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Abstract: The present investigation evaluated the effect of continuous application (>43 years) of
organic and inorganic fertilisers on soil aggregate stability, aggregate size distribution, aggregate-
associated carbon and its fractions, and total macro-nutrient content under the soybean–wheat
cropping system in vertisols of the semi-arid region. Seven contrasting treatments consisted of T1

(50% NPK), T2 (100% NPK), T3 (150% NPK), T4 (100% NP), T5 (100% N), T6 (100% NPK + FYM)
and T7 Control (crop raised without addition of any nutrient). The highest and lowest percentage of
large macroaggregates (11.3%) was found in T6 and T7 treatments. The NPK + FYM (T6) treatments
substantially increased the proportion of the macroaggregate fractions (>2 mm and 2–0.25 mm)
than other treatments. However, different manure and fertilisation treatments did not affect the
proportion of silt + clay aggregates. Long-term application of 100% NPK + FYM increased mean
weight diameter (MWD) and stable water aggregates (WSA) by 35.7 and 6.01% over control. The
aggregate-associated SOC followed the trend of large macroaggregates > microaggregates > small
macroaggregates > silt + clay fractions. Application of long-term manure plus inorganic fertiliser
(T6) has also increased Walkley Black soil organic carbon (WBSC), permanganate oxidisable carbon
(KMnO4-C), soil microbial biomass carbon (SMBC), carbon mineralisation (CM), total soil carbon
(TSC), total soil N (TSN), total soil phosphorus (TSP) and total soil potassium (STK) by 82.1, 71.6, 182,
42.4, 23.9, 41.6, 117 and 18.4%, respectively, over control (T7). The lowest metabolic quotient (MetQ)
value of 5.13 mg CO2–C mg−1 MBC h−1 was obtained in the control treatment (T7). The lowest MetQ
was recorded in the integrated application of manure + inorganic fertiliser, i.e., 100% NPK + FYM (T6).
Similarly, microbial quotient (MiQ) was also higher in treatment T6 (100% NPK + FYM) and lower in
T7 (control). It is concluded that the application of inorganic fertiliser alone is insufficient to maintain
soil health and sustainability so, combined application of manure plus inorganic fertilisation is the
most important nutrient management practice for long-term soil sustainability because it maintains
SOC levels in soils for long periods and ultimately ensures the soil health of soybean–wheat cropping
systems in the vertisols of semi-arid regions.

Keywords: aggregate-associated carbon; long-term fertiliser experiment; mean weight diameter;
metabolic quotient; vertisols
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1. Introduction

The carbon within soil aggregates is protected through physical, chemical, or bi-
ological stabilisation and has a longer turnover time than unprotected forms [1,2]. In
other words, sequestration in a particular agricultural system is controlled by the distribu-
tion of soil organic carbon (SOC) in soil aggregates, which directly affects environmental
quality [3,4]. Recalcitrance, accessibility, and interactions between SOC and soil constituents
all have an impact on the carbon dynamics in the aggregates [5]. The proportion of water-
stable macroaggregates declines under methods that include considerable soil disturbance
because of how land use impacts aggregation [6]. In addition to fertilisation, crop rotation,
tillage intensity, and climate are significant factors that affect the accumulation or depletion
of SOC in arable agriculture. To increase soil fertility and lessen erosion, soil aggregate
formation is a key mechanism for carbon cycling, storage, and enrichment in soils [7]. Clay
and organic matter form microscopic bridges between sand and silt particles to produce
microaggregates [8]. Fungal hyphae, plant roots, and other stabilising agents join the soil
microaggregates to form macroaggregates [9,10]. However, microaggregates appear to
be less affected by such changes and as a result, they provide more protection for the
carbon that has been deposited [11]. By linking clay, polycations, organic matter, and
polycations with clay, organic matter stabilises aggregates of various sizes [12]. The soil
organic carbon has a positive relationship with aggregate stability. To increase soil health
and SOC sequestration, favourable soil aggregation is crucial [13,14].

In Central India, aggregates are formed due to the rearrangement of the soil constituent
particles SOC, biota, ionic bridges, clay, carbonate content, and oxide content all contribute
to its formation; however, not all soil constituents are involved in aggregation. A variety of
organic matter types stabilise aggregates of various sizes, and organic matter encourages
aggregation by linking clay, polycations, organic matter, and clay with polycations [12].
The soil organic carbon and aggregate stability have a considerable link that is favourably
correlated [15]. To increase soil health, with a focus on the sequestration of soil organic
carbon, favourable soil aggregation is essential. Indicators of soil structural stability include
the stability of soil aggregates [16].

Vertisols are the dominant cultivated soil, covering about 70 million ha (Mha). Addi-
tionally, vertisols are found in Australia (70.5 Mha), Sudan (40 Mha), Chad (16.5 Mha), and
Ethiopia (10 Mha). More than 80% of the 250 Mha of vertisols’ global area is found in these
five nations [17]. In general, the vertisols of India have little organic matter and nutritional
reserves. One of the main factors contributing to the low carbon and nutritional status
of these soils is likely the rapid decomposition of organic matter brought on by the high
temperatures in these areas [18]. However, the productivity and fertility of the vertisols
have been declining over the last several decades due to extensive farming and long-term
poor management practices, with unbalanced fertilisation being one of the major issues
threatening the region’s sustainable agricultural development [19]. Recently, these regions
have assumed particular interest to researchers concerning the percentage of global SOC
stocks. Therefore, the availability of SOC and its dynamics in vertisols has been the subject
of an investigation under the present context of climate change [20].

The aggregate dynamics are affected differently depending on the crops, crop rotations,
and cover crops that are used. The volume, nature, and composition of the litter as well as
plant root turnover, root exudates, and rhizodeposition are all factors that contribute to the
contribution of organic matter that vegetation cover provides [21]. This organic matter can
have an effect on soil aggregate stability. The biochemical composition of plant residues,
such as phenols, lignin, proteins, carbohydrates, and alkaline extractable humic acids in
the soil, as well as phenolic acids, such as vanillin-vanillic acid in the residue, is connected
with soil aggregation [22]. Clays play an important role in the creation of aggregates, and
as a result, the production of aggregates can reflect the effect of the parent material in the
form of the formation of microaggregates. On the other hand, macroaggregate mostly
reflects the effect that plants (organic matter) have on the development of aggregates [23].
As opposed to using aggregate stability as a physical indicator of soil quality, the term “soil
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structural indicator” is used significantly more frequently [24]. It is absolutely necessary
to have a healthy soil structure as well as a greater level of structural stability in order to
increase soil fertility, quality, productivity, and sustainability [11]. Celik et al. (2004) [25]
discovered that after five years of application of 25 t ha−1 yr−1 of manure or compost
incorporated inmouldboard ploughing resulted in 65% higher mean weighted diameter
(MWD) of water-stable aggregates (WSA) than when there was no manure or compost
application. This was compared to a control group that did not receive any manure or
compost application.

The loss of soil structure brought on by prolonged intensive farming lowers soil quality
and production [26,27]. Manure amendments enhance the amount of organic matter in the
soil, which spurs the growth of microorganisms that produce polysaccharides that improve
aggregate stability [28], as well as more binding agents and microbial activity. The state
of soil moisture, nutrient dynamics, soil maintenance, and soil porosity are all positively
impacted by stable soil aggregates [2]. The application of manure is frequently credited with
enhancing the physical characteristics of soil, with advantages such as decreased runoff
and erosion, and these effects can last for several years [29]. Labile fractions of SOC such
as permanganate oxidisable carbon (KMnO4-C), soil microbial biomass carbon (SMBC),
and carbon mineralisation (CM) are the crucial indicators of soil quality which showed
a rapid response with changes in management practices [30]. The distribution of stable
aggregates and their formation depends greatly on the number of nutrients in the soil. For
subtropical nations such as India, knowledge of soil aggregate dynamics and related factors
is, nevertheless, scarce. The purpose of this study was to determine the long-term effects
of various nutrient management techniques on soil aggregation, aggregate-associated
carbon, SOC fractions, and macronutrients. Consequently, the current study’s goals were to
(i) assess the effects of long-term manuring and inorganic fertilisation on soil aggregation,
(ii) observe the carbon accumulation in particle fractions in intensively managed 43-year-
old long-term manuring trials in a vertisols of central India, and (iii) evaluate the SOC
fractions and total macronutrient content in the soybean–wheat cropping system.

2. Material and Methods
2.1. Site Description, Field Treatments and Crop Management

The experimental plots under the Long-Term Fertiliser Experiment (LTFE) are located
at 23.9◦ N latitude and 79.6◦ E longitudes with an altitude of 411.8 m above mean sea
level at the research field of the Department of Soil Science and Agricultural Chemistry,
JNKVV, Jabalpur (Figure 1). The climate represents semi-arid, sub-tropical conditions with
dry, hot summer and cold winter. The mean annual rainfall is around 1350 mm, which is
mainly distributed from mid-June to October. The maximum and minimum temperature
ranges between 35.1 ◦C and 5.3 ◦C. The average annual relative humidity is 62–70%. The
location experiences the lowest temperature ~5 ◦C during winter (December–January) and
the highest temperature ~35 ◦C during summer (May–June).

The experiment was established in 1972 with a soybean-wheat-maize fodder crop-
ping system and continued until 1994. Maize crop was discontinued after 1994; since
then, soybean in kharif and wheat in the rabi seasons have been followed. The soil of
the experimental field is medium black soil belonging to the Kheriseries of the fine mont-
morillonitic hyperthermic family of Typic Haplusterts. The soil sample was collected
after the harvest of rabi crops in 2015. The initial soil characteristics of the experimen-
tal site were as follows: pH of the soil was 7.6, the electrical conductivity of 0.18 dS m−1,
5.7 g organic C kg−1, 193 kg available nitrogen ha−1, 7.60 kg available phosphorus ha−1, and
370 kg available potassium ha−1. The experimental design was randomised blocks, with
seven treatments and four replicates. The gross plot size was 17 × 10.8 m with 1 m spacing
between plots and 2 m spacing between the replications. The seven treatments selected for
the present investigation were T1 (50% NPK), T2 (100% NPK), T3 (150% NPK), T4 (100% NP),
T5 (100% N), T6 (100% NPK + FYM), and T7 (Control) (i.e., crop raised without the addition
of nutrients).
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Figure 1. Location of the experiment. (The symbol in red box in last figure denotes experimental site
in research farm of JNKVV at Jabalpur).

All the plots were ploughed (∼15 cm deep) after each harvest in the kharif and rabi
seasons. Inorganic N, P and K were applied through urea, single superphosphate (SSP)
and the muriate of potash (MOP), respectively. The farm yard manure (FYM; 5 Mg ha−1

on a fresh weight basis) and inorganic fertiliser (NPK) were applied as per treatments and
incorporated into the soil with a hand hoe after first ploughing during field preparation.
Wheat (cultivars: GW 366) was sown in rows that were 20 cm apart and 5–6 cm deep during
the second fortnight of November each year, and the wheat was harvested in April at
∼5 cm above the soil surface. Soybean seeds were sown in the second fortnight of June
each year in rows that were 45 cm apart and had a depth of 3 to 4 cm. Soybeans were
harvested manually at physiological maturity during mid-October and grain yield was
reported at 12% moisture content.

2.2. Fractionation of Particle Size Aggregates

A 100 g dry weight sub-sample of soil was applied to a 2-mm sieve with a 20 cm
diameter, submerged for 5 min in around 3 cm of water. Following immersion, samples
were wet sieved by dipping sieves into water 50 times over the course of two minutes,
starting with a 2-mm sieve and moving on to 0.250-mm and 0.053-mm sieves in turn. Each
sieve’s residual material was rinsed individually into a 150 mL beaker and given 20 min
to settle. Classes of water-stable aggregates were large (>2.0 mm), small macroaggregates
(0.250–2.0 mm), micro-aggregates (0.053–0.250 mm), and silt + clay sized (<0.053 mm). The
mean weight diameter was computed by multiplying the mean diameter of a particular
size range of aggregate (Xi) with the weight of the aggregates in that size range as a fraction
of the total dry weight of the sample analysed (Wi) in Equation (1):

Mean weight diameter (MWD) = ∑ Xi × Wi (1)

2.3. Chemical and Biological Analysis of Soil

The Walkley and Black dichromate oxidation method was used to determine the SOC
content in the bulk soil and the aggregate size fractions [31]. Furthermore, a technique
described by Islam and Weil [32] was used to determine labile carbon or KMnO4-oxidizable
carbon (2000). C-mineralisation is the term for the accumulation of CO2-C that developed
over the course of the 49-day incubation period. The alkali trap approach was used to
determine how CO2-C evolved [33]. In a nutshell, a vial holding 10 mL of 1 M NaOH was
inserted into a flask that was suspended on a thread, and wax was used to seal the flasks
(making them airtight). Following the addition of 1–2 mL of saturated BaCl2, the vials were
removed at three, five, seven, fourteen, twenty-one, thirty-five, and fifty-day intervals from
the day of incubation and titrated with standardised 0.5 M HCl using phenolphthalein as a
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visual indicator. The following formula was used in Equation (2) to determine how much
CO2-C evolved:

CO2 − Cevolved(mg/100 g soil) = (B − S)× N × 22 (2)

where B and S represent the amounts of HCl used to titrate 10 mL of 1 M NaOH in the
fertilised and control soils, respectively, and N represents the normality of HCl.

The chloroform fumigation-extraction method described by [34] Vance et al. was used
to calculate the soil microbial biomass carbon (SMBC) (1987). Briefly, 10 mL of chloroform
was used to fumigate the soil sample (CHCl3). Both types of samples (fumigated and
non-fumigated) were extracted with a 0.5 M K2SO4 solution, and the microbial biomass
carbon endpoint was determined by ferroin indicator titration against 0.005 N ferrous
ammonium sulphate. Equation (3) was used to compute the amount of SMBC in the soil:

SMBC = (OCf − OCuf)/KEC (3)

where KEC is the extraction efficiency, and OCf and OCuf are the amounts of carbon
extracted from fumigated and non-fumigated samples, respectively (stated on a dry weight
basis) (0.25).

Metabolic quotient (MetQ), which is calculated as the ratio of total CO2-C evolved per
unit soil microbial biomass carbon (SMBC), and microbiological quotient (MiQ), which is
the ratio of SMBC to soil organic carbon (SOC), are two examples of microbial indices [35].
The dry combustion method [36] was used to measure the total soil organic carbon (TSC)
and total soil nitrogen (TSN) using the CHNS analyser. Using a spectrophotometer, the
amount of total soil phosphorus (TSP) was calculated following the H2SO4–HCIO4–HF
digestion method. In order to determine the total soil potassium, a flame photometer has
been used (TSK).

2.4. Statistical Analysis

Variance analysis (ANOVA), i.e., One Way ANOVA was used to analyse the data and
was evaluated using Duncan’s multiple range test. Further, the Multivariate correlation
matrix (Pearson) was carried out between Walkley Black soil carbon (WBSC); Soil microbial
biomass carbon (SMBC); Total soil carbon (TSC); Metabolic quotient (MetQ); Microbial
quotient (MiQ); Total soil nitrogen (TSN); Total soil phosphorus (TSP); Total soil potassium
(TSK); Mean weight diameter (MWD) and Water-stable aggregates (WSA) to show their
degrees of association. Using the IBM SPSS statistical package 20, the treatment means
were compared at a 5% level of significance (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Effects of Long-Term Manure and Inorganic Fertiliser Application on Aggregates Distribution

Manure and inorganic fertiliser application significantly affected aggregate distribu-
tion in the soybean–wheat cropping system. The highest percentage of large macroaggre-
gates (11.3%) was found under T6 (100% NPK + FYM) treatment. The lowest percentage of
large macroaggregates (4.28%) was associated with T7 (control), which was at par with T4
(100% NP) (Figure 2). The differences between the treatment T2 (100% NPK) and T3 (150%
NPK) were also nonsignificant. The distribution of small macroaggregates was found to be
highest (78.2%), when 100% NPK + FYM (T6) was applied and lowest when T7 was applied
(control). In comparison to soils that received only NPK, long-term application of 100%
NPK + FYM significantly enhanced the proportion of the macroaggregate fractions (>2 mm
and 2–0.25 mm), whereas control treatment (T7) recorded the highest micro-aggregates
fraction (20.6%), followed by (T5) 100% N (18.02%). The lowest micro-aggregates were
under T6 (100% NPK + FYM) treatment. The silt + clay fractions (<53 µm) were highest
(4.03%) in T1 (50% NPK) and the lowest (2.88%) in T6 (100% NPK +FYM) treatment. The
distribution of macroaggregates was more prominent than micro-aggregates and silt + clay
fractions across the treatments. Among the macroaggregates fractions, the distribution of
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small macroaggregates was significantly greater than large macroaggregates across the
treatments. Overall, T6 (100% NPK + FYM) had the highest percentage of macroaggre-
gates (large + small), whereas T7 (control) had the lowest percentage of macroaggregates
(large + small), which was considerably lower than all other treatments. Among the various
soils aggregate size fractions, the proportional distribution of aggregates follows an order:
small macroaggregates > micro-aggregates > large macroaggregates > silt + clay fractions.
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Figure 2. Effects of long-term manure and inorganic fertiliser on aggregate size distribution in
soybean–wheat cropping system. Error bar value represented as standard deviation and different
lowercase letters indicates significant differences between treatments at p< 0.05. (The blue color in
lower side of bar denotes-large macroaggregate, red color denotes small macroaggregate, green color
denotes microaggregate and violet color at top of bar denotes silt+clay fraction).

3.2. Effects of Long-Term Manure and Inorganic Fertilisers on Mean Weight Diameter (MWD) and
Water-Stable Aggregates (WSA)

Application of 100% NPK + FYM (T6) significantly increased MWD by 35.7, 17.9
and 14.1% as compared to control (T7), 100% NPK (T2), and 100% NP (T4) treatment,
respectively (Figure 3). The highest MWD (1.08 mm) was found in 100% NPK + FYM (T6),
and the lowest MWD was recorded under control treatment (0.78 mm) (T7). A significant
correlation between MWD and soil organic carbon concentration (WBSC) was recorded.
Moreover, the increasing SWBC concentration resulted in a strong correlation (r= 0.85,
p< 0.05) (Table 1). Long-term application of manure and inorganic fertiliser in vertisol has a
considerable impact on water-stable aggregates compared to control. The highest aggregate
stability was associated with the application of 100% NPK + FYM (T6), and the lowest
was under control (T7) (Figure 4). A significant strong correlation was obtained between
stable water aggregates (WSA) and mean weight diameter (MWD), with a coefficient of
determination of 0.51 (p< 0.01) (Table 1).

3.3. Effects of Long-Term Manure and Inorganic Fertiliser on Aggregate-Associated-C
3.3.1. Large Macroaggregate-Associated Carbon

Different manure and inorganic fertiliser management practices significantly affected
the aggregate-associatedC. The SOC in large macroaggregates ranged from 0.53 to 1.02%
(Figure 5a) with the highest value (p <0.05; 1.02%) in T6 (100% NPK + FYM) followed by T3
(150% NPK) and the lowest SOC was recorded in T5 (0.53%). It indicates that FYM, along
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with chemical fertiliser, enhances soil organic carbon in large macroaggregates. The differ-
ence in large macroaggregates was insignificant in the treatments which did not receive
FYM. It was found that an increased SOC concentration increased macroaggregate size.
With a coefficient of determination of 0.79 (p <0.05), there was a strong correlation between
the SOC concentration and the percentage of carbon associated with macroaggregates
(Figure 6a).
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Figure 3. Effect of long-term manure and inorganic fertiliser on mean weight diameter (MWD)
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differences between treatments at p< 0.05).

Table 1. Correlation among soil carbon, nutrients, physical and biological properties of soil in
long-term fertiliser experiment.

Soil Parameters WBSC KMnO4-C SMBC TSC MetQ MiQ TSN TSP TSK MWD

KMnO4-C 0.72 * 1
SMBC 0.96 ** 0.74 * 1
TSC 0.95 ** 0.70 * 0.96 ** 1

MetQ −0.90 ** −0.82 * −0.96 ** −0.93 ** 1
MiQ 0.93 ** 0.79 * 0.99 ** 0.93 ** −0.99 ** 1
TSN 0.66 * 0.30 0.58 0.76 * −0.49 0.48 1
TSP 0.80 * 0.82 * 0.85 * 0.85 * −0.89 ** 0.88 ** 0.49 1
TSK 0.70 * 0.73 * 0.82 * 0.68 * −0.88 ** 0.89 ** 0.07 0.79 * 1

MWD 0.90 ** 0.60 * 0.85 * 0.92 ** −0.78 * 0.79 * 0.78 * 0.73 * 0.44 1
WSA 0.41 0.64 * 0.43 0.51 −0.56 0.47 0.26 0.64 * 0.33 0.61 *

** p < 0.01; * p < 0.05; Walkley Black soil carbon (WBSC); soil microbial biomass carbon (SMBC); total soil carbon
(TSC); metabolic quotient (MetQ); microbial quotient (MiQ); total soil nitrogen (TSN); total soil phosphorus (TSP);
total soil potassium (TSK); mean weight diameter (MWD); water-stable aggregates (WSA).

3.3.2. Small Macroaggregate-Associated Carbon

Small macroaggregates associated carbon were found to be the highest in T6 (100%
NPK + FYM), and the lowest was in T7 (control). There were no significant differences
among different inorganic fertiliser treatments, i.e., T1, T2 and T3 treatments (Figure 5b).
A significant correlation was recorded between small macroaggregates associated with
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carbon with the concentration of SOC with a coefficient of determination 0.67 (p< 0.01)
(Figure 6b).

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 20 
 

** p < 0.01; * p < 0.05; Walkley Black soil carbon (WBSC); soil microbial biomass carbon (SMBC); total 
soil carbon (TSC); metabolic quotient (MetQ); microbial quotient (MiQ); total soil nitrogen (TSN); 
total soil phosphorus (TSP); total soil potassium (TSK); mean weight diameter (MWD); water-stable 
aggregates (WSA). 

 
Figure 4. Effect of long-term manure and inorganic fertiliser on water-stable aggregates (WSA). 

3.3. Effects of Long-Term Manure and Inorganic Fertiliser on Aggregate-Associated-C 
3.3.1. Large Macroaggregate-Associated Carbon 

Different manure and inorganic fertiliser management practices significantly affected 
the aggregate-associatedC. The SOC in large macroaggregates ranged from 0.53 to 1.02% 
(Figure 5a) with the highest value (p <0.05; 1.02%) in T6 (100% NPK + FYM) followed by T3 

(150% NPK) and the lowest SOC was recorded in T5 (0.53%). It indicates that FYM, along 
with chemical fertiliser, enhances soil organic carbon in large macroaggregates. The dif-
ference in large macroaggregates was insignificant in the treatments which did not receive 
FYM. It was found that an increased SOC concentration increased macroaggregate size. 
With a coefficient of determination of 0.79 (p <0.05), there was a strong correlation between 
the SOC concentration and the percentage of carbon associated with macroaggregates 
(Figure 6a). 

Figure 4. Effect of long-term manure and inorganic fertiliser on water-stable aggregates (WSA).

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 20 
 

 
Figure 5. Effect of long-term manure and inorganic fertiliser on (a) large macroaggregates (b) small 
macroaggregates (c) microaggregates, (d) silt + clay-associated soil carbon (Error bar value repre-
sented as standard deviation and different lowercase letters indicate significant differences between 
treatments at p< 0.05). 

Figure 5. Effect of long-term manure and inorganic fertiliser on (a) large macroaggregates
(b) small macroaggregates (c) microaggregates, (d) silt + clay-associated soil carbon (Error bar
value represented as standard deviation and different lowercase letters indicate significant differences
between treatments at p < 0.05).



Sustainability 2023, 15, 2679 9 of 19Sustainability 2023, 15, x FOR PEER REVIEW 10 of 20 
 

 
Figure 6. Relationship between SOC and (a) large macroaggregates associated carbon, (b) small 
macroaggregates, (c) microaggregates, and (d) silt + clay-associated soil carbon as influenced by 
long-term manure and inorganic fertiliser. 

3.3.2. Small Macroaggregate-Associated Carbon 
Small macroaggregates associated carbon were found to be the highest in T6 (100% 

NPK + FYM), and the lowest was in T7 (control). There were no significant differences 
among different inorganic fertiliser treatments, i.e., T1, T2 and T3 treatments (Figure 5b). A 
significant correlation was recorded between small macroaggregates associated with car-
bon with the concentration of SOC with a coefficient of determination 0.67 (p< 0.01) (Fig-
ure 6b). 

3.3.3. Microaggregate-Associated Carbon 
Among different treatments, microaggregates associated soil carbon was reported 

significantly higher in 100% NPK + FYM (0.79%), followed by 100% NPK (T2) with SOC 
(0.67%), and the lowest was in control (0.39%) (Figure 5c). The other treatments did not 
show significant differences among each other. Further, microaggregates associated with 
carbon had a significant correlation with SOC (R2 = 0.63, p < 0.01) (Figure 6c). 

3.3.4. Silt + Clay Fraction Associated Carbon 
Imposition of the treatments significantly affected the relationship between soil or-

ganic carbon and mineral size fraction (Figure 5d). A positive correlation between the con-
centration of SOC and silt + clay-associated carbon was found with a coefficient of deter-
mination 0.47 (p < 0.01) (Figure 6d). In general, the size of the aggregates had a significant 
impact on the SOC. The aggregate-associated carbon content was found to be highest in 
macroaggregates, followed by microaggregates, and found to be at its lowest in silt +clay. 

Figure 6. Relationship between SOC and (a) large macroaggregates associated carbon, (b) small
macroaggregates, (c) microaggregates, and (d) silt + clay-associated soil carbon as influenced by
long-term manure and inorganic fertiliser.

3.3.3. Microaggregate-Associated Carbon

Among different treatments, microaggregates associated soil carbon was reported
significantly higher in 100% NPK + FYM (0.79%), followed by 100% NPK (T2) with SOC
(0.67%), and the lowest was in control (0.39%) (Figure 5c). The other treatments did not
show significant differences among each other. Further, microaggregates associated with
carbon had a significant correlation with SOC (R2 = 0.63, p < 0.01) (Figure 6c).

3.3.4. Silt + Clay Fraction Associated Carbon

Imposition of the treatments significantly affected the relationship between soil or-
ganic carbon and mineral size fraction (Figure 5d). A positive correlation between the
concentration of SOC and silt + clay-associated carbon was found with a coefficient of
determination 0.47 (p < 0.01) (Figure 6d). In general, the size of the aggregates had a
significant impact on the SOC. The aggregate-associated carbon content was found to be
highest in macroaggregates, followed by microaggregates, and found to be at its lowest in
silt +clay.

3.4. Effects of Long-Term Manure and Inorganic Fertiliser on Soil Carbon Fractions and Microbial
Indices
3.4.1. Walkley and Black Bulk Soil Organic Carbon and Total Soil Carbon

Among the treatments, Walkley and Black soil organic carbon (WBSC) was found to
be the highest under 100% NPK + FYM (T6), followed by the application of 150% NPK
(T3) and the lowest under control (T7) (0.40%) (Table 1). The content of WBSC followed
the descending order of T6 (1.02%) > T3 (0.75%) > T2 (0.71%) > T4 (0.67%) > T1 (0.64%) >
T5 (0.62%) > T7 (0.56%). There were no significant differences among inorganic fertiliser
treatments, i.e., T1, T2, T3, and T4 (Table 2).



Sustainability 2023, 15, 2679 10 of 19

Table 2. Effect of long-term manure and inorganic fertiliser on Walkley Black soil organic carbon
(WBSC), permanganate oxidisable carbon (KMnO4–C), soil microbial biomass carbon (SMBC), cumu-
lative C–mineralisation (CO2–C) and total soil carbon (TSC) in soybean–wheat cropping system.

Treatments WBSC (%) KMnO4–C
(mg kg−1)

SMBC
(mg kg−1)

Cumulative-C-
Mineralisation

(mg CO2–C kg−1 hr−1)
TSC (%)

¥T1 0.64 ±0.05 bcd 680 ± 81.5 a 221 ± 20.6 cd 0.99 ± 0.04 bc 0.93 ± 0.08 c

T2 0.71 ± 0.06 bc 701 ± 13.6 a 322 ± 21.2 b 1.06 ± 0.07 bc 1.03 ± 0.05 b

T3 0.75± 0.05 b 722 ± 46.9 a 352 ± 28.6 b 1.14 ± 0.19 b 1.04 ± 0.09 b

T4 0.67 ±0.06 bcd 686 ± 75.0 a 232 ± 10.8 c 1.03 ± 0.05 bc 0.98 ± 0.10 bc

T5 0.62 ± 0.06 cd 562 ± 177 b 196 ± 29.9 cd 0.92 ± 0.09 c 0.98 ± 0.04 bc

T6 1.02 ± 0.04 a 757 ± 40.6 a 506 ± 52.6 a 1.31 ± 0.06 a 1.14 ± 0.10 a

T7 0.56 ± 0.05 d 441 ± 186 c 179 ± 14.8 d 0.92 ± 0.15 c 0.92 ± 0.07 c

LSD
(p ≤ 0.05) 0.12 85.0 47.0 0.14 0.09

¥T1: 50% NPK, T2: 100% NPK, T3: 150% NPK, T4: 100% NP, T5: 100% N, T6: 100% NPK + FYM and T7: Control
(no nutrient with crop). Different superscript lowercase letters indicate significant differences between treatments
at p< 0.05 according to the Duncan Multiple Range Test (values are mean ± S.D.).

The total soil carbon showed significant differences (p < 0.05) among the treatments.
The use of fertilisers substantially (p <0.05) enhanced TSC by 12.0% in T2 (100% NPK),
13.3% in T3 (150% NPK), and 23.9% in T6 (100% NPK + FYM) plots compared to unfertilised
control (T7) (Table 2). However, no significant changes were observed among T2, T3, T4and
T5 treatments.

3.4.2. Permanganate Oxidisable Carbon

In soybean–wheat cropping system, the long-term use of manure and inorganic
fertiliser caused considerable variations in permanganate oxidisable carbon (KMnO4-C)
(Table 2). Results revealed that treatment receiving 100% NPK + FYM (T6) (757 mg kg−1)
had the highest content of KMnO4-C, and the lowest KMnO4-C content was found in
control (T7) (441 mg kg−1). However, treatment T6 was at par with inorganic fertiliser
treatments, i.e., T1, T2, T3 and T4.

3.4.3. Soil Microbial Biomass Carbon

The treatment with 100% NPK + FYM (506 mg kg−1) had the highest soil microbial
biomass carbon (SMBC), which was 43.7 and 57.1% higher than treatments with 150%
NPK (T3) and 100% NPK (T2), respectively (Table 2). No difference was observed among
treatments receiving imbalanced inorganic fertiliser or 50% of the recommended dose of
fertiliser, i.e., T1, T4 and T5. The lowest SMBC content was obtained in the control plot. The
SMBC and soil carbon had a significant and strong positive correlation (r = 0.96; p < 0.01)
(Table 1).

3.4.4. Carbon Mineralisation

Cumulative CO2-C evolved varied significantly (p < 0.05) across the treatments from
0.92 to 1.31 mg CO2−C kg−1 hr−1 after 49 days of incubation (Figure 7; Table 2). The
highest cumulative CO2-C evolved under 100% NPK + FYM (T6), and the lowest in control
(no nutrient with the crop; T7). From 0 to 14 days of incubation, cumulative values of
evolved CO2−C increased rapidly at first; after that, the increase slowed down for the rest
of the incubation period. Compared to the control (T7) and 100% N treatments, the addition
of 100% NPK + FYM (T6) reported increased cumulative C-mineralisation throughout
the incubation period (T5). Lower C-mineralisation was observed with the imbalanced
application of nitrogen fertiliser (N alone) compared to the balanced application (NPK).
T1, T2 and T3 did not significantly differ from one another, while T1 was 50% NPK, T2 was
100% NPK, and T3 was 150% NPK. C-mineralisation and WBSC had a significant positive
connection (R2 = 0.63 and p < 0.01) (Figure S1).
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3.4.5. Metabolic Quotient

The control treatment (T7) had the highest metabolic quotient (MetQ), which was
5.13 mg CO2–C mg−1 MBC h−1, while the integrated application of manure + inorganic
fertiliser had the lowest MetQ, 100% NPK + FYM (T6); however, MetQ value was at par
with T2 (100% NPK) and T3 (150% NPK) treatments (Table 3). MetQ and WBSC were shown
to be significantly inversely correlated (r = −0.90; p < 0.01) (Table 1).

Table 3. Effect of long-term manure and inorganic fertiliser on metabolic (MetQ) and microbial
quotient (MiQ) in soybean–wheat cropping system.

Treatments MetQ (mg CO2–C mg−1 MBC h−1) MiQ (%)
¥ T1 4.53 ± 0.56 b 2.39 ± 0.01 c

T2 3.32 ± 0.30 a 3.14± 0.01 b

T3 3.27 ± 0.25 a 3.37± 0.02 b

T4 4.43 ± 0.33 b 2.38 ± 0.01 c

T5 4.78 ± 0.53 b 1.99± 0.01 c

T6 2.60± 0.23 a 4.11± 0.01 a

T7 5.13 ±0.66 b 1.95± 0.02 c

LSD (p ≤ 0.05) 0.82 0.47
¥ T1: 50% NPK, T2: 100% NPK, T3: 150% NPK, T4: 100% NP, T5: 100% N, T6: 100% NPK + FYM and T7: Control
(no nutrient with crop). Different superscript lowercase letters indicate significant differences between treatments
at p < 0.05 according to Duncan Multiple Range Test (values are mean ± S.D.).

3.4.6. Microbial Quotient

Microbial quotient (MiQ) significantly varied from 1.95 to 4.11% under different ma-
nure and inorganic fertiliser treatments (Table 3). The MiQ value was highest in treatment
T6 (100% NPK + FYM) and lowest in treatment T7 (control). Treatments 150% NPK (T3) had
a higher value of MiQ than 100% NPK (T2) fertiliser treatment. The remaining inorganic
fertiliser treatments (T1, T4 and T5) were at par with the control (T7). The WBSC had a high
correlation with MiQ (r = 0.93, p < 0.01) (Table 1).
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3.5. Effects of Long-Term Manure and Inorganic Fertiliser on Total Macronutrients

After the harvest of wheat crops, total soil nitrogen (TSN), total soil phosphorus (TSP),
and total soil potassium (TSK) were measured (Table 4). The TSN is significantly varied
among the treatments, and the value of TSN was lowest (0.11%) in control (T7) and highest
(0.17%) in 100% NPK + FYM treatment (T6). The TSN significantly correlated positively
with WBSC (r = 0.66, p < 0.05) (Table 1). Further, it is reported that applying organic
manure + inorganic fertiliser (100% NPK + FYM) together significantly enhanced TSP more
than inorganic fertiliser alone. The highest TSP (0.37%) was recorded in theT6 treatment,
followed by T3 and T4 treatments, and the lowest TSP was in T7 (control). A significant
and positive correlation was obtained between TSP and WBSC with a Pearson correlation;
r = 80 (p < 0.05) (Table 1). Similarly, the highest TSK content was observed in 150% NPK
(T3) treatment, while the lowest value was in 100% N (T5). However, T3 treatment was at
par with T6, T2 and T1. A significant correlation was observed between the TSK and WBSC
(r = 0.70, p < 0.05) (Table 1).

Table 4. Effect of long-term manure and inorganic fertiliser on total soil nitrogen (TSN), total soil
phosphorus (TSP) and total soil potassium (TSK) in soybean–wheat cropping system.

Treatments
TSN TSP TSK

(%)
¥ T1 0.11± 0.01 d 0.19 ± 0.08 b 1.22 ± 0.12 abc

T2 0.13± 0.02 cd 0.30 ± 0.06 a 1.30 ± 0.27 ab

T3 0.14± 0.01 cd 0.35± 0.04 a 1.38 ± 0.08 a

T4 0.14± 0.01 bc 0.31 ± 0.04 a 1.15 ± 0.05 bc

T5 0.16± 0.01 ab 0.18 ± 0.02 b 1.04 ± 0.04 c

T6 0.17± 0.01 a 0.37± 0.05 a 1.35 ± 0.07 ab

T7 0.12± 0.02 d 0.17 ± 0.03 b 1.14 ± 0.04 bc

LSD (p ≤ 0.05) 0.020 0.093 0.209
¥ T1: 50% NPK, T2: 100% NPK, T3: 150% NPK, T4: 100% NP, T5: 100% N, T6: 100% NPK + FYM and T7: Control
(no nutrient with crop). Different superscript lowercase letters indicate significant differences between treatments
at p < 0.05 according to Duncan Multiple Range Test (values are mean ± S.D.).

3.6. Correlation among Soil Carbon, Nutrients, Biological and Physical Properties of Soil

The Pearson correlation analysis for soil carbon, aggregate stability, nutrient content,
and soil biological health revealed a significant positive correlation of WBSC with KMnO4-
C (r = 0.70), SMBC (r = 0.96), TSC (r = 0.95), MiQ (r = 0.93), TSN (r = 0.66), TSP (r = 0.80),
TSK (r = 0.70) and MWD (r = 0.90); while the negative correlation was recordedwith Met Q
(r = −0.90). KMnO4-C was positively correlated with SMBC, TSC, MiQ, TSP, TSK, MWD,
and WSA (Table 4), while MetQ was negatively correlated with WBSC, SMBC, TSC, MiQ,
TSP, TSK, MWD, and WSA. TSN had a significant positive correlation with WBSC (r = 0.66)
and TSC (r = 0.76), and TSP had a positive correlation with WBSC (r = 0.80), TSC (r = 0.85),
KMnO4-C (r = 0.82), SMBC (r = 0.85), MiQ (r = 0.88). TSK showed a significant positive
correlation with all the soil parameters studied except MetQ (r = −0.88) (Table 1). The
MWD was positively correlated with WBSC (r =0.99), SMBC (r = 0.85), TSC (r = 0.92), MiQ
(r = 0.79), TSN (r = 0.78), TSP (r = 0.73) and WSA (r = 0.61) while the negative correlation
recorded with MetQ (r = −0.78). WSA had a positive correlation with KMnO4-C (r = 0.70),
TSP (r = 0.64), and MWD (r = 0.61) (Table 1).

4. Discussion
4.1. Aggregation and Associated Indices

Both biotic and abiotic variables affect the aggregation of soil [9,37]. Significant
long-term input of organic and inorganic fertiliser compared to the control treatment in-
creased the proportion of large macroaggregates at the expense of microaggregates and
the silt + clay fraction(T7) [4,38] (Figure 2). It is suggested that microaggregates were
bonded into macroaggregates in integrated nutrient management (100% NPK + FYM)
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treatment. Application of 100% NPK + FYM (T6) had the highest oxidisable organic carbon
(WBSC), as shown in Table 2 (1.02% vs. 0.57% for T6 vs. T7). It contributed toward the
highest >2 mm and 2–0.25 mm aggregate distribution proportion. Organic manure increases
macroaggregates stability by producing organic acid and polysaccharides, cementing soil
mineral particles. An increased SOC on adding manure also resulted in slaking-resistant
macroaggregates [39]. According to the principle of aggregate hierarchy, macroaggre-
gates produced by microaggregates are stuck together by comparatively biodegradable
compounds [40,41]. Additionally assisting in the formation of microaggregates include
root exudates, fungus hyphae or polysaccharides, and other by-products of the decom-
position of organic matter [42]. The results support the findings of [2,43] Ghosh et al.
(2019), which found that larger aggregates increased and smaller aggregates decreased as
a result of manure application, likely as a result of increased micro-aggregate consolida-
tion into macroaggregates. As a result, macroaggregates play a dominant role in carbon
sequestration [44] and soil structural stability [45].

Crop productivity is directly correlated with soil structure, which is determined by
mean weight diameter (MWD). Due to the prolonged application of manure and inorganic
fertilisers (100% NPK + FYM), the MWD increased by 38.4% in comparison to the control
(Figure 3). Higher aggregate stability is demonstrated by higher MWD. According to
Shiran et al. (2002) [46], a significant rise in MWD was observed in FYM received treatment.
This was mostly related to the use of manure and inorganic fertilisers, which increased the
percentage of soil macroaggregates and increased MWD and aggregate stability. The signif-
icant correlation between SOC and MWD (Table 1) suggests that the annual contribution of
microbial secretions and root exudates is essential for aggregation [47,48]. According to
Somasundaram et al. (2018) [14], the amount of SOM is what determines how stable an
aggregate is in water, and SOC is directly related to aggregate sizes. The major binding
force in the formation of aggregates is likely SOC [49]. Long-term application of FYM can
significantly improve soil structure, MWD, and aggregate stability [50]. Yet the opposite
outcome was also noted by [37] Xie et al. (2015) and [51] Guo et al. (2018), who demon-
strated a drop in MWD and subsequently lower aggregate stability over control with the
application of organic manure for more than 3-decades.

4.2. Aggregate-Associated Carbon

Aggregation is a process of conserving and preserving soil organic carbon and per-
forming as a storehouse of plant nutrients and energy [1]. The long-term application of
manure and inorganic fertilisation (T6) increased SOC content in all size fractions than
other treatments, suggesting that manure-derived C is more protected and accumulated
in such fractions than the rest of the treatments. Worldwide, researchers have reported
similar findings in various cropping systems [2,21]. The continuous application of inorganic
fertilisation (NPK) significantly (p < 0.05) enhanced aggregates associated SOC in all frac-
tions over control except silt + clay fractions. It is attributed to higher yield, and biomass
returns to the soil that led to higher microbial activity and root exudates, which reasonably
conserve and sequester SOC pool compared to imbalanced fertilisation and controls [2,52].
Regardless of the type of fertilisation used, the largest macroaggregates had the highest
aggregated associated SOC, and the silt + clay fraction had the lowest. Through their effects
on the formation of macroaggregates, the analysis revealed that manure treatment alone
or in conjunction with inorganic fertiliser improved SOC. An earlier study’s findings that
long-term fertilisation increased SOC and the development of macroaggregates [51,53]
support this conclusion.

4.3. Soil Carbon Fractions and Microbial Indices

Soil carbon fractions, e.g., WBSC, KMnO4-C, SMBC, C-mineralisation, and TSC, were
higher in manure and inorganic fertiliser treatment over control (Table 2). The addi-
tional high carbon input added through aboveground residues and manure, which led
to higher organic matter accumulation compared to the other treatments, is primarily
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responsible for the high WBSC and TSC content due to the long-term addition of manure
plus inorganic fertilisation as compared to inorganic fertilisation [54]. Manjaiah and Singh
(2001) [55] stated that 100% NPK + FYM and 100% NPK treatments annually added 8190 and
2780 kg ha−1 carbon, respectively, in the maize-wheat-cowpea cropping sequence. The TSC
enhancement under long-term fertilisation is explicitly documented [51,56,57].

SMBC is considered a significant early predictor of change or degradation of soil
quality [49]. It is a relatively labile fraction of SOM and accounts for 2% to 3% of the
soil’s overall organic carbon [58]. In comparison to the control and inorganic fertiliser
treatments, the combined application of manure and inorganic fertiliser raised SMBC
considerably (p < 0.05) (Table 2). It is due to stimulating soil microorganisms through
inputs containing high organic matter such as FYM. Fresh carbon derived from manure,
which serves as the main food source for the microbial population, is primarily responsible
for the increase in SMBC [49]. Therefore, SMBC is closely associated with SOC, which is
in line with the finding of [59]. Permanganate oxidisable carbon (KMnO4-C) is another
important fraction of SOC, which gives a quick indicator of whether the soil is degrad-
ing or improving in response to management practices [60]. The KMnO4-C constituted
a comparatively larger pool of SOC after WBSC, which was about 4.82–7.32% of TSC. It
was increased by 71.8% due to the long-term addition of manure plus inorganic fertilisers
than control [61]. Benbi et al. (2015) [62] reported an increase in KMnO4-C by 26.0% after
8-year continuous addition of manure (10 t ha−1) compared with no fertilisation. The
amount of organic matter in the soil is indicated by the soil’s mineralisation of carbon,
which is also a sign of microbial activity. The higher microbial population and biomass in
the soil promote biological activity, which is positively correlated with the annual addition
of fresh C sources [49]. The carbon mineralisation changes indicate the variable quantities
of readily available carbon accumulated in various fertiliser treatments [63]. Applying
only mineral fertiliser or imbalanced fertiliser contributes to lower carbon mineralisation
than manure plus inorganic fertiliser treatment. The highest carbon mineralisation was
recorded in T6 (100% NPK + FYM) treatment, mainly attributed to newly added manure
providing a source of carbon and other nutrients for microbial proliferation, leading to
higher carbon mineralisation [64,65]. Kaur et al. (2019) [57] reported that the combined
addition of chemical fertilisers and FYM (100% NPK + FYM) resulted in 34.2% higher
carbon mineralisation as compared to the control (142.9 mg CO2-C kg−1). The CO2–C
evolution per unit soil microbial biomass carbon (SBMC)—known as the metabolic quo-
tient (MetQ)—is a metric for evaluating the eco-physiological state of soil microorganisms.
Lower MetQ value under T2 (100% NPK) and T3 (150% NPK) than T1 (50% NPK), T4
(100% NP), T5 (100% N), and T7 (control) is due to an imbalance application of nitrogenous
fertiliser that has a negative impact on the microorganism, therefore decreasing micro-
bial activities, growth of soil microbes and microbial respiration. A negative correlation
(r = −90; p ≤ 0.05) between MetQ and SOC, indicating higher microbial biomass with
a lower value of MetQ(Table 1). The lowest MetQ associated with the integrated appli-
cation of 100% NPK + FYM compared to inorganic treatments concurred with earlier
findings [49,66,67]. Microbial quotient (MiQ) assessment is important for microbial quality
and dynamics [67]. The highest value of MiQ reported under the application of 100%
NPK + FYM plot could be due to higher microbial activity induced by continuously adding
fresh organic manure in the soil [49,65].

4.4. Total Nutrient Content

The increase in TSN content under integrated and balanced fertilisation is related to
the long-term addition of manure and chemical fertilisers and the higher return of crop
residue into the soil [68,69]. A significant increase in TSP content in soil was attributed
to the long-term addition of P through manure and fertilisers, which often enhances P
sorption in soil and decreases availability to plants due to the association of sesquioxides.
However, total nutrient content was slightly increased in imbalanced NPK treatments
and control. It seems slightly higher TSK may be ascribed to adding K through fertiliser
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and manure; however, it remains entrapped within the clay structure. Imbalance use of
fertilisers may also impede the availability of other nutrients, resulting in the accumulation
of unutilised nutrients in the soil.

4.5. Relation among Different Soil Carbon Pools, Nutrients, MWD, WSA and Soil
Biological Properties

A stronger correlation between C and N indicates that SOC significantly contributes to
TSN content. Higher SOC concentration promotes the development of stable soil aggregates.
In turn, stable soil aggregates prevent aggregate breakdown and make the soil less erodible.
Therefore, a higher SOC is a prerequisite for greater aggregate stability. The MBC had a
strong linear relationship with the KMnO4-C pools. Increased sensitivity of C fractions
with varied oxidizability and MBC was found to be directly associated with net primary
production via diverse soil management approaches [70]. Several other investigations
have found a highly significant linear association between TOC, HWC, KMnO4-C and
soil enzymes under diverse cropping systems [71,72]. A positive correlation between SOC
and phosphorus indicates its availability rises with the addition of organic carbon owing
to the chelation of polyvalent cations by organic acids and other degradation products.
The addition of organic amendments primarily enhances the organic portions of P [73].
The positive correlation of TSK with soil carbon may be due to the supplementation of
potassium by adding organic amendments containing humus material that contains a
significant proportion of potassium. Studies also linked higher soil biological activity to
increased potassium availability [74] due to solubilisation and the release of clay mineral-
bound potassium in the soil. Thus, applying organic amendments to the soil is one of the
ways to increase potassium availability by promoting biological activity.

5. Conclusions

Forty-three years of continuously balanced fertilisation significantly improved per-
centage aggregate distribution and soil aggregate stability (MWD) in the soybean–wheat
cropping system. The increase in aggregate stability was attributed to the increase in the
proportion of macroaggregate (>2 mm). The size of the aggregates had a major impact
on the SOC associated with them. Macroaggregates had the highest aggregate-associated
carbon levels, followed by microaggregates, while silt + clay had the lowest levels. In
comparison to the control, the combined application of 100% NPK + FYM improved the
overall nutrient content, carbon mineralisation, soil microbial biomass carbon (SMBC),
permanganate oxidisablecarbon (KMnO4-C), and Walkley and Black soil organic carbon
(WBSC). The findings of this long-term manure and inorganic fertiliser application ex-
periment shows that in traditional management situations when no aboveground crop
residues are returned to the soil, the application of inorganic fertiliser alone is insufficient
to maintain levels of SOC and nutrients. Our study has significant application to vertisols,
where soil degradation is ongoing due to massive imbalanced fertiliser application. It may
be necessary to do additional studies to re-evaluate the viability of applying manure along
with inorganic fertiliser in sustainable crop production.
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