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A B S T R A C T

Intensive tillage coupled with crop residue burning in rice-wheat (RW) system is a serious issue that causes soil
degradation and environmental pollution. Soil organic carbon (SOC) is one of the main indicators of soil health
and system's sustainability. Zero-tillage has been widely recommended as an alternative for improving carbon
sequestration in soil under different ecologies. But the SOC sequestration is very inconsistent and varied as it
depends on the crop management practices. This study was performed in the western Indo-Gangetic plains (IGP)
of India where RW system contributes 40% to the total country's food grain basket; however there exists issue of
its sustainability because of declining SOC coupled with open field crop residue burning. Therefore, we eval-
uated the effects of different management scenarios (Sc) namely Sc1 (conventional till rice-wheat cropping
system; business as usual), Sc2 (partial climate smart agriculture (CSA)-based rice-wheat-mungbean system), Sc3
(CSA-based rice-wheat-mungbean system), and Sc4 (CSA-based maize-wheat-mungbean system) on SOC pools
and biological properties after 4 crop cycles (year 2009–2013). Soil samples were collected from surface and sub
surface layers (0–15 and 15–30 cm soil depth) after rice harvesting in 2013. Results showed that the SOC stock at
surface layer was higher by 70% with Sc4 than Sc1 (16.2Mg C ha−1) (P < 0.05). All the forms of carbon in
different pools were higher (P < 0.05) with Sc4 and Sc2 over Sc1 at 0–15 and 15–30 cm soil depths, respec-
tively. At surface soil SOC pools were found in order of Sc4 > Sc3 > Sc2 > Sc1 (P < 0.05). Higher lability
index (LI) (2.1) and stratification ratio (SR) (2.5) of organic carbon were observed in CSA-based systems (Sc2
and Sc4). At surface layer (0–15 cm) the CSA- based scenarios (mean of Sc2, Sc3 and Sc4) showed higher
(P < 0.05) enzyme activities viz. dehydrogenase (641 μgTPF g−1 24 h−1) and alkaline phosphatase (158 μg p-
nitrophenol g−1), and microbial biomass carbon (MBC) (787 μg g−1) and microbial biomass nitrogen (MBN)
(98 μg g−1) compared with Sc1. Higher value of the basal soil respiration (34%) was also observed with CSA-
based scenarios (Sc2, Sc3, Sc4). Surface soil layer showed maximum counts of fungi, bacteria and actinomycetes
in Sc4. MBC, fungal population and SOC were the most sensitive biological soil parameters identified through
principal component analysis (PCA) which can be used for soil quality assessment. Therefore, medium term
adoption of climate smart agricultural practices involving zero-tillage, crop establishment, residue management
and crop diversification in rice-wheat system can significantly improve the systems productivity by improving
SOC and soil biological quality.
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1. Introduction

Climate change and food insecurity are the two serious issues to the
mankind in 21st century (Datta et al., 2017). In developing countries,
60% more food and feed will have to be produced by 2050 to satisfy the
expected demands as per current consumption pattern (http://www.
fao.org/3/a-i3325e.pdf) and with expected climate change effects. To
feed this burgeoning world population, significant transformation is
required in present day agriculture practices. Given the adverse impact
of climate change on agriculture, climate smart adaptation mechanisms
need to be strengthened in the present day agriculture. In the Indo-
Gangetic Plains (IGP) of South Asia, rice-wheat (RW) is a major crop
rotation covering ~13.5 million ha in India, Pakistan, Nepal and Ban-
gladesh, providing livelihood to billions of people (Ladha et al., 2000;
Timsina and Connor, 2001). Conventional crop management practices
coupled with crop residue burning with expected climate change cre-
ated alarming situations for soil quality, environmental pollution and
yield stagnations (Timsina and Connor, 2001). This calls for immediate
solution by adopting improved management practices for better soil
health, environment quality, enhancing the adaptive capacity and
productivity through sustainable intensification in western IGP of India.

Recently climate-smart agriculture (CSA) practices based on con-
servation agriculture (CA) principles is becoming popular among the
farmers and because of that Govt. of India is providing more thrust on
CSA adoption to better cope up with extreme weather events. CSA is
based on three interlinked pillars of productivity, adaptation, and mi-
tigation (http://www.fao.org/3/a-i3325e.pdf). CSA-based management
practices like zero tillage (ZT), residue retention, water and nutrient
management, crop diversification, and information and communication
tools (ICTs) support to achieve sustainable intensification in RW system
compared to conventional (business as usual/ farmer's practice) prac-
tices. Rising atmospheric CO2 concentration (above 400 ppm) (Datta
et al., 2015) necessitated considerable interest regarding the sink po-
tential of soil organic carbon (SOC) (Baker et al., 2007). To mitigate the
climate change effects on agriculture, soil has the tremendous potential
by managing soil organic matter through soil carbon storage (Paustian
et al., 2016; Powlson et al., 2016). Minasny et al. (2017) using world
data discussed strategies to sequester atmospheric carbon into soils.
Paradigm shift in the agricultural practices provides one of the in-
expensive solutions proposed to mitigate this increase through carbon
sequestration in soil (Smith et al., 2008). Improved site-specific man-
agement practices like cover crops, crop residue management, and zero-
tillage may be followed in arable soils for carbon sequestration (Smith
et al., 2008; Powlson et al., 2012). There is a general consensus that
returning of crop residues to soil (Powlson et al., 2011a) and growing
catch crops between two main crops regularly (Choudhary et al.,
2018b) helped in increasing SOC stocks. For maintaining or increasing
SOC (West and Post, 2002) and mitigating CO2 emissions (Powlson
et al., 2011b), zero-tillage is recommended instead of conventional
tillage. The widespread adoption of conservation tillage in United
States could sequester 24–40Mt. C year−1 (Lal et al., 2003). Zero-till
direct seeded rice (DSR) and replacement of rice with maize has proved
a suitable alternative to manually transplanted rice as it saves water,
energy and labor (Gathala et al., 2013) and improve soil properties (Jat
et al., 2018; Choudhary et al., 2018a). Integration of the mungbean in
RW system is helpful in increasing the carbon and nitrogen con-
centration in soil and overall soil quality improvement (Singh et al.,
2015).

Hundreds of studies and several meta-analyses were conducted to
quantify the benefit of zero-till on SOC stocks, but still there is con-
troversy (Luo et al., 2010; Dimassi et al., 2014). Many studies in 90s
and early 2000 reported that C sequestration was observed under ZT,
but this conclusion has been challenged later with more rigorous stu-
dies and meta-analyses (Dimassi et al., 2014). West and Post (2002)
conducted the first meta-analysis by examining 67 long-term experi-
ments and reported that conversion of conventional tillage (CT) to ZT

can sequester 0.57 ± 0.14 t C ha−1 yr−1 with maximum sequestration
rates occurring between 5 and 10 years. However, Baker et al. (2007)
reported biased results due to sampling protocol, particularly in-
sufficient depth sampling. Another meta-analysis found that the mean C
sequestration rate for ZT was 4.9 t C ha−1after 13 years of cultivation
(Angers and Eriksen-Hamel, 2008). While a consensus seems to exist on
the potential of no tillage for carbon sequestration and climate change
mitigation, but recent studies indicate that the abandonment of tillage
may yield limited benefits for carbon sequestration (Baker et al., 2007;
Geisseler and Horwath, 2009; Luo et al., 2010; Mchunu et al., 2011;
Dimassi et al., 2014; Powlson et al., 2014). But Powlson et al. (2014)
also argued the beneficial role of ZT in soil quality improvement
through SOC sequestration and adaptation of agriculture to climate
change, though its role in mitigation is widely overstated.

CA is highly debated, with respect to both its effects on crop yields
and its applicability in different farming contexts. In semi-arid
Argentina, Diaz-Zorita et al. (2002) showed that about 1.0Mg ha−1

decrease in SOC at surface soil through erosion resulted 40 kg ha−1

reduction in wheat yield across 134 farmer's fields, confirming the
importance of SOC in maintaining crop productivity. Recently,
Pittelkow et al. (2015) conducted a global meta-analysis using 5463
paired yield observations from 610 studies of 63 countries across 48
crops and observed yield reduction under ZT, though in variable extent
but under certain situations, it can produce equivalent or greater yields
than conventional tillage when combined with residue retention and
crop rotation by minimizing its negative impacts.

SOC pools directly influence the soil biological properties (Blanco-
Canqui et al., 2013) thereby need thorough investigations. Information
on soil properties, especially biological properties, under changing soil
and crop management practices is essential for systems sustainability
(Franzluebbers, 2002; Singh et al., 2014) as microorganisms play an
important role in nutrient availability and improvement in several
other soil health parameters (Smith et al., 1993). Lability index and
recalcitrance indices can serve as an indicator of stable carbon in the
soil (Datta et al., 2017, 2018). Stratification ratio (SR) is a ratio of value
of a soil property in the surface soil to its value in the lower depth and it
can be used to measure management induced changes such as tillage,
residue cover etc. and also normalizes differences generated due to
climatic conditions and soil types. Franzluebbers (2002) had shown
that the soil quality is directly linked to the degree of stratification.

So many studies have been conducted on conservation tillage, fer-
tilization and crop regimes effect on soil aggregation and carbon pools
in soil (Bhattacharyya et al., 2012; Govaerts et al., 2009; Parihar et al.,
2018). Indeed very few studies have looked at the dynamics of SOC into
different pools as well as their relationships with soil biological prop-
erties and system yield under a series of CSA practices involving ZT,
crop rotation, residue cover, water management etc. Information on
effect of CSA practices on lability index, recalcitrance indices and
stratification ratios of SOC are also rare. Studies on the effects of dif-
ferent CSA practices on different indicators of soil biological health is
also very limited. We hypothesize that CSA would improve SOC and
biological properties than conventional practices and it varies as per the
system management practices. Therefore, we evaluated the effect CSA-
based sustainable intensification on SOC pools and soil biological
properties and their interrelationships with system yield after 4 years of
continuous cultivation in cereal-based cropping systems of North-West
Indian IGP.

2. Materials and methods

2.1. Study site characteristics

During 2009–2013, a field experiment was conducted at Indian
Council of Agricultural Research -Central Soil Salinity Research
Institute (29°70′N, 76°95′E), Karnal, Haryana, India with semi-arid and
sub-tropical climate with extreme hot and dry (April–June) to wet

H.S. Jat, et al. Catena 181 (2019) 104059

2

http://www.fao.org/3/a-i3325e.pdf
http://www.fao.org/3/a-i3325e.pdf
http://www.fao.org/3/a-i3325e.pdf


summers (July–September) and cold dry winters (October–March). The
mean maximum temperature was 31.68 °C in the month of June,
whereas minimum temperature was 11.62 °C in coldest month of
January with an average annual rainfall of 670mm. The soil was loam
in texture, low organic carbon (0.45%) with neutral pH. The soil type
was fine-loamy mixed hyperthermic family of Typic Natrustalf (Soil
Survey Division Staff, 1993).

2.2. Treatments and experimental design

In the study, four cereal-based scenarios varied with different
cropping system, tillage, crop establishment methods, and crop residue
management practices were imposed. The experiment was laid out in a
randomized block design and replicated thrice in production-scale plots
(2000m2; 20m×100m). The treatments, termed as scenarios were
designed keeping in view of present as well as future drivers of agri-
cultural changes in the region and their details can be obtained from
earlier publication (Gathala et al., 2013). Briefly, in Scenario 1 (Sc1-
conventional till rice-wheat cropping system, residues removed; busi-
ness-as-usual), both rice (Oryza sativa L.) and wheat (Triticum aestivum
L.) were sown with conventional tillage, manual transplanting of 30-
days-old rice seedlings in puddled soil and wheat by manual broad-
casting. Scenario 2 (Sc2-partial CSA-based rice-wheat-mungbean
system) consisted of transplanting of rice in puddled soil and sub-
sequent wheat and mungbean (Vigna radiata L.) both by drill seeding in
zero-till conditions, residues were incorporated during rice. Under
Scenario 3 (Sc3-full CSA-based rice-wheat-mungbean system), crop
residues were retained on soil surface and crops (rice, wheat and
mungbean) were sown under ZT condition and Scenario 4 (Sc4-CSA-
based maize-wheat-mungbean system), all the three crops (Maize: Zea
mays L., wheat and mungbean) were drill seeded under ZT with residue
retention. In all the scenarios best crop management practices for nu-
trient, water, weed, pests etc. were followed excepting Sc1 (conven-
tional till rice and wheat), where farmer's practices were followed.

2.3. Recycling of crop residues in soil

The amounts of crop residue recycled varied among the scenarios
(Table 1). In Sc1, all the residues were removed from the plots. On the
other hand, in Sc2, Sc3, and Sc4, a total of 47.9, 56.15, and
65.8Mg ha−1 of crop residues, respectively, were added in four years of
study. Residue load varied from 4.1 to 10.6Mg ha−1 in case of rice, 0.7
to 3.6Mg ha−1 in case of wheat and 9.5 to 13.7Mg ha−1 in case of
maize under different scenarios. In Sc2, 2.5 to 4.7 t ha−1 of mungbean
residue was incorporated into soil during puddling operation of rice.
However, in Sc3 and Sc4 all the mungbean residues were retained on
the soil surface.

2.4. Soil sampling and processing

Soil samples were collected from 0 to 15 and 15–30 cm soil depths
using auger with 5 cm internal diameter both at the initiation of

experiment in 2009 and after harvest of rice in October 2013. Each plot
was divided into four 50m×10m grids. Within each grid, sub-samples
were collected from nine locations and then a composite sample of each
depth was prepared. Part of the soil samples were air-dried in shade,
ground to pass through a 2-mm sieve, stored in plastic container for
analysis of selected soil chemical properties. The remaining portion of
the fresh soil samples was kept in refrigerator at 4 °C for analysis of soil
biological parameters. Initial soil properties of the experimental field
can be obtained from Gathala et al. (2013).

2.5. Measurement of soil parameters

Core method was used for measuring soil bulk density (BD) by
collecting triplicate soil cores at 0–15 and 15–30 cm depth (Blake and
Hartge, 1986). The data of soil BD was presented by Jat et al. (2018).
Wet oxidation method of Walkley and Black (1934) was employed to
estimate oxidizable organic carbon content of the soils. Modified
Walkley and Black method was used for estimating the SOC fractions
using 5, 10 and 20mL of concentrated H2SO4 (which corresponded
respectively to 12N, 18N and 24N of H2SO4 (Datta et al., 2015). Very
labile (CVL), labile (CL), less labile (CLL) and non-labile (CNL) pools of
SOC were the fractions. The above fractions are grouped into active
(CAP) [∑(CVL+CL)] and passive (CPP) [∑(CLL+CNL)] pool (Datta et al.,
2015). The total carbon concentration in soil was determined by CHNS
analyzer (Elementer vario El III, Germany). As the inorganic carbon
concentration was negligible, we assume total carbon as total organic
carbon and presented as soil organic carbon (SOC).

SOC stock was calculated by following equation (Datta et al., 2015)
Eq. (1).

= × ×C stock in soil C content Bulk density Depth (1)

where, C stock is in Mg ha−1, C content is g C kg−1, bulk density is
Mgm−3 and depth is in meter.

Lability index (LI) was computed following the Eq. (2) given below
(Datta et al., 2015)

= × ×LI C
C

C
C

C
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where CVL: very labile C; CL: labile C; CLL: less labile C; Csoc: soil organic
C.

The recalcitrant index (RI) (Eqs. (3) and (4)) of SOC was derived
following two ways for assessing different CSA practices effect on soil C
stabilization (Datta et al., 2017):

= +
+

RI C C
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where RI: recalcitrant index; CVL: very labile C; CL: labile C; CLL: less
labile C; CNL: non labile C; Csoc: soil organic C.

Dehydrogenase activity (DHA) was determined from the conversion
of 2,3,5-triphenyl tetrazolium chloride (TTC) to triphenyl formazan

Table 1
Amount of residues added (Mg ha−1) to soil from each crop under different scenarios in four years of study.

Scenarios 2009–10 2010–11 2011–12 2012–13 Total

R/M W MB R/M W MB R/M W MB R/M W MB

Sc1 0 0 F 0 0 F 0 0 F 0 0 F 0
Sc2 4.2 3.5 2.6 4.1 2.6 4.7 7.4 1.6 3.3 10.6 0.7 2.5 47.9
Sc3 9.4 3.6 2.2 10.2 2.8 4.4 7.2 1.6 3.0 5.3 1.8 4.6 56.1
Sc4 10.0 3.5 2.1 13.7 2.6 3.9 9.5 1.6 2.9 10.0 1.4 4.6 65.8

Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-wheat-mungbean system; Sc3 - CSA-based rice-wheat-mungbean system; Sc4 - CSA based maize-
wheat-mungbean system.
R=Rice, M=Maize, W=Wheat, MB=Mungbean, F= Fallow.
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(TPF) over a 24-h period (Dick et al., 1996). Alkaline phosphatase ac-
tivity (APA) was determined as described by Dick et al. (1996) and is
expressed as μg p-nitrophenol formed per gram of oven dry soil. Soil
microbial biomass carbon (MBC) and microbial biomass nitrogen
(MBN) were determined according to the fumigation-extraction method
(Vance et al., 1987; Jenkinson, 1988). The values of KC and KN were
0.38 and 0.45, respectively. Stratification ratio (SR) was calculated by
dividing the values measured in the 0–15 cm soil depth by the values
for the 15–30 cm depth (Franzluebbers, 2002; Geisseler and Horwath,
2009). Mineralizable carbon of 0–15 cm soil depth from different sce-
narios was estimated by CO2eC evolution method. The amount of CO2

evolved during the 23-day incubation period was absorbed in 10mL of
0.5 N NaOH solutions. Evolved CO2 was calculated by titrating the al-
kali in the traps with 0.5N HCl using phenolphthalein indicator
(Anderson, 1982). Basal soil respiration (BSR), an estimate of potential
microbial activity, was calculated as the linear rate of respiration
during 10 to 23 days of incubation and expressed as μg CO2eC per g of
oven dry soil per day (Franzluebbers and Arshad, 1996). Respiratory
quotient or metabolic quotient (qCO2) was measured as the ratio of
mineralizable carbon (Cmin) to MBC and expressed as μg CO2 evolved
per day per μg MBC (Vance et al., 1987). The microbial quotient (MQ)
was calculated as the MBC as a proportion of SOC.

The total bacterial count was determined on nutrient agar media
(NA) after 3 days incubation at 32 °C (Zuberer, 1994). Streptomycin
(30 μg/mL) supplemented rose bengal agar (RBA) media was used for
fungal count and plates were incubated at 30 °C for 5 days (Martin,
1950). Actinomycetes count was done on nalidixic acid (50 μgmL−1)
supplemented actinomycetes isolation agar (AIA) after 7 days incuba-
tion at 28 °C (HiMedia Manual, 2009). All the plates were replicated
thrice and results were expressed as colony forming units (CFU) g−1 dry
soil.

2.6. System productivity (rice equivalent yield)

The crops were harvested manually from 4×4m2 randomly se-
lected 4 quadrates from each plot and the grain yield was recorded. To
express the overall impact of scenarios, system productivity was cal-
culated on rice equivalent yield (REY) basis for wheat and mungbean
grain yield. Grain yield of crops was recorded at 14% moisture basis.
System productivity (Mg ha−1) was computed using below equation.

=

×
Rice equivalent yield (REY)

{wheat/maize/mungbean yield (Mg/ha) MSP of wheat
/maize/mungbean (INR Mg/ha)}

MSP of rice (INR Mg/ha)

where, MSP is the Minimum Support Price; INR is the Indian Rupee.

2.7. Statistical analysis

The data were subjected to analysis of variance (ANOVA) and using
the general linear model (GLM) procedure of the SPSS window version
17.0 (SPSS Inc., Chicago, USA). Principal component analysis (PCA)
was performed following the same statistical package mentioned above.
Treatment means were separated by Duncan Multiple Range Test at 5%
level of significance (P < 0.05).

3. Results and discussion

3.1. Soil organic carbon and its pools

The major effect produced by the CSA-based scenarios was higher
accumulation of SOC in the surface soil compared to conventional
system or business-as-usual (Sc1) (Fig. 1). Results showed that the SOC
was increased by 69.7%, 40.7% and 9.0% under CSA-based scenarios;
Sc4, Sc3 and Sc2, respectively compared to Sc1 (16.2Mg C ha−1) at

0–15 cm soil depth (Fig. 1). In surface soil layer, active and passive pool
carbon (18.6 and 10.2Mg C ha−1) was higher by 90% and 59%, with
Sc4 compared to Sc1 (9.8Mg C ha−1 and 6.4Mg C ha−1), respectively
after four years of continuous CSA. Sc4 (12.4Mg C ha−1) and Sc3
(10.6Mg C ha−1) recorded highest very labile C (CVL) which was about
82% and 56% higher compared with Sc1 (6.8Mg C ha−1). Sc4 con-
served significantly higher CL (110%), CLL (39%) and CNL (71%) at
surface soil layer compared with Sc1 (Fig. 1). Highest active pool (CAP)
(72%) and passive pool (CPP) carbon (47%) as per cent of SOC were
recorded with Sc3 and Sc2, respectively at 0–15 cm soil depth (Fig. 3a).
Sc3 showed higher CVL (45–47%) and CL (23–25%) carbon content as
per cent of SOC compared to other scenarios. Highest CLL (18%) and
CNL (29%) carbon were associated with Sc2 at 0–15 cm soil depth
(Fig. 3b). At 15–30 cm depth, SOC concentration was about 8% higher
in Sc2 (12.5Mg C ha−1) where crop residues were incorporated into the
soil during puddling operation compared with Sc3 and Sc4 where re-
sidues were retained on soil surface. Sc2 also showed highest CAP

(8.6Mg C ha−1), CPP (3.9 Mg C ha−1) and CVL (7.6Mg C ha−1) than the
other scenarios at 15–30 cm soil depth (Fig. 2).

The increase in organic carbon content in surface soil under CSA is
in accordance with other studies (Murillo et al., 2004; Lopez-Fando and
Pardo, 2009; Malecka et al., 2012). In semi-arid Spain, Lopez-Fando
and Pardo (2009) observed 2.0Mg ha−1 SOC increase in grey pea-
barley cropping system at 0–5 cm soil depth after 5 years of no tillage.
The highest SOC concentration (10.2 g kg−1) at 0–5 cm soil depth was
reported by Malecka et al. (2012) after 7 years of no tillage in Poland.
Luo et al. (2010) reported that conversion from CT to ZT facilitated
redistribution of C in the soil profile significantly, but did not increase
the total SOC stock (Baker et al., 2007; Luo et al., 2010). After adopting
ZT, soil C increased by 3.15 ± 2.42 t ha−1 in the surface (10 cm) soil
but declined at lower depth (Luo et al., 2010). Luo et al. (2010) also
reported the significant increment in soil C by 11% in the 0–60 cm soil
with higher crop frequency. In another global meta-analysis, Govaerts
et al. (2009) showed the higher SOC stock in> 50% of the cases under
CA with ZT and residue retention than in conventional, but not in 40%
cases where lower SOC was observed. Another meta-analysis of ex-
periments in Mediterranean climate, small increases in SOC stock of
about 0.3–0.4Mg C ha−1 yr−1 was reported under zero-till agriculture
(Agulilera et al., 2013). Dimassi et al. (2014) found no increase in SOC
stock under ZT after 41 years in France. Mchunu et al. (2011) showed
for instance that the abandonment of tillage only enhanced soil C stocks
in the first 2 cm of the soil while no difference was observed from soil
surface to 1.0m, confirming the theory of Backer (Baker et al., 2007) of
carbon redistribution instead of sequestration. But we observed sig-
nificantly higher SOC stock in CSA-based scenarios such as Sc4 and Sc3
(on average > 55% than conventional) and about 9% in partial CSA
(Sc2). In Sc4 and Sc3, total of 66 and 56 tons of residues from maize/
rice, wheat and mungbean (Table 1) were recycled during four years
which probably helped to increase the SOC as well as other pools in
surface soils. Higher quantity of residue additions and their slow de-
composition due to less soil disturbance are the main reasons of higher
SOC contents in the surface layer under Sc3 and Sc4 (Dikgwatlhe et al.,
2014; Saha et al., 2008; Jat et al., 2019). Incorporation of crop residues
by tillage in Sc2 may have resulted higher amount of SOC compared
with other scenarios at 15–30 cm soil depth. Higher passive pool as well
as CNL in Sc4 might be due to the composition of the maize residues
resulting in biochemical recalcitrance in soil which is also manifested in
longer time required to get decomposed in soil. Higher population of
bacteria and fungi in CSA-based systems (Table 6) facilitated the con-
version of crop residue carbon to SOC, leading to higher SOC in those
systems as evidenced by Choudhary et al. (2018a, 2018b) in CA-based
maize-wheat system after 3 years of continuous cultivation in NW India.
Maize roots release gel like exudates in soil (Naveed et al., 2017)
creating a more stable soil structure around the roots thereby ex-
plaining the higher non-labile and passive pool carbon in maize based
system (Sc4).
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3.2. Lability index, recalcitrance indices (RIs) and stratification ratio (SR)

The highest lability index (LI) was observed in Sc3 (2.19) followed
by Sc4 (2.05) which was significantly higher (P < 0.05) than Sc2 and
Sc1 at 0–15 cm soil depth (Table 2). At the lower soil depth (15–30 cm),
LI was similar in all the scenarios. Higher LI in Sc3 and Sc4 over Sc2 and
Sc1 might be due to the presence of easily decomposable crop residues
retained on the soil surface (Table 1) which is also manifested in higher
AP and CVL in those scenarios. At lower soil depth, decline in LI may be
due to the non-availability of easily decomposable C (Datta et al., 2017)
and higher BD (Jat et al., 2018). With depth lower LI was also observed
by Datta et al. (2017) in rice-wheat cropping systems of North West
India. Integrated application of NPK+ FYM showed the highest LI
(1.64) followed by NPK (1.6) and control (1.5) at 0–15 cm soil depth

(Datta et al., 2017). Recently Datta et al. (2018) also reported highest LI
(1.22) under NPK+FYM treatment of sorghum-wheat cropping system
at surface soil of Vertisols of semi-arid India and significantly decreased
at lower depths irrespective of treatments.

The recalcitrance index 1 (RI1) was in the order of
Sc3 > Sc4 > Sc1 > Sc2 at 0–15 cm soil depth (Table 2). However, at
15–30 cm soil depth, highest RI1 was associated with Sc1 (3.07) which
suggested more stability of SOC than other scenarios. Recalcitrance
index 2 (RI2) did not show any significant variation among the sce-
narios in both the soil depths (Table 2). At lower depth of Sc1, higher
RI1 might be due to puddling of soil with stubbles resulting in stable
complex formation between silt and clay with organic carbon
(Choudhury et al., 2014). Lower system yield and crop residue removal
in Sc1 (Table 7) might be the reasons for higher RI1 due to less
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availability of soil organic carbon for microbial decomposition
(Choudhury et al., 2018). In subsurface soil layer, higher amount of
organic C allocated to passive pools than active ones explained the
increased values of RI1. Higher C in passive pools at lower layers might
be due to the intercalation of organic carbon in clay lattices while
moving downward through soil profile (Kennedy et al., 2014; Datta
et al., 2017).

The highest SR for SOC was observed in Sc4 (2.7) followed by Sc3
(2.2) thereby indicating improved soil quality with full CSA-based
system compared to soils under partial CSA and CT based system (Sc2
and Sc1) (Table 3). Geisseler and Horwath (2009) observed SR for total
soil C of 1.49 and 1.31 in the conservation and standard tilled soil,
respectively. Significant variation in SR for DHA was not observed
among the scenarios but much fluctuations were found for APA, MBC
and MBN among the scenarios (Table 4). This might be attributed to
variation in SOC content at surface soil layer among the scenarios under
different quantities of residue addition (Geisseler and Horwath, 2009).
Addition of huge quantities of the crop residues (> 14Mg ha−1 yr−1) in
CSA-based systems (Table 1) improved soil physical (Gathala et al.,
2011), chemical (Jat et al., 2018) and biological (Choudhary et al.,
2018a, 2018b) properties and subsequently overall soil quality under
Sc3 and Sc4 which resulted variation in SRs.

3.3. Soil enzymes, microbial biomass C and N

Dehydrogenase activity (DHA) of the soils ranged from 467 to
843 μg TPF g−1 soil 24 h−1 at 0–15 cm depth (Table 4). The highest
value was associated with Sc2, whereas the lowest was with Sc1. A
similar trend was observed at 15–30 cm depth. Incorporation of organic
residues particularly of rice and mungbean in Sc2 increased DHA ac-
tivity significantly over the other scenarios. Although SOC concentra-
tion in surface soil layer was higher in Sc3 and Sc4 compared with Sc2.
The increased DHA in Sc2 might be due to more availability of labile
carbon and nitrogen to the microbes compared with other scenarios
because of residue incorporation during puddling. Giacomini et al.
(2007) observed faster decomposition of crop residues when in-
corporated into the soil than surface placement leading to greater
carbon and nitrogen mineralization. Presence of mungbean residue
further facilitated the conversion of crop residue carbon to soil organic
carbon (Singh et al., 2015). Saha et al. (2008) and Nannipieri et al.
(1990) reported significantly higher DHA with organics than NPK fer-
tilizer. Gracia et al. (1994) showed a strong positive relationship be-
tween soil organic matter concentration and enzyme activities. The
APA in 0–15 cm soil depth was significantly higher (181 μg p-
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Table 2
Lability index (LI) and recalcitrance indices (RIs) of soil organic carbon under
different treatments.

Scenarios/soil depth (cm) LI RI1 RI2

0–15 15–30 0–15 15–30 0–15 15–30

Sc1 1.79b⁎ 1.76a 1.54c 3.07a 0.25a 0.11a

Sc2 1.66b 1.76a 1.19d 2.23b 0.29a 0.14a

Sc3 2.19a 1.89a 2.53a 2.36b 0.21a 0.13a

Sc4 2.05a 1.83a 1.83b 2.30b 0.26a 0.14a

Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-wheat-
mungbean system; Sc3 - CSA-based rice-wheat-mungbean system; Sc4 - CSA
based maize-wheat-mungbean system.

⁎ Different lower case letters within the same column show the significant
difference at P= 0.05 according to Duncan Multiple Range Test for separation
of mean.

Table 3
Stratification ratios for SOC, DHA, APA, MBC and MBN under different sce-
narios.

Scenarios SOC DHA APA MBC MBN

Sc1 1.6b,⁎ 2.31b 1.30ab 1.14b 3.46ab

Sc2 1.4b 2.72a 1.51a 1.91a 3.15b

Sc3 2.2ab 2.53ab 1.01b 1.53a 3.0b

Sc4 2.7a 2.36b 1.08b 1.64a 3.74a

SOC: soil organic carbon; DHA: dehydrogenase activity; APA: alkaline phos-
phatase activity; MBC: microbial biomass carbon; MBN: microbial biomass ni-
trogen.
Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-wheat-
mungbean system; Sc3 - CSA-based rice-wheat-mungbean system; Sc4 - CSA
based maize-wheat-mungbean system.

⁎ Different lower case letters within the same column show the significant
difference at P=0.05 according to Duncan Multiple Range Test for separation
of mean.
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nitrophenol g−1soil h−1) in Sc2 compared with all the others (Table 3).
It was significantly lower in Sc1 compared with Sc3 and Sc4 which had
similar APA. At 15–30 cm depth, values of APA were significantly
higher in Sc3, Sc4 and Sc2 compared with Sc1. Overall 37% and 25%
increase in DHA and APA, respectively was observed in CSA based
scenarios (Sc2, Sc3 and Sc4) at surface soil depth than Sc1. Choudhary
et al. (2018b) also found 140% and 42% increase in DHA and APA,
respectively in CA-based rice-wheat system compared to conventional
rice-wheat system.

Like enzyme activities, soil MBC (1054 μg g−1 and 551 μg g−1) and
MBN (145 μg g−1and 46 μg g−1) were significantly (P < 0.05) higher
in Sc2 compared with others (Table 3) at both the soil depths, respec-
tively. The MBC and MBN were also significantly higher in CSA-based
Sc3 and Sc4 compared with Sc1 at both the soil depths. Results from our
study showed that the scenarios with crop residues retention and ZT
enhanced the MBN and MBC in soil. Consistent with our study,
Choudhary et al. (2018b) reported increase in MBC by 29% and 56%,
whereas, in MBN by 27% and 84%, respectively in ZT and residue re-
cycling compared to conventional and residue removal scenarios. The
residues in ZT scenario decompose slowly and thus, organic matter
gradually accumulates on soil surface. The microbial biomass depends
on soil organic matter as it serves as a good source of energy. Higher
levels of SOC, MBC and MBN were directly related to surface accu-
mulation of crop residues promoted by conservation tillage (Dolan
et al., 2006), residue quality (Hema et al., 1999), continuous cropping
(Sainju et al., 2008) and greater C input via crop roots (Franzluebbers
et al., 1995).

3.4. Mineralizable carbon

The cumulative C mineralization in soil (0–15 cm depth) over
23 days under different scenarios varied from 61.4 to 91.5 μg C g−1 soil

(Table 5). The amount of mineralizable C was highest in Sc2
(91.5 μg C g−1) followed by Sc4, Sc3, and minimum under Sc1
(61.4 μg C g−1) at 0–15 cm soil depth. As expected, mineralization rate
was highest during initial 3 days of incubation and decreased gradually
with the progress of incubation time (Fig. 4). The higher rate of CO2

production in the first few days after incubation was due to the faster
rate of decomposition of labile carbon and increased agitation of mi-
crobes at the time of sampling, which resulted in greater availability of
metabolically accessible compounds initially (Saggar et al., 2001).
Datta et al. (2019) also observed the faster rate of C mineralization
upon addition of crop residues irrespective of their placements during
initial days of the experiment. The differences in basal soil respiration
(BSR) among the scenarios were relatively lower however, it was sig-
nificantly higher under Sc2 and Sc4 due to higher organic C and fa-
vorable soil conditions for microbial activities compared with Sc1 and
Sc3 (Table 5). Variation in the respiration rate under different scenarios
was possibly associated with amount and quality (lignin, cellulose and
polyphenol content) of crop residues retained in the field (Majumder
et al., 2008). The microbial quotient (MQ) ranged from 0.06 to 0.13
among the scenarios with significantly higher values for Sc2 compared
with the other scenarios (Table 5). The higher value of MQ indicates a
greater stability of organic C in soils. The highest value of MQ with Sc2
suggests that a higher amount of C was stabilized in this scenario
(Sparling, 1992). The respiratory quotient (qCO2), ratio of microbial
respiration to MBC, followed the opposite trend as for BSR (Table 5).
Higher qCO2 suggests a stress response with loss of more carbon
(Anderson and Domsch, 1990). The lower values of qCO2 in Sc2 and Sc3
suggest efficient use of available C by the microbes in soils (Majumder
et al., 2008).

Table 4
Effect of different CSA-based scenarios on dehydrogenase activity (DHA), alkaline phosphatase activity (APA), microbial biomass carbon and microbial biomass
nitrogen in two soil layers after rice 2013.

Scenarios Dehydrogenase activity
(μg TPF g−1 24 h−1)

Alkaline phosphatase activity (μg p-nitrophenol g−1 h−1) Microbial biomass carbon
(μg g−1)

Microbial biomass nitrogen (μg g−1)

Soil layer (cm)

0–15 15–30 0–15 15–30 0–15 15–30 0–15 15–30

Sc1 467c,⁎ 202.0c 127c 98c 441c 387c 45c 13c

Sc2 843a 309.6a 181a 120b 1054a 551a 145a 46a

Sc3 539b 212.8bc 146b 144a 626b 409bc 63b 21b

Sc4 540b 228.4b 148b 137a 681b 416b 86b 23b

Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-wheat-mungbean system; Sc3 - CSA-based rice-wheat-mungbean system; Sc4 - CSA based maize-
wheat-mungbean system.

⁎ Different lower case letters within the same column show the significant difference at P= 0.05 according to Duncan Multiple Range Test for separation of mean.

Table 5
Mineralizable C, microbial quotient (MQ), basal soil respiration (BSR) and respiratory quotient (qCO2) in surface layer (0–15 cm) under different scenarios after rice
2013.

Scenarios Mineralizable C (μg C g−1) MQ×100 BSR qCO2

0–3d 0–6d 0–13d 0–23d (μg Cmic μg−1 TOC×100) μg CO2 d−1 (μg CO2-C μg−1 Cmic d−1)

Sc1 42.6b⁎ 50.7c 54.1d 61.4d 0.07b 0.73b 0.0061a
Sc2 55.5a 71.8a 81.4a 91.5a 0.13a 1.01a 0.0038c
Sc3 39.9b 58.7b 62.5c 70.7c 0.06b 0.83b 0.0049a
Sc4 57.7a 69.8a 72.7b 83.6b 0.06b 1.10a 0.0053a

Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-wheat-mungbean system; Sc3 - CSA-based rice-wheat-mungbean system; Sc4 - CSA based maize-
wheat-mungbean system.

⁎ Different lower case letters within the same column show the significant difference at P= 0.05 according to Duncan Multiple Range Test for separation of mean.
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3.5. Microbial population

Microbial population was significantly affected by different soil and
crop management scenarios (Table 6). The microbial population at
0–15 cm soil depth was highest in Sc4 followed by Sc2. The population
of fungal, bacterial and actinomycetes was 58–92%, 13–48% and
15–91% higher under Sc4 than others, respectively. Microbial counts
were higher at the surface (0–15 cm) and decreased markedly at the
lower depth (15–30 cm) in all the scenarios (Table 6). Bacterial counts
were however, not affected by different scenarios at the lower depth,
however higher actinomycetes counts were recorded with Sc3 and Sc4
(Table 6). CA-based management influenced the microbial counts at the
upper soil depth possibly through influencing organic C, water and
nutrient supply, and aeration (Alam et al., 2014; Munoz et al., 2007).
The lowest microbial count in Sc1was in accordance with Choudhary
et al. (2018a) who reported an increase of 29%, 71% and 100%, re-
spectively of bacteria, fungi and actinomycetes under CA-based maize-
wheat system compared to conventional rice-wheat system.

3.6. Systems productivity and relationship with the soil biological properties

The highest systems productivity (rice equivalent yield basis) was
recorded with Sc2 and Sc4 (Table 7). On average (4 yrs' mean), 20%
and 16% higher system productivity was recorded with Sc2 and Sc4,
respectively compared with Sc1 (12.39Mg ha−1). Sc3 registered 11%
yield improvement over Sc1. The results of this 4 year study clearly
showed differential benefits of CSA-based management practices in
both rice and maize based systems. Tillage and cropping systems, crop
residue management, soil type and climate, control the magnitude at
which SOC affects crop yields (Blanco-Canqui et al., 2013). Blanco-
Canqui et al. (2012) found that about 0.1% increase in SOC con-
centration enhanced sorghum yield by 0.36Mg ha−1 and wheat yield
by 0.04Mg ha−1 at 0 kg N ha−1. Direct relation between SOM stocks
and crop productivity was observed by Oldfield et al. (2018) though
variable for soils and amendments. In a global meta-analysis, Pittelkow
et al. (2015) compared ZT with CT practices and found yield reduction
in ZT, though it was in variable extent. But ZT when combined with the
residue retention and crop rotation can produce equivalent or greater
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Table 6
Effect of different CSA-based scenarios on total population of fungi, bacteria and actinomycetes in soil after rice 2013.

Scenarios Fungi (c.f.u× 103 g−1 soil) Bacteria (c.f.u× 105 g−1 soil) Actinomycetes (c.f.u×105 g−1 soil)

0–15 15–30 0–15 15–30 0–15 15–30

Sc1 6.1c,⁎ 4.3ab 11.4c 5.5a 4.4b 2.1b

Sc2 7.4b 7.0a 14.9b 6.3a 7.3a 1.7b

Sc3 6.2c 2.6b 12.3c 5.8a 7.2a 2.9a

Sc4 11.7a 5.5a 16.9a 6.9a 8.4a 2.6a

Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-wheat-mungbean system; Sc3 - CSA-based rice-wheat-mungbean system; Sc4 - CSA based maize-
wheat-mungbean system.

⁎ Different lower case letters within the same column show the significant difference at P= 0.05 according to Duncan Multiple Range Test for separation of mean.
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yields than conventional tillage, by minimizing its negative impacts.
Moreover, ZT in combination with crop rotation and residue retention
significantly increased rainfed crop productivity in dry semiarid/arid
climates. Higher system productivity in CSA-based scenarios might be
due to integration of mungbean (Gathala et al., 2013), less terminal
heat effects on wheat crop (Gathala et al., 2013; Sharma et al., 2015),
higher carbon mineralization (Datta et al., 2019) with better nutrient
availability (Jat et al., 2018) and improved soil biological properties
(Choudhary et al., 2018a, 2018b).

Pearson's correlation coefficient values among different soil biolo-
gical properties are presented in Table 8. SOC was weakly correlated
with other soil biological properties. CVL (r =0.99, P < 0.01) and CL

(r =0.98, P < 0.05) were positively correlated with CAP. The CNL and
CPP were also positively correlated (r=0.95, P < 0.05) with each
other. Datta et al. (2015) also observed similar correlations among the
carbon pools under different land uses in semiarid NW India. MBC
(r= 0.98, P < 0.05 and 0.99, P < 0.01) and MBN (r=0.87 and 0.96,
P < 0.01) were positively correlated with DHA and APA, respectively.
Mineralizable carbon was positively correlated with DHA (r=0.83,
P < 0.05), APA (r =0.91, P < 0.05), MBC (r=0.92, P < 0.05),
MBN (r =0.96, P < 0.05), bacteria (r= 0.83, P < 0.05) and actino-
mycetes (r=0.77, P < 0.05) population. MQ also followed similar
trend as MinC except with the microbial population which did not show
any relation with MQ. Significant positive correlation (r=0.64,
P < 0.05) was observed between MQ and mineralizable carbon. The
basal soil respiration was positively correlated with almost all the
biological soil properties except soil enzymes and organic carbon. Sig-
nificant negative correlation was observed between respiratory quo-
tient and biological soil properties except microbial population. MBC
(r =89, P < 0.05), MBN (r=98, P < 0.05), mineralizable C (r =97,
P < 0.05) and microbial population particularly bacteria (r=0.80,
P < 0.05) and actinomycetes (r =0.88, P < 0.05) population and
basal soil respiration (r= 0.88, P < 0.05) were positively correlated
with system yield (Table 8). Increase in microbial population might
have facilitated the decomposition of the crop residues and subsequent
mineralization of nutrients which become available to plants (Jat et al.,
2018) and manifested in higher crop yields. Higher microbial decom-
position led to the conversion of crop residue C to SOC thereby en-
hancing the MBC, MBN and mineralizable C which supplies nutrients to
plants resulting in higher system yield. Oldfield et al. (2018) also ob-
served the direct role of SOM in increased crop productivity. Crop ro-
tation has positive effect on microorganism's population (Zhou et al.,
2014). Cropping systems significantly affect abundance, diversity and
activity of soil bacterial communities. Colonization of Bradyrhizobium
sp. and Herbaspirillum sp. inside the rice roots was observed when rice
was grown in rotation with legume crop thereby promoting rice growth
and productivity (Yanni et al., 1997). The availability of nutrients to
plants increases with the abundance of soil microorganisms particularly
N and P (Turmuktini et al., 2012; Jat et al., 2018).

3.7. Principal component analysis (PCA)

In the PCA of 14 variables, three principal components (PCs) were
extracted with eigen value of> 0.9 and explained 100% of the variance
in the data (Fig. 5). DHA, APA, MBC, MBN, MQ, qCO2 and BD were the
highly weighted variables under PC1. In PC2, fungi and bacteria po-
pulation were the highly weighted variables. The SOC was highly
weighted variable in PC3 (Fig. 5). Based on PCA, about 66.4% loadings

were provided by the parameters in PC1that can be used as key in-
dicators for assessing soil quality. Correlation matrix was made (data
not shown) and MBC was found to have the highest correlation sum and
best represent the PC. Andrews and Carroll (2001) also followed cor-
relation sum among the variables as the basis for selection as minimum
data set (MDS) in PCA. Moreover, MBC represents most of the other
variables in PC1 and therefore qualified as MDS. Choudhary et al.
(2018a, 2018b) also observed MBC as the key soil quality indicator in
CA based maize/rice-wheat system in North-West India. From 2nd PC,
fungal population was selected as MDS. Therefore, MBC, fungal popu-
lation and SOC were the key indicators identified and can be used for
soil quality indexing under conservation agriculture practices.

Fig. 5. Principal component plot of soil physicochemical properties, enzyme
activities and microbial parameters under different scenarios.
OC: Soil organic carbon; BD: Bulk density; DHA: Dehydrogenase activity; APA:
Alkaline Phosphatase activity; MBC: Microbial biomass carbon; MBN: Microbial
biomass N; Fun: Fungal population; Actino: Actinomycetes population; Bac:
Bacteria population; BSR: basal soil respiration; Cmin: mineralizable C; MQ:
microbial quotient; qCO2: respiratory quotient.

Table 7
Grain yield of rice/maize under different scenarios after 4 years of
continuous CSA (mean of 4 years).

Scenarios Rice equivalent yield (Mg ha−1)

Sc1 12.39c⁎

Sc2 14.87a
Sc3 13.73b
Sc4 14.38a

Sc1 - conventional rice-wheat system; Sc2 - partial CSA-based rice-
wheat-mungbean system; Sc3 - CSA-based rice-wheat-mungbean
system; Sc4 - CSA based maize-wheat-mungbean system.

⁎ Means within a column followed by the same lower case letter
are not different at 0.05% level using Fischer protected LSD test.
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4. Conclusions

CSA-based management systems improved soil organic carbon
pools, soil biological properties (DHA, APA, MBC, MBN) and microbial
population. Microbial biomass carbon, fungal population and SOC were
identified as the most sensitive biological indicators for studying the
effect of CSA-based management on soil biological quality. Our study
showed that CSA-based sustainable intensification of cereal-based sys-
tems was found effective in building SOC with subsequent improvement
in soil biological properties after 4 years of its adoption, which helped
in improving the systems (rice-wheat system) productivity in North-
West India. Therefore, CSA-based practices can be recommended to the
farmers for sustainability of the cereal based system. Further combined
effect of CSA practices on SOC pools and biological soil properties at
lower soil depths (up to 1.0 m) should be studied for confirming the
redistribution of organic carbon.
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