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Fertilizer-N application and straw incorporation impacts crop productivity due to changes

in total organic carbon (TOC), its labile pools and the soil enzymatic activity. A field

experiment was established (in 2010) to study the effect of fertilizer-N application (0,

90, 120, and 150 kg N ha−1) and rice straw (RS) incorporation (0, 5.0, 7.5, and 10Mg

ha−1) on crop yield, C input, TOC and its labile pools and soil enzymatic activity under rice

(Oryza sativa L.)—wheat (Triticum aestivum L.) cropping system (RWCS) in north-western

India. Data showed that fertilizer-N application and RS incorporation significantly (p <

0.05) increased the rice and wheat grain yield, compared with control (CK). However,

the RS incorporation alone did not impact crop yields. The sustainable yield index

(SYI) for wheat was significantly lower with RS incorporation alone as compared with

the other treatments. For rice, SYI was significantly higher for RS7.5N120, and was

non-significant compared with the RS10.0N120. Annual total C input in soil plow layer

(0–15 cm) under RWCS varied between 3.34 and 9.78Mg C ha−1, which was higher by

4.4Mg C ha−1 yr−1 (∼2.3-times) in RS10.0, compared with CK. The conjoint application

of fertilizer-N and RS incorporation (RS10.0N150) significantly increased the TOC, water

extractable organic C (WEOC), hot water C (HWC), microbial biomass C (MBC) and

basal soil respiration (BSR) due to increased soil enzymatic activity viz. dehydrogenase

activity (DHA), fluorescein diacetate (FDA) and alkaline phosphatise (Alk-P). A significant

increase in potassium permanganate oxidizable C (KMnO4-C) with RS incorporation

under RS10.0N150 increased the C management index (CMI), and hence the soil quality.

The inter-correlations between highly weighted soil variables among different principle

components (PCs) revealed that KMnO4-C in PC1, FDA activity in PC2, and BSR in

PC3 with the highest correlation were the sensitive indicators for assessing soil quality in

a RWCS.
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INTRODUCTION

Rice-wheat cropping system (RWCS) occupies ∼10 million ha
(M ha) in Indian Indo-Gangetic Plains (IGPs) (Saharawat et al.,
2012) that has been a lifeline for millions of food producers
and consumers contributing ∼85% toward country’s cereal
production (Timsina and Connor, 2001). Since green revolution,
the RWCS has successfully maintained the balance between food
grain supply and human population growth. This has become
possible with the development of high yielding varieties of rice
and wheat, availability of chemical fertilizers at the cheap prices,
extension in irrigation network and farm mechanization, besides
expansion of arable area. Nonetheless, the resource and energy
intensive tillage practices under RWCS (Singh et al., 2019a,b)
have caused negative environmental externalities, groundwater
depletion (Hira et al., 2004), soil health degradation (Ladha et al.,
2009) and loss of nutrients through emissions and leaching,
declining farm productivity and shrinking farm profits (Chauhan
et al., 2012; Srinivasan et al., 2012). A limited or no use of
organic manures and crop residues removal (Ghosh et al., 2016),
wide-spread adoption of mono-cropping (Hazra et al., 2014),
imbalanced use of chemical fertilizers (Brar et al., 2013; Singh and
Benbi, 2018a) have aggravated problems related to deterioration
in soil quality.

Extensive tillage and removal of crop residue either as
feedstock or as most prevalent practice of in-situ burning
after mechanical harvesting of crops in the Indian IGPs (Beri
et al., 2003), has raised soil health and environment threatening
concerns due to large emersions of greenhouse gases (GHGs)
(Singh et al., 2020). The TOC is the most important component
in maintaining soil quality due to its role in improving physical,
chemical and biological properties of the soil (Singh and Benbi,
2016, 2018b; Sharma et al., 2019a) and crop productivity (Yang
et al., 2012; Thind et al., 2019). Because of the historic losses
of organic C from the croplands (Singh and Benbi, 2018b),
most of the cultivated soils are exhausted of TOC and are far
away from saturation (Vaccari et al., 2011). But the capacity
of soils to sequester C depends on amount of C input into
the soil from plant productivity, relative to its export that
is controlled by microbial decomposition (Benbi et al., 2016;
Singh and Benbi, 2020a). The management practices that ensure
greater amounts of C returned to the soil are expected to
cause a net build-up of TOC stock (Singh and Benbi, 2020b).
Maintaining TOC stocks is important for sustainable agricultural
development and the mitigation of global warming by reducing
C emissions (Lal, 2004; Li et al., 2005; Singh and Benbi,
2020a).

The crop residue return and incorporation into the soil has

been widely accepted approach for maintaining TOC stocks in

croplands (Hadas et al., 2004; Lian et al., 2016). Understanding
the dynamics and fate of crop residues’ C, which are decomposed
by series of extracellular enzymes in soil help to clarify the
underlying mechanisms of C sequestration in soils (Saha et al.,
2005; Cotrufo et al., 2015). A significantly improved soil
enzymatic activity following residue incorporation (Garg and
Bahl, 2008) had shown positive impact on crop productivity
under contrasting tillage systems (Jin et al., 2009).

Soil microbial biomass and enzymatic activity are the potential
indicators of soil quality that rapidly responds to management
and environmental induced changes (Mohammadi, 2011). All
crop residues’ C passes through soil microbial biomass at least
once, and thereby transferred from one C pool to another and
intern lost as carbon dioxide (CO2) (Ryan and Aravena, 1994).
The un-decomposed crop residue remains in soil contributes
toward C sequestration (Lorenz and Lal, 2005; Majumder and
Kuzyakov, 2010). In fact decomposition pattern of rice residues
is related to its quality, with non-cellulosic polysaccharides
and hemi-celluloses being fast degradable rates are decomposed
during the initial phase (Thevenot et al., 2010), while the
stable/resistant C in lignin and cellulose are decomposed later
in second phase (Majumder and Kuzyakov, 2010). Although,
degradation and transformation of cellulose and lignin are highly
complex, extra-cellular enzymatic activity of β-glucosidases,
cellobiohydrolases and endo-glucanases enzymes had the high
cellulose degradation abilities (Haichar et al., 2007; Baldrian and
Valášková, 2008), while lignin degradation is caused by laccases,
lignin peroxidases andMn-peroxidases enzymes (Higuchi, 2004).

Soil organic C is a heterogeneous mixture of organic materials
comprising labile and stabilized (i.e., recalcitrant) organic C pools
based on variable turnover times (Singh and Benbi, 2018a). The
dynamics of TOC is described by partitioning the soil organic
matter (SOM) into physical, chemical and biological pools
(Banger et al., 2010). The change in C input to soil can rapidly
persuade TOC pools viz. potassium permanganate oxidizable C
(Blair et al., 1995), water extractable organic C (Benbi et al.,
2015), hot water C (Li et al., 2012; Singh and Benbi 2018b), and
microbial biomass C (Chan et al., 2001). Labile C fractions act as
sensitive indicators to soil management induced changes in TOC
pool under short to medium term effects (Benbi et al., 2015).
These pools have shorter turnover times and are more sensitive
indicators to soil management practices compared with TOC
(Yan et al., 2007; Chen et al., 2016). Conversely, the recalcitrant
pools are difficult for soil microorganisms to decompose and have
relatively long turnover times (Yan et al., 2007).

A large amount of RS is produced under RWCS and has
been the major C input (Singh et al., 2020). Soil incorporation
of rice residue has beneficial impact on the succeeding wheat
crop (Mandal et al., 2004; NAAS, 2017). On the other hand,
soil degradation has been the serious problem aroused due to
in-situ open field burning of above-ground crop residues under
conventional tillage system (Beri et al., 1995). Rice straw is an
important organic C source which contains nutrients for the
optimum crop growth (Beri et al., 1995; Yadvinder-Singh, 2014)
and has been the most viable management option for improved
soil fertility and crop productivity (Huang et al., 2013; Wang
et al., 2015a). The RS incorporation increased TOC pool by 13%
and its labile fractions by 42%, compared with the application of
chemical fertilizers alone (Liu et al., 2014). Several studies showed
that crop yield and TOC increased by straw incorporation under
different cropping systems (Sidhu and Beri, 1989; Singh et al.,
2005;Wang et al., 2015a; Zhu et al., 2015). However, the C:N ratio
gets widened after RS incorporation, because straw temporarily
lock-up N and influence crop growth and yield of succeeding
wheat crop (Malhi et al., 2012; Huang et al., 2013). The RS
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incorporation intern impacts the C dynamics in the soil due to
changed enzymatic activity in the soil (Bera et al., 2018; Sharma
et al., 2019a). Soil enzymatic activity had a key role to play in
SOM decomposition and mineralization via several metabolic
processes (Denef et al., 2009). Although, decomposition of SOM
is decreased under anaerobic conditions simulated during rice
(Kögel-Knabner et al., 2010), yet alternate wet and dry spells
characterized by rice-wheat rotation stimulate microbial activity
and fasten SOM degradation andmineralization due to increased
enzymatic activity (Denef et al., 2001). Soil enzymatic activity
of arylsulfatase, urease, β-glucosidase and acid phosphatase has
dynamically altered the TOC and its labile pools (Green et al.,
2007; Medeiros et al., 2017; Hok et al., 2018). The soil enzymatic
activity is considered as sensitive indicator to reflect management
and cropping system induced change in soil C dynamics (Green
et al., 2007; Rabary et al., 2008).

Surface retention of crop residues under no-tillage system
has been reported to greatly enhance the soil enzymatic activity,
which was related to increased microbial biomass in the soil
(Hok et al., 2018; Saikia et al., 2019). This has significance
in RWCS, where alteration in moisture regimes during two
seasons changed the pattern of microbial decomposition of C
input into the soil triggered by enzymatic activity (Choudhary
et al., 2018; Parihar et al., 2018). The TOC pools and
enzymatic activity under different straw management regimes
vary substantially depending on climate factors, soil types, and
experimental conditions (Wang et al., 2015a; Zhao et al., 2015).
Surface retention of crop residues under no-tillage system has
been reported to increase the enzymatic activity of alkaline
phosphatase (Alk-P), cellulose and acid phosphatase by ∼61,
90, and 46%, respectively, compared with conventionally tilled
soils (Balota et al., 2004). The studies on how fertilizer-N
application and in-situ RS incorporation impacts the TOC
pool and its fractions due to changed enzymatic activity under
RWCS are lacking. Based on the review of aforesaid studies, we
hypothesized that fertilizer-N application conjointly with in-situ
RS incorporation would increase crop productivity, C input and
enzymatic activity to accelerate the SOM decomposition process.
The present study was therefore, conducted to investigate the
effect of fertilizer-N application and RS incorporation on (1) crop
productivity and C input through above-and below-ground plant
biomass (2) change in soil enzymatic activity and TOC pools, and
(3) C sequestration potential of crop residue management under
RWCS. We aimed at identifying organic C pools influenced
due to changed soil enzymatic activities to assess ability of rice
residue management to sequester C and suggest long-term best
agricultural sustainability options.

MATERIALS AND METHODS

Experimental Site and Climate
A field experiment on rice (Oryza sativa L.)-wheat (Triticum
aestivum L.) cropping system was established during 2010 at
the research farm of Department of Soil Science at Punjab
Agricultural University (P.A.U.), Ludhiana, Punjab (30◦56′N and
75◦52′E) in the IGPs of north-western India. The surface (0–
15 cm) soil was sandy loam (128 g claykg−1, 155 g silt kg−1,

and 715 g sand kg−1) and classified as Typic Ustochrept (USDA
classification). The climate of the region is typically a sub-
tropical, semi-arid with mean annual rainfall of ∼700mm, of
which∼75–80% is received during summer (July-August), while
remaining ∼20–25% during winter season (December-January).
Mean monthly temperature varied between 12.8 and 26.7◦C.
At the start of experimentation, the surface soil was non-saline
(electrical conductivity, E.C.1 : 2 = 0.34 dSm−1) with pH1 : 2 of 6.6
and had 3.91 g TOC kg−1, 29.4mg P kg−1 and 78.4mg K kg−1.
Total organic C was determined using wet digestion method
(Snyder and Trofymow, 1984; Singh and Benbi, 2018a), available-
P was determined using ascorbic acid method, and available-K by
extracting the soil with neutral (pH = 7.0) normal ammonium
acetate followed by K determination on flame photometer.

Experimental Layout and Treatments and
Crop Management Practices
The experiment consisted of four fertilizer-N levels viz. 0,
90, 120, and 150 kg N ha−1, and four RS incorporation rates
viz. 0, 5.0, 7.5, and 10.0Mg ha−1 with four replications, thus
constituting a total of 16 treatments under RWCS. In rice,
fertilizer-N (as per treatments) in the form of urea (46% N)
was applied in three equal splits viz. 1/3rd at transplanting,
1/3rd 21 days after transplanting, and the remaining 1/3rd 42
days after transplanting every year. In rice, 10 kg Zn ha−1 as
zinc sulfate heptahydrate (ZnSO47H2O, 21% Zn) was applied
at transplanting in all treatment plots every year. Rice was
established after wet-tillage (tillage in standing water) for making
an impervious soil layer to facilitate seedling growth and
establishment, and management of weeds at initial stage. After
wet-tillage (i.e., puddling), thirty daysold rice seedlings (var. PR-
118) were transplanted manually at 15 × 20 cm spacing in the
second week of June every year. All plots were kept flooded
(50mm) for initial 15 days after seedling transplanting, followed
by irrigation (50mm) 2 days after the disappearance of standing
water from the previous irrigation till physiological maturity.
Rice was harvested (near ground surface) manually in the 3rd
week of October, and whole of the RS was removed from the
plots. It was chopped with RS chopper and incorporated in soil
plow layer with a rotavator as per treatment. Following pre-
sowing irrigation, wheat was sown in rows 20 cm apart with a
zero-till drill at field capacity moisture content in the second
week of November. In wheat, a basal dose of 60 kg P2O5 ha−1

and 30 kg K2O ha−1 was applied every year. Fertilizer-N (as
per treatments) was applied in three equal splits, 1/3rd basal (at
sowing), and remaining 2/3rd in equal splits i.e., immediately
before 1st irrigation (crown root initiation) and at 2nd irrigation
(maximum tillering) every year. Irrigations of (75mm each)
were applied at critical growth stages viz. crown root initiation,
maximum tillering, panicle initiation and at dough stage. Crop
was harvested manually at physiological maturity in the 1st
fortnight of April every year. For yield measurement, a net
plot area of 10 m2 (2.0 × 5.0m) was harvested manually, and
grains from the above-ground biomass were removed using plot-
thresher. Grain yield of rice and wheat were reported at 14
and 10% moisture content, respectively. Straw yields (rice and
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wheat) were reported on oven-dry weight basis. The SYI was
estimated based on yield data of 4 years (2012–2016) when the
field treatments get stabilized using equation (Equation 1).

SYI = (Y− σ)/YMax (1)

where, “Y” refers to actual yield (Mg ha−1), “σ” refers to standard
deviation in yield (Mg ha−1) and “YMax” refers to the maximum
yield (Mg ha−1) obtained. The harvest index (HI) was estimated
as a ratio of grain yield to that of total above-ground (grain +

straw) biomass.

Estimation of Carbon Input
The C input through above-and below-ground vegetative
biomass viz. roots and shoot biomass were estimated considering
C concentration in roots of rice and wheat of 41.2 and
39.1%, respectively. The C concentration of 31.8% in rice
and 35.2% in wheat shoot was considered (Majumder et al.,
2007) for estimating shoots derived C. The C contribution of
rhizodeposition of 15 and 12.6%, respectively, of above-ground
biomass at harvest for rice and wheat was considered in the
calculations (Bronson et al., 1998).

Collection and Preparation of Soil Samples
Soil samples were collected in the last week of April 2016
after six cycles of rice-wheat cropping system from surface
(0–7.5 cm) and sub-surface (7.5–15 cm) soil depths with core
sampler (inner diameter 7.2 cm). After removing visible root
debris, the soil samples from each plot were sieved through 2mm
sieve and divided into two halves. While, one-half of sample was
immediately stored at 4◦C to assay microbial activities viz. DHA,
FDA, Alk-P, MBC, and C mineralization studies, the remaining
half was air-dried and stored for the estimation of C pools. The
methods used for assaying enzymatic activity and C pools are
detailed (see Appendix-I).

Carbon Management Index
Based on changes in TOC between the reference (CK, RS0N0)
and a treatment, C management index (CMI) (Equation 2) was
calculated using a mathematical procedure of Blair et al. (1995).

CMI = CPI×LI×100 (2)

Where, “CPI” is the C pool index and “LI” is the lability index
which were estimated using following equations (Equations 3–5).

The CPI and the LI were calculated as follows:

CPI =
TOCTreated(gkg

−1soil)

TOCReference(CK)(gkg−1soil)

(3)

LI =
LTreated

LReference(CK)
(4)

where, “L” refers to the C lability, calculated as

L =
Content of labile C (KMnO4-C)(g kg

−1 soil)

Content of non-labile C (g kg−1 soil)
(5)

The content of non-labile C was estimated from the difference
between TOC pool and labile C (KMnO4-C).

Statistical Analysis
The data on crop yield, C pools and soil enzyme activity were
statistically analyzed using analysis of variance (ANOVA) as
per completely randomized block design (RBD). The differences
between the treatment means were separated by the Duncan’s
Multiple Range Test (DMRT) at p < 0.05 using IRRISTAT
package data analysis (IRRI, 2000). The principal component
analysis (PCA) capable of avoiding biasness in data was used to
study the effect of treatments on different variables using biplots.
The principal components (PCs) with high “eigen values” and
higher “factor loading” were considered best predictors of system
attributes. In PCs, the highly weighted factors were retained,
while others were discarded for obtaining minimum data set
(MDS). Only the highly correlated variables were considered
redundant and considered for MDS, and were arranged in
an order depending on bases of “good” or “bad” in terms of
soil functions. To test for statistical significance, Monte Carlo
Analysis (MCA) was performed using MC-PCA software, and
sphericity of Bertlette test was performed (at p < 0.05). The
correlation matrix depicting relationship between soil organic
C pools and enzymatic activity were developed using SPSS for
Windows (SPSS, Inc, Chicago). The relationships significant at p
< 0.05 and p < 0.01 were marked as ∗ and ∗∗, respectively while
the non-significant relationships were marked as NS.

The soil quality index (SQI) was calculated using integrated
score and weight factor of each indicator using Equation 6.

Soil quality index (SQI) =

∑
n
i=1 Wi X Si (6)

where, “S”= indicator score, W= PCs weight factor.

RESULTS

Rice and Wheat Yields, Harvest Index, and
Sustainable Yield Index
The periodic differences in grain and straw yield of rice
and wheat under the influence of fertilizer-N application and
RS incorporation are presented in Table 1. From 2012 to
2015, the average rice and wheat grain yields varied from
4.87 to 6.41Mg ha−1 and 2.01–5.76Mg ha−1, respectively.
Fertilizer-N application and RS incorporation significantly (p
< 0.05) increased the rice and wheat yield, compared with
CK (Table 1). Significantly higher rice and wheat yields were
obtained under RS7.5N120, than the CK. Grain yield did not
differ significantly among RS7.5N120 and RS7.5N150 treatments.
Alone RS incorporation resulted in a non-significant change in
rice and wheat grain yields during different years. As compared
with RS7.5N0, RS7.5N90, RS7.5N120, and RS7.5N150 treatments
increased the rice grain yield by 7.2–13.8% and wheat grain
yield by 24.3–63.7%. Rice straw yield was significantly higher
in RS7.5 N120, compared with other treatments. Rice and wheat
yields differ significantly among years and treatments (Table 2).
Results revealed that rice straw yield did not differ significantly
among years, but wheat straw yield was statistically significant
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TABLE 1 | Effect of fertilizer-N application and rice straw (RS) incorporation on grain and straw yield and harvest index (HI) of rice and wheat in a sandy loam soil under

rice-wheat cropping system (data pooled for 4 years) in north-western India.

Treatment Grain yield (Mg ha−1) Straw yield (Mg ha−1) Harvest Index (HI)¶

Rice Wheat Rice Wheat Rice Wheat

CK (RS0N0) 4.87a 2.01a 6.12abc 2.83a 0.443b 0.415a

RS5.0 5.52ab 1.98a 7.17bcd 2.84a 0.435ab 0.411a

RS7.5 5.63ab 2.18a 7.63bcd 3.15a 0.425ab 0.409a

RS10.0 5.58ab 1.93a 7.09ab 3.07a 0.441b 0.386a

RS0N90 5.55ab 4.80b 7.03bab 6.58b 0.441b 0.422a

RS5.0N90 5.92b 4.58b 8.29bcd 6.94b 0.416ab 0.397a

RS7.5N90 6.04b 4.89b 8.64cd 7.38b 0.411ab 0.399a

RS10.0N90 5.86b 4.72b 8.51bcd 7.28b 0.408a 0.393a

RS0N120 5.69b 5.52b 7.72bcd 7.22b 0.424ab 0.433a

RS5.0N120 6.20b 5.76b 8.64cd 7.82b 0.418ab 0.424a

RS7.5N120 6.41b 5.75b 8.86d 8.26b 0.420ab 0.410a

RS10.0N120 6.07b 5.45b 8.46bcd 8.07b 0.418ab 0.403a

RS0N150 5.58b 5.36b 7.47abcd 7.16b 0.428ab 0.428a

RS5.0N150 6.09b 5.43b 8.38bcd 7.92b 0.421ab 0.407a

RS7.5N150 6.28b 5.54b 8.76d 8.08b 0.418ab 0.407a

RS10.0N150 6.08b 5.39b 8.52bcd 8.00b 0.417ab 0.402a

Values within a column, followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).
¶Harvest index (HI).

TABLE 2 | Results of two-way analysis of variance (ANOVA) on the effects of years (Y), treatments (T), replications (R), and their interaction effect on rice and wheat yields

(grain and straw).

Source of variation Sum of squares Degree of

freedom (df)

Mean squares Significance Sum of squares Mean squares Significance

Rice grain yield (Mg ha−1) Wheat grain yield (Mg ha−1)

Y 38.7 3 12.9 ** 147.9 49.3 **

T 35.4 15 2.4 ** 3.0 0.19 *

R 1.6 2 0.54 NS
†

0.21 0.10 *

Y x T 12.3 45 0.27 * 243.1 5.4 **

Y x R 6.2 6 0.69 NS 1.0 0.17 NS

R x T 8.4 30 0.19 * 3.1 0.1 *

Y x R x T 19.0 90 0.14 NS 29.4 0.33 NS

Rice straw yield (Mg ha−1) Wheat straw yield (Mg ha−1)

Y 92.4 3 30.8 NS 501.3 167.1 **

T 153.1 15 10.2 * 15.4 1.02 **

R 0.81 2 0.27 * 4.51 0.15 **

Y x T 64.8 45 2.9 ** 500.2 11.6 **

Y x R 26.0 6 0.85 * 2.4 0.40 NS

R x T 38.2 30 0.47 NS 4.5 0.64 NS

Y x R x T 63.9 90 0.42 NS 0.57 0.64 NS

*Refers to significance at p < 0.05.

**Refers to significance at p < 0.01.
†
NS, not significant.

among years. The interaction effect of years and treatments was
significant on straw yields of rice and wheat.

The HI of rice was significantly lower in RS10.0N90, compared
with other treatments (Table 1). However, HI of wheat

did not differ significantly among treatments. The SYI for
wheat was significantly lower for alone RS incorporation
treatments (viz. RS5.0, RS7.5, and RS10.0), compared with
other treatments (Figure 1). These results revealed that
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FIGURE 1 | Sustainable yield index (SYI) of rice and wheat grown under rice-wheat cropping system in north-western India. Line bars indicate standard error from

mean. Values for a crop followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).

TABLE 3 | Mean annual carbon input (Mg C ha−1) through roots, stubble and rhizodeposition, and addition of rice straw in soil plow (0–15 cm) depth under rice-wheat

cropping system in north-western India.

Treatment Straw C Root C Stubble C Rhizodeposition C Total C input (Mg C

ha−1 yr−1)

CK (RS0N0) 0.00 0.87a 0.71a 1.76a 3.34a

RS5.0 2.00 0.97a 0.75a 1.94a 5.67b

RS7.5 3.00 1.03ab 0.79ab 2.06a 6.88c

RS10.0 4.00 0.98a 0.80ab 1.96a 7.74cd

RS0N90 0.00 1.22bc 1.04bc 2.66b 4.92b

RS5.0N90 2.00 1.33cd 1.12c 2.86b 7.30e

RS7.5N90 3.00 1.39cd 1.18c 2.99b 8.56de

RS10.0N90 4.00 1.36cd 1.15c 2.93b 9.44ef

RS0N120 0.00 1.33cd 1.14c 2.90b 5.36b

RS5.0N120 2.00 1.45cd 1.22cd 3.15b 7.83cd

RS7.5N120 3.00 1.49d 1.28d 3.25b 9.02ef

RS10.0N120 4.00 1.43cd 1.21cd 3.11b 9.75f

RS0N150 0.00 1.30cd 1.09bc 2.84b 5.23b

RS5.0N150 2.00 1.42cd 1.23cd 3.09b 7.73cd

RS7.5N150 3.00 1.46cd 1.27d 3.18b 8.91ef

RS10.0N150 4.00 1.43cd 1.24cd 3.11b 9.78f

Values within a column, followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).

increased RS incorporation rates even at higher fertilizer-N
application rates leads to reduced SYI. It also did not differ
significantly among different RS incorporation and fertilizer-
N application rates. The SYI for wheat was significantly

higher for RS0N120, although it was at par with RS5.0N150.

Conversely, SYI for rice was significantly higher for RS7.5N120,
and was statistically non-significant compared with RS7.5N90

and RS10.0N120.
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Carbon Input Into Soil Under Rice-Wheat
Cropping System
In an system annual RWCS, root C input varied between 0.87
and 1.49Mg C ha−1 in the surface (0–15 cm) soil depth (Table 3).
Root C input in soil did not differ significantly with fertilizer-
N application rates (90 and 150 kg N ha−1). The highest root
and stubble biomass C was obtained in RS7.5N120. The total
C input in the surface soil layer under RWCS varied between
3.34 and 9.78Mg C ha−1 yr−1. The total C input increased by
4.4Mg C ha−1 yr−1 (∼2.3-times) in RS10.0, compared with CK.
The C input through root, stubble and rhizodeposition respond
significantly to fertilizer-N application. In RS0N90 treatment,
total C input increased by ∼47.3% as compared to CK. With
further increase in fertilizer-N application rate (RS0N120), total
C input increased by ∼9% than in RS0N90. The fertilizer-N
application at higher rate (RS0N150) did not significantly increase
the total C input, compared with RS0N120.

Total Organic Carbon and Its Labile Pools
The TOC concentration varied between 4.37 and 6.44 g C
kg−1 in the surface (0–7.5 cm) and 3.50 and 5.98 g C kg−1

in the sub-surface (7.5–15 cm) soil layers (Table 4). Alone
fertilizer-N application (RS0N90, RS0N120, and RS0N150) did
not significantly increase the TOC concentration in the surface
soil layer, as compared with CK at both soil layers. Average
across the treatments, TOC in the surface soil layer was
∼18.4% higher, comparedwith sub-surface soil layer. TheWEOC
was the smallest fraction constituted only ∼0.6% of TOC in
both the layers, although the concentration of WEOC was
∼20.4% higher in the surface than the sub-surface soil layer.
The WEOC concentration was significantly lower in CK, and

increased by 14.9 and 14.6mg C kg−1 in the surface and
sub-surface soil layers, respectively in RS10.0N150 treatment.
The HWC constituting 4.9–5.2% of TOC pool was ∼21%
higher in the surface than the sub-surface soil layer. The
concentration of HWC was significantly increased by ∼2/3rd
in RS10.0N150, compared with CK. Fertilizer-N application
and RS incorporation significantly increased MBC, BSR and
mineralization quotients, compared with CK (Table 5). The
highest MBC was observed under RS10.0N150 (408.1 µg g−1

soil), and the lowest under CK (243.9 µg g−1 soil). The BSR
was lowest (0.169 µg g−1 soil h−1) in CK, and was the highest
under RS10.0N120 (0.214µg g−1 soil h−1) treatment. A significant
increase in microbial quotients (qCO2 and qmic) values were
observed under fertilizer-N application and RS incorporation
treatment. The MBC, BSR, microbial quotient were ∼20.3,
30.2, and 56.4% higher in surface, compared with sub-surface
soil layer.

Potassium Permanganate Oxidizable
Carbon and Carbon Rehabilitation
The concentration of KMnO4-C was significantly lower in CK
and was the highest in RS10.0N150 (Table 6). KMnO4-C did not
increase significantly in RS10.0N90 and RS10.0N120 treatments,
but increased significantly with higher fertilizer-N application
rate (RS10.0N150) as compared to RS alone (RS10.0). KMnO4-
C concentration in the surface soil layer was ∼34.9% higher
than in sub-surface soil layer. The KMnO4-C concentration
in the surface and sub-surface soil layers comprised ∼10.1
and 8.9% of TOC, respectively. Our results showed that non-
labile C comprised the major proportion of TOC in soil under
RWCS. The non-labile C pool, was however ∼10% higher in

TABLE 4 | Effect of fertilizer-N application and rice straw (RS) incorporation on total organic carbon (TOC), water extractable organic carbon (WEOC) and hot water

carbon (HWC) in surface (0–7.5 cm) and sub-surface (7.5–15 cm) soil depth under rice-wheat cropping system in north-western India.

Treatment TOC (g kg−1) WEOC (mg kg−1) HWC (mg kg−1) TOC (g kg−1) WEOC (mg kg−1) HWC (mg kg−1)

Surface (0–7.5 cm) soil Sub-surface (7.5–15 cm) soil

CK (RS0N0) 4.37a 24.8a 223.5a 3.50a 19.7a 177.6a

RS5.0 4.69abc 27.0abcd 231.9a 3.59ab 20.4ab 177.4a

RS7.5 4.88abc 27.5bcd 242.7ab 4.05abcd 22.5abc 202.7abc

RS10.0 5.66cde 32.0e 294.6cde 4.56de 24.3bcd 227.8cd

RS0N90 4.56a 25.9abc 225.3a 3.68abc 21.7abc 185.2ab

RS5.0N90 4.65ab 25.5ab 232.1a 3.96abcd 22.3abc 201.5abc

RS7.5N90 5.06abcd 28.1cd 257.3abc 4.05abcd 23.9abcd 214.1abcd

RS10.0N90 5.94de 33.7ef 293.5cde 4.79def 26.1cd 241.0cd

RS0N120 4.69abc 26.7abcd 230.7a 4.37bcd 24.9cd 216.5abcd

RS5.0N120 5.61bcde 31.8fg 278.2bcd 4.42cde 25.2cd 222.2bcd

RS7.5N120 5.94de 33.6ef 292.7cde 4.51de 25.7cd 222.4bcd

RS10.0N120 6.44ef 36.2g 318.9de 5.20efg 28.2de 253.0d

RS0N150 4.97abc 28.5d 249.2abc 4.60de 26.1cd 232.3cd

RS5.0N150 6.26e 35.4e 293.0cde 5.38fgh 30.7ef 245.1cd

RS7.5N150 6.58ef 36.5g 333.3ef 5.75gh 32.7f 290.9e

RS10.0N150 6.37ef 39.7h 373.6f 5.98h 34.3f 297.3e

Values within a column, followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).
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TABLE 5 | Effect of fertilizer-N application and rice straw (RS) incorporation on microbial biomass carbon (MBC), basal soil respiration (BSR), respiratory (qCO2), and

microbial (qmic) quotients of surface (0–7.5 cm) and sub-surface (7.5–15 cm) soil depth under rice-wheat cropping system in north-western India.

Treatment MBC (mg kg−1) BSR (µg g−1 soil

h−1)

qCO2 (µg C-CO2 h−1 x µg

biomass C−1) X 103
qmic

Surface soil (0–7.5 cm)

CK (RS0N0) 243.9a 0.178a 4.34a 0.559cd

RS5.0 253.5ab 0.189b 4.80ab 0.542abc

RS7.5 267.6abc 0.196bc 5.27c 0.550cd

RS10.0 319.2efg 0.205cd 6.55e 0.566cd

RS0N90 246.9a 0.187bc 4.61ab 0.547abc

RS5.0N90 254.3ab 0.196bc 4.99abc 0.552cd

RS7.5N90 282.0abcde 0.208cd 5.84cd 0.560cd

RS10.0N90 288.1bcdef 0.204c 5.88cd 0.491a

RS0N120 247.7a 0.190b 4.71ab 0.531ab

RS5.0N120 304.2cdef 0.196bc 5.97cd 0.543ab

RS7.5N120 310.2defg 0.206c 6.37de 0.524ab

RS10.0N120 347.3gh 0.214d 7.43e 0.539abc

RS0N150 275.3abcd 0.169a 4.67ab 0.558cd

RS5.0N150 321.2fg 0.187bc 6.03cd 0.514ab

RS7.5N150 373.2h 0.196bc 7.32e 0.568cd

RS10.0N150 408.1i 0.200c 8.18f 0.559cd

Sub-surface (7.5–15 cm) soil

CK (RS0N0) 193.6a 0.135a 2.62a 0.554bc

RS5.0 194.9a 0.143b 2.79ab 0.545bc

RS7.5 222.2ab 0.151bc 3.35bc 0.551bc

RS10.0 249.6bcde 0.156bc 3.89cd 0.551bc

RS0N90 202.2a 0.139a 2.81ab 0.552bc

RS5.0N90 220.1ab 0.149b 3.29bc 0.567

RS7.5N90 234.6bc 0.158bc 3.70ab 0.582

RS10.0N90 263.0cde 0.161bc 4.25d 0.552

RS0N120 237.3bcd 0.135a 3.21bc 0.543bc

RS5.0N120 243.6bcd 0.151b 3.68bc 0.551bc

RS7.5N120 243.4bcd 0.165bc 4.02cd 0.541bc

RS10.0N120 277.3e 0.160bc 4.46de 0.536ab

RS0N150 254.3cde 0.130a 3.29bc 0.554bc

RS5.0N150 265.9de 0.149b 3.97bc 0.498a

RS7.5N150 314.7f 0.155bc 4.87e 0.549bc

RS10.0N150 325.1f 0.160bc 5.22f 0.546bc

Values within a column, followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).

the surface, compared with the sub-surface soil layer. The CMI
exhibited significantly higher values of 167 and 172, respectively
for surface and sub-surface soil layers in RS10.0N150 treatment,
as compared with their respective lower RS application rate
treatments (RS7.5N150).

Soil Bulk Density and Carbon Stocks
Soil BD was significantly higher in CK, and was lowest for
RS10.0N150 treatment (Figure 2). The alone RS10.0 application
resulted in a significant decrease in soil BD, as compared

with lower RS application rates. Fertilizer-N application at
90 and 120 kg N ha−1 did not significantly decrease the soil
BD. However, TOC stocks were significantly lower in CK
and were the highest in RS10.0N150 treatment (Figure 3). TOC
stocks increased significantly by 2.3Mg C ha−1 (∼42.4%) in
the surface, and 2.0Mg C ha−1 (∼49.3%) in the sub-surface
soil layer in RS10.0N150 treatment, compared with their CK
treatments. Data pooled for two soil depths revealed that
TOC stocks increased by ∼12.2, 14.4, and 21.8%, respectively
in RS10N90, RS10N120, and RS10N150 treatments as compared
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TABLE 6 | Effect of fertilizer-N application and rice straw (RS) incorporation on potassium permanganate oxidizable carbon (KMnO4-C), non-labile carbon and carbon

management index (CMI) of surface (0–7.5 cm) and sub-surface (7.5–15 cm) soil depth under rice-wheat cropping system in north-western India.

Treatment KMnO4-C (g kg−1) Non labile C (g

kg−1)

CMI KMnO4-C (mg

kg−1)

Non labile C (g

kg−1)

CMI

Surface (0–7.5 cm) soil Sub-surface (7.5–15 cm) soil

CK (RS0N0) 0.43a 3.94a – 0.31a 3.19a –

RS5.0 0.46abc 4.23abc 107ab 0.32ab 3.27ab 103a

RS7.5 0.48abc 4.40abc 112abcd 0.36abcde 3.69abcd 116abc

RS10.0 0.56cde 5.10cde 130d 0.40def 4.15de 131c

RS0N90 0.45a 4.11a 104ab 0.33abc 3.35abc 106ab

RS5.0N90 0.46ab 4.19ab 107abc 0.35abcd 3.61abcd 113ab

RS7.5N90 0.50abcd 4.56abcd 117cd 0.36abcde 3.69abcd 116bcd

RS10.0N90 0.59de 5.35de 136ab 0.43efg 4.36def 137abc

RS0N120 0.46abc 4.23abc 108abcd 0.39bcde 3.98bcd 124abc

RS5.0N120 0.55bcde 5.06bcde 130bcd 0.39cdef 4.02cde 126abc

RS7.5N120 0.59de 5.35de 136d 0.40def 4.11de 129bc

RS10.0N120 0.64ef 5.81ef 149e 0.46fgh 4.74efg 149cde

RS0N150 0.50abcd 4.46abc 117abc 0.41def 4.19de 132abc

RS5.0N150 0.62e 5.64e 144cde 0.48ghi 4.91fgh 154cde

RS7.5N150 0.65ef 5.93ef 152de 0.51hi 5.24gh 165de

RS10.0N150 0.72f 6.59ef 167f 0.53i 5.45h 172e

Values within a column, followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).

FIGURE 2 | Effect of fertilizer-N application and rice straw (RS) incorporation on bulk density (BD, Mg m−3) in the surface (0–7.5 cm) and sub-surface (7.5–15 cm) soil

depth under rice-wheat cropping system in north-western India. Line bars indicate standard error frommean. The values for a soil depth, followed by different letters

are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).
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FIGURE 3 | Effect of fertilizer-N application and rice straw (RS) incorporation TOC stock (Mg m−3 ) in the surface (0–7.5 cm) and sub-surface (7.5–15 cm) soil depth

under rice-wheat cropping system in north-western India. Line bars indicate standard error from mean. The values for a soil depth, followed by different letters are

significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).

FIGURE 4 | Relationship between total annual C input (Mg C ha−1 yr−1) and total organic C (TOC) (Mg C ha−1) in soil plow layer (0–15 cm) after six cycles of

rice-wheat cropping system in north-western India.

with RS0 N90. Average across the treatments, TOC stocks
were ∼27.8% higher in the surface, compared with the
sub-surface soil layer. Figure 4 illustrates the relationship

between total annual C input (through above-and below-ground
biomass) into the soil plow layer (0–15 cm) and TOC after
6 cycles of RWCS. The relationship could best be described
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by Equation 7.

TOC (Mg C ha−1) = 0.298 (C input, Mg C ha−1 yr−1)+3.414,

R2 = 0.729∗, p < 0.05 (7)

Our results revealed that fertilize-N application
at 90 kg N ha−1 maintained higher TOC level in
soil at all RS incorporation rates under rice-wheat
cropping system.

Soil Enzymatic Activity and Microbial
Quotients
Soil enzymatic activity (DHA, FDA and Alk-P) was significantly
lower in CK and highest under RS10.0N150 treatment (Table 7).
DHA activity did not increase significantly in RS10.0N90 and
RS10.0N120 treatments, but increased significantly with increased
fertilizer-N application rate (RS10.0N150), compared with RS10.0.
Average across treatments, DHA in the surface soil layer
was ∼68.4% higher, than the sub-surface soil layer. The
corresponding increase in FDA and Alk-P activity was ∼10.5
and ∼62.4%, respectively. The DHA, FDA, and Alk-P increased
by ∼49.4, 57.8, and 99.9%, ∼45.1, 47.6, and 34.1% and ∼65.2,
71.9, and 27.5%, respectively in RS10N90, RS10N120, and RS10N150

treatments as compared to CK.

Principal Component Analysis
The PCA analysis of 14 variables showed that first 3PCs had the
Eigen value>1.0, and explained 87.8 % of the total variance in the
data-set (seeAppendix-II). The PC1 had 4 high weighted loading

variables viz. KMnO4-C, non-labile-C, WEOC and TOC having
loading values of 0.959, 0.958, 0.951, and 0.944, respectively. The
cumulative variability explained by PC1was 66.8% with eigen
value of 10.7. The PC2 explained ∼12.8% of data-set variance,
and had eigen value of 2.05. The PC2 illustrates the highest
loading value of 0.621 for FDA activity, followed by −0.611 for
qmic and −0.575 for Alk-P activity. The PC3 revealed the highly
weighted variables of BSR, BD and qCO2 with corresponding
loading values of −0.524, −0.204, and −0.192, respectively. The
inter-correlations between highly weighted soil variables among
different PCs (see Appendix-III) reveal that KMnO4-C in PC1,
FDA activity in PC2, and BSR in PC3 with highest correlation
could be chosen for MDS. The percent of total variance estimated
based on weight of each PC ranged between 0.09 and 0.76. The
weighted factor for three distinct MDS followed PC1 (0.76) >

PC2 (0.15) > PC3 (0.09). Figure 5 illustrates the position of
different variables and field treatments in the orthogonal space.
The PC1 clearly separated N120 from N0, and RS10.0 from RS0
treatments in the factorial space. The KMnO4-C, FDA and BSR
were located on the right end of the scoring plot indicating
positive score for PC.

Among the treatments combination, the SQI ranged from
0.831 to 0.844 (Figure 6). The highest SQI value was obtained
in RS10.0N120 (0.844), followed by RS10.0N90 (0.843). The lowest
SQI value was obtained for the CK (0.831), followed by RS0N90

(0.897) suggesting relatively less aggregative effect of field
treatments. The specific contribution of MDS toward SQI (see
Appendix-IV), showed the highest contribution of KMnO4-C,
followed by FDA and the lowest by BSR.

TABLE 7 | Effect of fertilizer-N application and rice straw (RS) incorporation on dehydrogenase activity (DHA), fluorescein diacetate (FDA) and alkaline phosphatise (Alk-P)

in surface (0–7.5 cm) and sub-surface (7.5–15 cm) soil depth under rice-wheat cropping system in north-western India.

Treatment DHA

(g kg−1)

FDA

(mg kg−1)

Alk-P

(mg kg−1)

DHA

(g kg−1)

FDA

(mg kg−1)

Alk-P

(mg kg−1)

Surface (0–7.5 cm) soil Sub-surface (7.5–15 cm) soil

CK (RS0N0) 8.3ab 0.82a 34.2a 7.0de 0.64ab 20.5ab

RS5.0 10.3abcd 0.93abc 38.6abc 7.6de 0.91cde 25.4bcd

RS7.5 9.7abc 0.97abcd 39.6abc 6.5cd 0.94cdef 26.0bcde

RS10.0 9.5abc 0.99abcd 45.7cd 7.2de 0.96def 27.8defg

RS0N90 11.3bcde 0.99abcd 41.2abc 5.1ab 0.77abc 20.3ab

RS5.0N90 10.3abcd 1.09cdef 41.5abc 6.5cd 1.06efg 31.9efg

RS7.5N90 11.2abcde 1.17def 51.2de 9.6f 1.11fgh 30.5defg

RS10.0N90 12.4cde 1.19f 56.5e 8.0de 1.15gh 33.1g

RS0N120 13.7e 1.00bcde 35.1ab 3.9ab 0.93cde 25.7bcde

RS5.0N120 10.8abcde 1.11ef 40.3abc 6.5cd 1.09efgh 27.8defg

RS7.5N120 13.6e 1.18ef 50.7de 8.0de 1.23gh 28.2defg

RS10.0N120 13.1de 1.21f 58.8e 6.9de 1.25h 32.5fg

RS0N150 8.0a 0.86ab 35.4ab 3.7a 0.61a 18.5a

RS5.0N150 11.1abcde 0.94abcd 37.4abc 5.2bc 0.77abc 21.7abc

RS7.5N150 9.9abcd 1.07cdef 40.3abc 6.9de 0.80bcd 26.7cdef

RS10.0N150 16.6f 1.10cdef 43.6bcd 8.2e 0.81bcd 28.3defg

Values within a column, followed by different letters are significantly different at p < 0.05 by Duncan’s multiple range test (DMRT).
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FIGURE 5 | Biplots of Principal Component Analysis (PCA) using variables and field treatments for explaining variability in the data-set using principle components

(PCs) (DHA, Dehydrogenase activity; FDA, Fluorescein diacetate activity; Alk-P, Alkaline phosphatase activity; TOC, Total organic carbon; KMnO4-C, Potassium

permanganate oxidizable carbon; WEOC, Water extractable organic carbon; HWC, Hot water carbon; MBC, Microbial biomass carbon; BSR, Basal soil respiration;

qCO2, Microbial quotient; Qmic, Metaboloic quotient; BD, Bulk density; N, Fertilizer-N and RS, Rice straw.

Relationship Between Different Soil
Organic Carbon Pools and Enzymatic
Activity
A correlation matrix developed among different organic C pools
showed that across different treatments, TOC and different C
pools viz. HWC,WEOC,MBC, and KMnO4-C were significantly
(p < 0.01) related to each other (see Appendix-V). Therefore, an
enrichment and/or depletion in one would shift the equilibrium
and change in the size of other pools. The FDA and DHA showed
a highly significant relationship (r = 0.685∗∗, p < 0.01). DHA
showed a significant relationship with HWC (0.529∗, p < 0.05)
and non-labile C (r= 0.504∗, p < 0.05).

DISCUSSION

Effects of Fertilizer-N Application and
Straw Incorporation on Crop Productivity
Previous studies showed inconsistent effect of RS incorporation
on rice and wheat grain yields, those were attributed to
straw quantity, time and method of straw incorporation, soil
characteristics and the amount of fertilizer-N applied (Singh

et al., 2005; Wang et al., 2010). In rice based cropping system,
non-significant change in grain yield has been reported due to
RS incorporation (Singh et al., 2005). In a long-term fertilizer
experiment, continuous incorporation of residue significantly
increased the rice grain yield by ∼16% (Shang et al., 2011).
In another study, Thomsen and Christensen (2004) reported a
significant increase in wheat grain yield with RS incorporation
over a period of 18 years. Our results showed that RS
incorporation resulted in a significant increase in rice grain
yield by 18.8% and wheat grain yield by ∼3.8%, compared with
no-straw incorporation. It suggests the positive response that
occurred in subsequent years contributing toward a consistent
supply of recycled P and K to the wheat crop in substantial
amounts. Further, RS incorporation improved the soil physical
and biological properties (Singh et al., 2005; Bera et al., 2018;
Saikia et al., 2019). A significant increase in rice grain yield
was observed because the decomposition of RS supplements an
additional N and P to the soil (Yadvinder-Singh, 2014). The
positive effect of RS incorporation on crop grain yield was
attributed to improvement in soil fertility and soil properties
(Huang et al., 2013; Zhang et al., 2015; Zhu et al., 2015). In
contrast, a negative impact on wheat yield has been observed
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FIGURE 6 | Average effect of fertilizer-N application and rice straw (RS) incorporation on soil quality index (SQI) and the individual contribution of key indicators

(KMnO4-C, Potassium permanganate oxidizable carbon; FDA, Fluorescein diacetate activity; and BSR, Basal soil respiration).

due to microbial N immobilization following RS incorporation
(Huang et al., 2013). However, such effects on crop yield were
not observed in this study. It could be ascribed to the fact that
wheat sowing commence after about 3 weeks of RS incorporation,
and therefore escapes the chances of the negative impacts on crop
yield caused by N immobilization.

Effects of Fertilizer-N Application and
Straw Incorporation on SOC Pools
This study revealed that variable rates of fertilizer-N application
and RS incorporation significantly increased C pools viz.
TOC, WEOC, HWC, KMnO4-C, compared with the CK. The
magnitude of this increase varied with the fertilizer-N application
and RS incorporation rates. A significant increase in TOC
concentrations with RS incorporation could be ascribed to shoot
C (4.92–9.75Mg C ha−1 year−1), root C (0.97–1.46Mg C ha−1

yr−1), rhizodeposition (1.94–3.18Mg C ha−1 yr−1) input into
the soil. An increase in TOC concentration due to above-and
below-ground C input has been reported in several other studies
(e.g., Wang et al., 2015b; Singh and Benbi, 2018a). Nonetheless,
increased crop yield under RS incorporation treatments could
enhance soil C inputs due to rhizodeposition and root C (Xu
et al., 2011). Addition of straw together with fertilizer-N resulted
in higher increase in TOC, compared with addition of straw
alone (Kirkby et al., 2013). This is due to the fact that C use
efficiency of soil microbes increased under optimal N condition
with balanced use of other nutrients and mining of labile C pool
by microbes with increased residues C in in-situ straw retained in

the field (Fontaine et al., 2004; Murphy et al., 2015; Poeplau et al.,
2015). It has been observed that crop residue derived C retention
in soil slightly decreased with increased fertilizer-N application
rates (Kirkby et al., 2014), which accelerates C sequestration upon
fertilizer-N application.

Increase in TOC concentrations was higher in the surface
than the sub-surface layer. It might be due to the fact that depth
of rotary tillage or rotavator was confined to top 10–15 cm,
resulting in the accumulation and distribution of straw C in the
surface soil layers. Besides, the root biomass density values of
rice and wheat were significantly higher in the upper 0–15 cm
soil depth, compared with lower soil depth (Singh, 2016). The
C sequestration in the lower layers in soil profile has been related
to higher C rhizodeposition through deep rooting system of crops
such as sorghum andCongo grass (Séguy et al., 2006). Since in the
present study, the tillage depth was confined to the upper 15 cm
soil depth, higher TOC pool was concentrated in the surface soil
layer due to RS incorporation. In addition, in the present study
assured irrigation was ensured, therefore roots tend to proliferate
in the upper soil layers (Singh, 2016). Due to decreased nutrients’
concentration and low microbial activity reduces C turnover and
rooting depth in the lower soil layers (Ingram and Fernandes,
2001).

The labile C pools are sensitive indicators for assessing
management induced changes in TOC pool, because they
respond promptly in short-term dynamics (Benbi et al., 2015;
Singh and Benbi, 2018a). It is widely accepted that RS could
increase the labile C pools in the surface soil (Yan et al.,
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2007; Wang et al., 2015a). Accumulation of rhizodeposition
by root biomass enhances net accumulation of HWC in soil
(Ghani et al., 2003). The higher concentration of HWC than
WEOC in the present study was due to its higher biodegradable
composition (Gregorich et al., 2003). The KMnO4-C, WEOC,
andHWC are considered important C and energy sources for soil
microorganisms (Benbi et al., 2015), and are mainly composed
of un-decomposed plant, animal residue and microbial debris.
Much soluble organic matter, such as starch, protein, and mono-
saccharides are released into the soil during decomposition of
crop straw (Chantigny, 2003), which increased the labile C pool
under the RS incorporation treatments.

Effects of Fertilizer-N Application and
Straw Incorporation on Microbial Quotients
In our study, microbial quotients viz. BSR, qCO2 and qmic
were higher under RS10.0N120, compared with CK. The increased
qCO2 values indicate decreased transformation efficiency due to
low energy of microbial population (Dilly and Munch, 1996).
Increased qCO2 value reflects the nutritional constraint because
C substrates become less degradable (Trumbore, 2000). This
increase in qCO2 values under RS incorporation treatments
showed the change in structure of microbial community
(Grayston et al., 2001), because of bacterial population had
the lower C biomass than the fungi, but had much higher
respiration (Anderson and Domsch, 1975). The higher qCO2

values indicate the younger age of existing microbial community
(Anderson and Domsch, 1990). Crop residue incorporation has
been the essential component with key multi-functional roles
in soil biological properties of soil (Smith et al., 2000; Bhaduri
et al., 2017). Crop residues and rhizodeposition, root and shoot
C are nutrient and energy sources for microbial activity and
thus straw incorporation improves soil physical environment
for microbial growth (Wang et al., 2015b). Therefore, soil MBC
concentration was increased under RS incorporation treatment.
The RS10.0N120 treatment showed the highest improvement in
TOC concentration, which indicated availability of additional
substrate resulted in enhanced organic C accumulation and
microbial C use efficiency (Ye et al., 2014). Increased MBC
due to residue incorporation has been related to the addition
of hydrolysable and decomposable C substrate stimulating
microbial activity in the soil (Kaur et al., 2008). The respiration
quotient has valuable application as a relative measure of how
efficiently the soil microbial biomass utilizes C resources and
the degree of substrate limitation for soil microbes (Dilly and
Munch, 1998). As a result, efficient microbes had lower metabolic
quotient under RS10.0. Thus, RS served as an important C source
for microorganisms especially in low fertility soils. An increase
of microbial C per unit soil C has been due to RS incorporation
(Powlson et al., 1987). The decomposition of plant residues to
the field is therefore, important to maintain and improve soil
fertility and microbial activity. In both the layers, MBC, BSR
and mineralization quotients were lowest in CK, compared with
RS incorporation treatments because of decreased availability of
substrate C across time and poor root exudation, root water
uptake and respiration in no-straw treatments (Li et al., 2012).

Effects of Fertilizer-N Application and
Straw Incorporation on Carbon
Management Index
The CMI is derived from the TOC pool and KMnO4-C, and
is useful index for quantitative evaluation of the capacity of
management systems to promote soil quality (Blair et al., 1995).
The CMI was developed to determine the rates of soil TOC
change in response to management practices (Blair et al., 1995),
and is also a useful criteria to assess soil fertility (Xu et al.,
2011). It compares the changes that occur in TOC and KMnO4-
C in response to varying agricultural management practices
(Singh and Benbi, 2018a). Higher CMI indicates that the soil can
supply more nutrients for crop growth (Wang et al., 2015b). A
management system is considered sustainable, if the value of CMI
is >100. Thus, the higher is the CMI value, the higher is the soil
quality. The CMI was well above this value, and was improved
with RS incorporation indicating C rehabilitation in surface
and sub-surface soil layers. An improvement in CMI values for
the treatments involving integration of RS incorporation and
fertilizer-N could be ascribed to the supplementation of above-
and below-ground biomass C. Higher CMI values for surface
than the sub-surface soil layer, regardless of the differential rate
of fertilizer-N application has been associated to the higher
concentration of TOC and KMnO4-C in 0–7.5 cm soil layer.
An increased CMI values were associated to a significant
modification in labile C pool and the substrate (residues) quality
(Tirol-Padre and Ladha, 2004; Singh and Benbi, 2018a).

Effects of Fertilizer-N Application and
Straw Incorporation on Soil Enzyme
Activity
Crop residue incorporation into soil rapidly stimulates labile C
and MBC for micro-organism turnover and nutrient supply (De
Gryze et al., 2005). Immediately after adding C substrate to soil,
microbial population starts utilizing freshly added organic matter
and tends intensifying SOM decomposition (Na et al., 2014).
Our results showed that RS incorporation (RS10.0) resulted in
increased enzyme activities (DHA, FDA, and Alk-P), which was
linked to the increased C input, root exudates containing C rich
substrate such as organic acids and carbohydrates (Sharma et al.,
2019a,b). It could be ascribed to the fact that immediately after
addition of fresh organic C substrate to soil, microbes came out
of starvation state, became active and start multiplying at much
faster rate (Blagodatskaya et al., 2009).

Soil organic C not only represents a source of enzyme
production but also a substrate for enzyme degradation, and thus
impacts the enzyme activities in soil (Hok et al., 2018). Enzyme
activities of soils are generally correlated with the TOC (Taylor
et al., 2002). After 5 years of crop residue incorporation in soil,
Wei et al. (2015) reported increased phosphatase, urease and
invertase activity in soil, which directly related to SOM content.
Extracellular enzymes are unevenly distributed in the soil and
are sensitive to environmental changes (Nannipieri et al., 2002).
The use of manures and/or crop residues enhances soil microbial
biomass, microbial activity and their diversity (Bera et al., 2017).
Crop residue incorporation increased microbial population and
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MBC and provide energy and conducive environment for
accumulation of soil enzymes (Jiao et al., 2011). Change in
enzyme activities influenced by RS incorporation could be
ascribed to C input and nutrient availability in soil (Saikia
et al., 2019). Due to crop residue retention under no-tillage
system in corn-soybean cropping system, Green et al. (2007)
reported 82% higher β-glucosidase, compared with under disk
plow tillage system.

Principal Component Analysis
In this study, the weights of selected soil properties derived after
dividing the percent variation in each PC to that of percent
cumulative variation for all the selected PCs. The most influential
variables for were KMnO4-C for PC1, FDA for PC2, and BSR
for PC3 based on eigen vector weight value or factor loading.
These three variables could therefore, be considered as potential
indicators of soil quality under RS incorporation and fertilizer-N
application treatments. TheKMnO4-C was the most important
and pragmatic soil quality indicator appeared as important
energy source for microorganisms and promotes biological
activity in the soil. Therefore, it could be used as sensitive
indicator for detecting soil management induced changes in C
cycling (Dhaliwal et al., 2017). Among three variables viz. FDA,
Alk-P, qmic qualified in PC2, FDA has been the indicator of soil’s
overall biological activity which was correlated with microbial
biomass, adenosine triphosphate (ATP) content, and cell density
(Federle et al., 1990). In PC2, BSR was the potential indicator
for soil quality because it has been strongly influenced by
management induced changes and system perturbations (Smith
and Paul, 1990). It provides an indication of soil’s ability to store
and recycle nutrients and energy (Smith and Paul, 1990). It serves
as a sensitive indicator of change and in SOM and equilibrium
(Gregorich et al., 1994).

Relationship Among Different Soil Quality
Attributes
Highly significant linear relationship among TOC, WEOC,
HWC, KMnO4-C and soil enzymes (DHA and FDA) has been
reported in several other studies (Lou et al., 2011; Li et al., 2012;
Yang et al., 2012; Wang et al., 2015a). There are reports that
KMnO4 stimulates rapid oxidation of microbial metabolites and
reflects the soil enzymatic activity for the decomposition of labile
organic C (Loginow et al., 1987; Weil et al., 2003). Evidences
had shown that initial stage degradation products of cellulose
comprised between 11 and 19% of dissolved organic matter
(Steffen et al., 2000), which during the later stages gets assimilated
in microbial biomass that eventually gets transformed to SOM
(Cotrufo et al., 2015). Therefore, the strong relationship between
the labile C pool and soil enzymatic activity was observed in
the present study. The MBC exhibited significantly higher linear
relationship with WEOC, HWC, and KMnO4-C pools. A linear
relationship betweenMBC and HWCwas due to the fact that hot
water also extracts a massive microbial metabolites and related

decomposable products (Landgraf et al., 2006). Other researchers
have suggested that higher sensitivity of C fractions of varying
oxidizability (Chan et al., 2001), WEOC (Bolinder et al., 1999)
and MBC (Tian et al., 2015) were directly related to net primary
production through different soil management practices. Relative
to other pools (KMnO4-C, WEOC, and HWC), MBC had the
lowest sensitivity, because of its more labile nature and smaller
size (Janzen et al., 1992).

CONCLUSIONS

Unlike RS incorporation alone, crop yields were highly
responsive to N application, showing ∼10.8% higher yields in
rice and ∼2.6 times higher yields for wheat compared to the
control. After 6-cycle of RWCS, fertilizer-N application and RS
incorporation significantly increased TOC, its labile C pools
and soil enzymes compared with the CK. Among the labile
pools; KMnO4-C, WEOC, and BRS were the most sensitive
indicators for assessing changes in TOC in the surface soil. The
change in labile C pool in soil was related to change in soil
enzymatic activity. The CMI was suitable for use as a sensitive
indicator for assessing TOC changes in a RWCS. The TOC
exhibited a linear increase with above-and below-ground plant
biomass C. These results indicate that straw incorporation is a
suitable management practice or improving surface soil TOC
sequestration, although its effect on crop yield need to be verified
under long-term evaluation in a RWCS.
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