. The s+c_m
fraction (inside free microaggregates)–associated SOC stock
was less than that of s+c_mM fraction (occluded
microaggregates inside macroaggregates)–associated C stock.
But s+c_m had higher total SOC stock than iPOM_m frac-
tions. The s+c_m fraction–associated C stock under FYM +
P’K’ plots was 12, 64, and 72% greater compared with FYM,
NPK, and control plots, respectively (Table 9). Total SOC
content present inside mM was highest in the FYM + P’K’
plots. The FYM + P’K’ plots had 69, 35, and 149% higher
total SOC content within mM than FYM, NPK, and unfertil-
ized control plots, respectively (Fig. 4). Integration of lime
increased mM-associated C content in minerally fertilized
plots. Organically amended plots in integration with mineral
fertilizers and NPK-treated plots had higher C stock within
mM than N + L and unfertilized control plots.

In 60 years, total C inputs under different treatments were
estimated from the yield data (Table 8). Results indicate that
FYM+ P’K’ plots had highest and N alone treatment had least
C inputs (Table 9). Plots under FYM + P’K’ also had highest
C stabilization (11 Mg ha−1) within microaggregates inside
macroaggregates and within microaggregates (Table 9).
Despite higher C input and total SOC concentration within
aggregates under FYM-treated plots than NPK plots, C stabi-
lization within microaggregates inside macroaggregates and
within microaggregates under FYM only–treated plots was

~24% less than NPK plots (Table 9). Thus, C stabilization
within microaggregates inside macroaggregates and within
microaggregates was the major mechanism for NPK and
INM plots, whereas amorphous iron oxide binding was the
major mechanism for C stabilization within macroaggregates
in FYM plots, as FYM-treated plots had highest amorphous
iron oxide within aggregates (Table 3). This study also reveals
that only FYM application over the years had deleterious ef-
fect on C stabilization within aggregates and majority of the C
was either lost or present outside aggregates.

Enzyme activity in the bulk soils of surface layer

In FYM + P’K’ + L plots, α-glucosidase enzyme was most
active among all treatments. Plots under FYM+P’K’+L had
130 and 374% higher α-glucosidase activity than unfertilized
control and FYM plots, respectively (Fig. 5). In N and NPK
plots, α-glucosidase activity could not be quantified due to
development of turbidity in the sample. Least activity of α-
glucosidase was obtained in FYM plots. Enzymatic activity of
β-glucosidase was also maximum for FYM + P’K’ + L plots.
Again in this case, detection of zero and low activity of β-
glucosidase in N and NPK plots was caused due to develop-
ment of turbidity in the sample. The MUB-based protocol of
enzymatic analysis is extremely sensitive and dependent on
the extent of fluorescence emission from each sample. In our
experiment, unexplainable turbidity in case of few samples
did not allow the fluorescence to emit from them due to the
effect of summer sampling, unstable pH of reaction medium,
interaction of substrates with soil matrix, etc. Thus, the en-
zyme activities could not be quantified for those samples.

Correlation among soil aggregation, C associated
with aggregates, glomalin content, amorphous Fe
content, and C cycling enzymes

In the 0–15 soil layer, percentage distribution of micro- and
macroaggregates had negative correlation (Table 10).
Microaggregate fractions and amorphous Fe present inside
microaggregates were significantly correlated. Both macro-
and microaggregate-associated C values had positive correla-
tions with glomalin contents.

Discussion

Long-term effect of liming and fertilization on soil
aggregation

More amount of large macroaggregates in FYM-treated plots
might be a result of external input of organic matter (Caron
et al. 1996). The two main mechanisms responsible for for-
mation of soil macroaggregates due to manuring are (a) free
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Fig. 4 Total C content of microaggregates within macroaggregates as
affected by 60 years of fertilization and liming under maize-wheat
cropping system in an Alfisol. See the “Material and methods” section
for treatment details. Bars with similar lowercase letters are not signifi-
cantly different at p < 0.05 according to Tukey’s HSD test
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primary particles form microaggregates through bonding with
persistent binding agents, afterwards formation of macroag-
gregates by binding microaggregates through labile binding
agents (Tisdall and Oades 1982), and (b) release of bio-
products by decomposition of manure and release of gluing
substances either by roots or fungal hyphae and/or polysac-
charides that cause binding of soil microaggregates subse-
quently leading to formation of soil macroaggregates (Liao
et al. 2006; Sodhi et al. 2009). A good correlation between
macroaggregates and total SOC was obtained in this study
(Table 10). Increased glomalin-related soil protein (GRSP)
in plots amended with organic manure indicates presence of
arbuscular mycorrhizal fungi (AMF) in organically manured
plots. This is also responsible for increased stability of soil

macroaggregates. The hyphae of AMF bind soil macroaggre-
gates together and provide better soil stability. Contrary to the
greater distribution of large macroaggregates in organically
manured plots, NPK + L plots had substantially higher
amount of small macroaggregates owing to the effect of root
biomass in improving soil macroaggregate stability (Pojasok
and Kay 1990). Moreover, Ca2+ present in lime helps in floc-
culation of clay particles. Additionally, greater proportions of
macroaggregates within plots under FYM and NPK + L than
unfertilized control and NPK plots were due to the presence of
microaggregates inside it and the binding effect of coarse par-
ticulate organic matter (c-POM).

Greater soil aggregation in FYM + P’K’ and N + L plots
might be due to increased content of glomalin in these plots

Table 8 Mean grain yields of
maize and wheat of the long-term
experiment

Treatments Mean (of 54 years) maize yield (Mg ha−1) Mean (of 53 years) wheat yield (Mg ha−1)

Control 0.52±0.06e 0.71±0.06d

N 0.44±0.05e 0.17±0.05e

FYM 2.90±0.32b 2.30±0.25b

NPK 1.46±0.14d 1.86±0.19c

FYMP’K’ 3.11±0.32b 2.44±0.25b

NPKL 3.97±0.41a 3.61±0.38a

FYMP’K’L 2.91±0.28b 2.18±0.21b

NL 2.36±0.24c 1.67±0.18c

*See the “Materials and methods” section for treatment details. Means with similar lowercase letters within a
column are not significantly different according to Tukey’s HSD test

Table 9 Total soil organic carbon stock (Mg ha−1) in microaggregates inside macroaggregates and within microaggregates as affected by 60 years of
fertilization and liming under maize-wheat cropping system in an Alfisol

Treatments* Total organic carbon stock (Mg ha−1) Estimated
carbon input
(Mg ha−1) by 54
years of maize
and 53 years of
wheat

LF_mM iPOM_mM s+c_mM Within
microaggregates
inside
macroaggregates

LF_m iPOM_m s+c_m Within
microaggregates

C stabilization
within
microaggregates
and inside
microaggregates
within
macroaggregates

Control 0.13 0.29de 1.93e 2.35e 0.16 0.34de 2.15c 2.65c 4.99c 24.03 cd

N 0.06 0.15e 1.51f 1.73f 0.17 0.18f 1.75d 2.10d 3.83d 11.20d

FYM 0.08 0.76c 2.63d 3.47d 0.10 0.40 cd 1.68d 2.18d 5.65c 368.34a

NPK 0.13 1.09ab 3.13c 4.35c 0.12 0.27def 2.25c 2.65c 6.99b 64.81c

FYM +
P’K’

0.18 0.96bc 4.72a 5.86a 0.29 1.20a 3.70a 5.18a 11.0a 374.92a

NPK + L 0.13 0.41d 3.86b 4.40c 0.07 0.22ef 1.10e 1.39e 5.79c 144.67b

FYM +
P’K’ + L

0.09 1.21a 3.72b 5.02b 0.19 0.51bc 1.54d 2.24 cd 7.26b 365.68a

N + L 0.04 0.15e 2.04e 2.23e 0.24 0.62b 2.64b 3.51b 5.74c 50.50c

*See the “Materials and methods” section for treatment details. Means with similar lowercase letters within a column are not significantly different
according to Tukey’s HSD test
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(Table 3). Furthermore, in those plots, presence of higher
amount of iPOM_m helped in binding of microaggregates.
In addition, higher silt and clay content of microaggregates
could also be the main factor responsible for better aggrega-
tion of microaggregates (Amezketa 1999).

Effects of long-term fertilization and liming on total
organic carbon within soil aggregates

Greater concentration of total SOC inside macroaggregates
than bulk soils might be due to the physical protection exerted
by macroaggregates. This could be attributed to (1) decreased
oxygen diffusion into macroaggregates (Sexstone et al. 1985;
Sollins et al. 1996); (2) the compartmentalization of substrate
and microbial biomass (Van Veen and Kuikman 1990;
Killham et al. 1993); and (3) the compartmentalization of
microbial biomass and microbial grazers (Elliott et al. 1988).
Significantly higher amount of total SOC associated with
large macroaggregates of FYM-treated plots is caused by en-
richment of C due to external input of organic manure
(Bhattacharyya et al. 2011). Furthermore, higher amount of
total SOC within macroaggregates might be associated with
the formation of microaggregates inside macroaggregates.
Although microaggregate-associated C concentration is low,
it is important for protection of total SOC in soils because of
its lower turnover rates.

Long-term fertilization and liming effect on labile and
recalcitrant C within soil aggregates

Higher labile C inside large macroaggregates of FYM + P’K’
plots is attributed to more C input through FYM.Again, build-
up of recalcitrant C in large macroaggregates might be due to
poly-condensation of organic matter in plots amended with
organic manure for 60 years. From the sequestered organic

carbon quality point, Nardi et al. (2005) found that 40 years
of FYM fertilization improved production of humus by 116%
with a high degree of polycondensation. But higher recalci-
trant C in plots treated with FYM + P’K’ + L in small macro-
aggregates was due to additional effect of liming on better
binding and protection of SOM inside small macroaggregates.
Least amount of labile C present in microaggregates might be
due to better physical protection and decreased microbial
access.

Long-term liming and fertilization impacts on
amorphous iron oxide distribution within soil
aggregates

The study did not show any definite relation between amor-
phous iron oxide and soil aggregation. This might be due to
the variation in crystallinity, particle size, and distribution of
the oxides, and to the level at which oxides act. Borggaard
(1983) and Bartoli et al. (1991) also showed that the effects of
iron oxides on aggregate stability were negligible. However,
Goldberg and Glaubig (1987) established that aluminum poly-
mers were more effective in aggregation than iron polymers.
However, in this study, higher amount of amorphous iron
oxide in large macroaggregates of FYM plots might be due
to the binding effect of sesquioxide with organic matter.
Higher clay content in microaggregates of N plots might have
increased amorphous iron oxide, as sesquioxides can precipi-
tate as gel on clay surface.

Effect of long-term fertilization and liming on total
glomalin-related soil protein distribution within soil
aggregates

The release of the growth-stimulating substances due to in-
creased soil biological activities and nutrients from organic
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manure could be the main reason behind higher glomalin in
large macroaggregates of organically amended plots. On the
contrary, lower glomalin concentration under NPK plots was
due to inhibitory effect of mineral fertilizers on development
of AMF (Dai et al. 2013). Higher glomalin content in all
aggregate fractions under FYM + P’K’ + L might be due to
suitable soil pH, availability of nutrients, and organic matter.
Decreased concentration of glomalin in microaggregates
might be due to less labile C availability and absence of oxy-
gen in the well-protected and more stable microaggregates.

Long-term fertilization and liming impacts on
distribution of soil fractions present within
macroaggregates

Inverse relationship between the distribution of cPOM_M and
mM might be due to the fact that cPOM_M are relatively
easily decomposable and are greatly depleted upon cultivation
(Six et al. 1999). Decomposition of this fraction facilitates
gluing of the microaggregates inside macroaggregates, there-
by causing better stability of mM fractions of the soils.
Increased mM fractions in organically manured plots indicat-
ed positive relationship with macroaggregate stability. It
means microaggregates inside macroaggregates are responsi-
ble for the better stabilization of soil macroaggregates in the
organically manured plots. This study could be the first one to
our understanding, to report a significant increase in
microaggregates inside macroaggregates under a manure-
amended surface soil after 60 years of cropping in a sub-
tropical environment.

Long-term effect of fertilization vs liming on
aggregation and SOC stabilization

The iPOM_mM fraction is less vulnerable to change in man-
agement practices (Six et al. 1998; Modak et al. 2020).
Increased concentration of iPOM_mM fractions in plots treat-
ed with NPK might be due to increased crop biomass. Inside
mM, silt and clay content were remarkably greater indicating
higher influence of silt and clay in soil microaggregate stabil-
ity after 60 years of fertilization. This result is in accordance
with Boix-Fayos et al. (2001) who emphasized that
microaggregate formation depended on clay content.

However, physical entrapment of the light fraction (LF)
material by the heavy fraction and adhesion of the LF to con-
tainer sides can reduce the efficiency of LF recovery. This
might be the cause of lesser amount of m_LF and mM_LF
fractions in all treatments. Heavy fractions are often associated
with a higher specific density thereby causing greater recovery
of iPOM_m and s+c_m fractions. This indicates that iPOM_m
and s+c_m fractions are building blocks of microaggregates.

Higher amount of total SOC present in both iPOM_mM
and iPOM_m fractions of FYM-treated plots might be due to

the fact that protected POM (iPOM) present inside
microaggregates is capable of sequestering the externally ap-
plied SOM. But silt and clay fractions contained more total
SOC concentration than iPOM fractions of both free
microaggregates and microaggregates occluded within mac-
roaggregates. This could be explained by the involvement of
persistent binding agent in holding microaggregates and silt
and clay particles together. Furthermore, among all treat-
ments, higher amount of total SOC was observed in both
iPOM_mM and s+c_mM than iPOM_m and s+c_m fractions,
indicating better protection of microaggregates within macro-
aggregates. Thus, after 60 years of maize-wheat cropping sys-
tem in an Alfisol, FYM + P’K’ plots had 38% more sheltered
microaggregate C content compared with NPK in the soil
surface.

Long-term fertilization and liming impacts on enzyme
activity in the bulk soils of surface layer

Activities of both the C cycling enzymes, i.e., α-glucosidase
and β-glucosidase, were maximum in FYM+P’K’+L plots.
This might be due to the fact that labile as well as resistant
C in this plot was maximum in the surface soil .
Microorganisms, being as economic as human being, release
their enzyme only for degradation of complex organic matter
that constitutes the resistant C. However, FYM and FYM +
P’K’ plots had more resistant C than minerally fertilized plots,
but still showed lower enzyme activity. The reason might be
lower pH of FYM and FYM +P’K’ (pH=5.31) plots
(pH=5.14) than FYM + P’K’ + L plots. Likewise, higher
enzymatic activity of control plots can be explained by the
higher pH value than all other treatments, except FYM +
P’K’ + L plots. In our experiment, least activity of α-
glucosidase was obtained in FYM plots. This least response
of α-glucosidase in FYM-treated plots may be because of less
available N and P and other mineral nutrients in FYM-
amended plots (Liu et al. 2017). Soil sampling during the
hot summer (late April 2016) might have decreased soil enzy-
matic activities. Development of turbidity in the samples of N
and NPK plots needs further investigation. Again, pH might
be one of the reasons behind development of turbidity as these
two plots had lowest pH values (4.48 and 4.69 under N and
NPK plots, respectively)

Conclusions

This study is one of the rare attempts to assess soil C stabili-
zation under mineral fertilization (NPK) versus equivalent
amounts of NPK when applied under integrated nutrient man-
agement (here, FYM + P’K’). Plots treated with FYM + P’K’
had 67, 38, and 171% higher C stock in microaggregates
inside macroaggregates than FYM, NPK, and unfertilized
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control plots, respectively. The microaggregates inside mac-
roaggregates accounted up to 54% of the recalcitrant C con-
tent in the soil surface. Thus, stabilization of macroaggregates
through occlusion of microaggregates was mainly responsible
for sequestration and stabilization of SOM in this agro-eco-
system. The GRSP also played a significant role in stabiliza-
tion and subsequently increase of resistant C content of mac-
roaggregates under organically manured and NPK + L plots.
Amorphous iron oxide played a little role in stabilizing all the
fractions of soil aggregates across the treatments. However,
amorphous iron oxides played a critical role in C stabilization
within macroaggregates in FYM-treated plots (organic agri-
culture). Higher silt- and clay-associated C concentration in-
side microaggregates within macroaggregates in FYM + P’K’
and FYM + P’K’ + L plots indicates their role in stabilization
of protected microaggregates. This study highlights the impor-
tance of physical as well as biological processes involved in
stabilization mechanism of SOM in sub-tropical Alfisol under
long-term fertilization and manuring.
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