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A field experiment (2017-2019) was undertaken to study the short-term effects of
tillage [zero tillage (ZT), conventional tillage (CT), and alternate tillage (AT)] and
sources of organic and mineral fertilizer N [NSg—control, NS;—recommended
doses of fertilizer (160:50:100), NS,—recommended level of fertilizer and crop
residue (6 Mg-ha™), NS3—75% of recommended N as fertilizer (120 kg-ha™) and 25%
N (40 kg-ha™) as farm yard manure (FYM), and NS;—75% of recommended N as
fertilizer and 25% N as vermicompost] on yield and soil quality under a maize-rice
rotation system. Among N sources, NS, produced the highest maize grain yield
(10 Mg-ha™). Residual effects of N sources on mean rice grain yield were evident only
in crop residue (NS,)- and vermicompost (NS,)-treated plots. After the harvest of
two complete maize—rice crop cycles, higher content of dehydrogenase activity
(DHA) and urease activity (UR) were observed in the soil under AT as compared to ZT
and CT at 0-10cm (p < 0.05). Similarly, microbial biomass carbon (MBC) and
microbial biomass nitrogen (MBN) also recorded positive changes at 0—10 cm soil
depth, especially in NS, and NS, treatments. AT resulted in the highest total soil
carbon (TOC) (8.10 g-kg™), followed by CT (6.73 g-kg™) and ZT (5.98 g-kg™). Fertilizer
N treatments, however, influenced the NOs-N accumulation beyond the root zone,
where crop residue-based (NS,) fertilizer N treatment resulted in the highest NOz-N
(32.52 kg-ha™), and the lowest NOs-N (14.48 kg-ha™) was observed in the FYM-
based (NSs3) treatment. Therefore, the practice of alternate tillage and integration of
vermicompost (40 kg-N-ha™) and chemical fertilizer (total 120 kg-ha™) sources
should be mostly recommended to farmers in the Terai region of India.
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Introduction

Long-term conventional tillage (CT) degrades soil quality
through the decomposition of organic matter, thus affecting soil
physical, chemical, and biological properties (Liu et al., 2006).
Intensive land management results in exposure of soil organic
matter (SOM) to high temperature, causing oxidation of profile
SOC (Srinivasarao et al, 2020). Furthermore, agriculture
associated with improper nutrient management under
conventional practices degrades the status of SOC (Rakesh
et al, 2021a). To overcome the adverse effects of CT,
conservation agriculture (CA) practices like zero tillage (ZT)
and alternate tillage (AT) have been important recommended
strategies to improve SOC, crop yield, soil quality, and ultimately
agricultural sustainability (Omara et al, 2019; Krauss et al,
2020). Crop residue management under the ZT system has a
great impact on soil physicochemical and biological properties
(Rakesh et al.,, 2021b). Potential benefits of CA through retention
of crop residues on the soil surface have been reported by many
researchers throughout the globe including the Indo-Gangetic
plains of India (Gathala et al., 2011; Islam et al., 2019; Mitra et al.,
2020). However, sustainable tillage systems such as AT and ZT
are soil- and crop-specific, and their successful adoption is
governed by both bio-physical and socio-economic factors
(Prager and Posthums, 2010). Benefits of AT and ZT over CT
are significant, especially under long-term cropping practices
(Krauss et al., 2020). Rashidi and Keshavarzpour (2007) reported
that CT results in loose and finer soil structure as compared to
no-tillage and conservation tillage systems and causes decreased
water movement into the soil profile, thereby decreasing nitrate
leaching.

Continuous over-application of chemical fertilizers with
minimum or no use of organic matter for several decades has
resulted declined fertility and productivity of soil (Pernes-
Debuyser and Tessier, 2004; Dong et al., 2012; Meena et al.,
2017), increase in ground water pollution (Chandini et al., 2019;
Cooke, 1982), and eutrophication (Feigin and Halevy, 1989).
Moreover, intensive agricultural practice without adherence to
scientific principles and ecological aspects has led to the loss of

and
2008).
Implementation of suitable fertilizer application programs,

soil ~quality, depletion of freshwater

resources,
agrobiodiversity ~ (Kesavan  and  Swaminathan,
which would reduce the chemical fertilizer requirement, with
appropriate tillage practices in a sustainable way can enhance soil
quality, optimize crop yields, and control the negative impacts on
the environment. Reports confirm that integrated fertilizer use
which combines organic and inorganic nutrient sources can
maintain the soil nutrient status for extended periods toward
achieving sustained crop yields across cropping systems and soil
types (Srinivasarao et al., 2020). Organic amendments not only
increase TOC and its different pools but also accelerate the soil
microbial activity and thereby increase the microbial biomass

carbon (MBC), microbial biomass nitrogen (MBN), soil
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enzymatic activities, and in turn soil quality (Melero et al,
2008; Sharma et al., 2020). In deep vertisols of central India,
application of cattle dung at 11.2 tha™ on N-equivalent basis to
maize crop resulted in increased biological activity of the
dehydrogenase enzyme of soil (116.8 ug triphenyl formazan g
soil ' 24h™") as compared to chemical fertilizers at 100:50:
30 kg-ha™ of N, P,Os, and K,O, respectively (83.2ug TPF g
soil ! 24 h™") (Ramesh et al., 2008). In a long-term experiment
with different nutrient management practices in a maize-onion
cropping system, enzymatic activities (dehydrogenase, acid
phosphatase, and alkaline phosphatase) in soil were higher
with organic nutrient management compared to the chemical
fertilizer program (Sridevi et al., 2011).

A study on integrated nutrient management of maize in the
Terai region of West Bengal revealed that application of 75%
NPK (of the recommended dose) through chemical fertilizers +
FYM at 2 tha™ resulted in greater plant height (219.0 cm), leaf
area index (3.35at 45days after sowing), and dry matter
accumulation (872.40 gm™>) at harvest and produced higher
crop yield (Haque et al, 2012). Nyamangara et al. (2003)
reported that nitrogen fertilizer, especially the high rate
(120 kg'N-ha™'), and manure plus N fertilizer combinations
resulted in high nitrate concentrations (up to 37 mg-N-L™")
and nitrate losses (up to 56kgN-ha'.yr'), leading to
environmental and economic concerns in tropical sandy soil
nitrate leaching from only manure treatments was relatively low
(average than 23 kg:N-ha™'.yr''). The
(12.5 tha™) plus 60 kg:N-ha™" fertilizer treatment was the best
treatment to maintain dry matter yield and minimize N leaching

less low-manure

losses.

Adverse effects of long-term intensive tillage along with non-
judicious application of chemical fertilizers on depletion of SOC,
microbial activity, and nutrient use efficiency have been reported
from tropical and sub-tropical environments (Kai and Tamaki,
20205 Bhatt et al,, 2019; Chandini et al., 2019). A study in the
subtropical region suggested that ZT along with crop residue
significantly enhanced the C sequestration rates (Pathak et al.,
2017) and improved the microaggregate-associated C content
(Bhattacharya et al., 2020), thus resulting in better conservation
of SOM and reducing nutrient loss.

However, research on the impacts of tillage and nitrogen (N)
rates on maize (Zea mays L.)-rice (Oryza sativa L.) crop
productivity, soil fertility, and nitrate accumulation in soil
profile specifically in the Terai zones is limited. Agriculture in
Cooch Behar district, located in the northern part of West Bengal
and in the foothills of the Himalaya, which comprise the Terai
zone, differs from other regions in north-eastern India in terms
of soil and climate. The climate of the region is sub-tropical and
per humid in nature. Based on soil fertility classification, soils are
characterized by low- to moderate-fertility status. It represents
rice-based cropping system with high-volume application of
inorganic fertilizer. Within this agro-climate, there are dearth
of experiments that have compared the ZT and AT in
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FIGURE 1
Location of experimental site.

conjugation with sustainable alternatives for fertilizer sources
(Blanco-Canqui and Wortmann, 2020), which restrains current
knowledge from recommending improvements over the existing
management practices.

In the current study, our goal was to evaluate whether the
short-term application of organic manures and mineral fertilizers
along with ZT and AT could improve the soil quality such as
enzyme activity (dehydrogenase, phosphatase, and urease),
MBC, MBN, soil chemical properties (TOC and TN), NO5-N
accumulation in the soil profile, as well as the yield of maize and

rice grown in rotation.

Materials and methods
Rationale to select the experiment

The soil of north Bengal that represents the Terai zone is
sandy loam in texture, which is the key reason for leaching losses
of soil nutrients. Maize (Zea mays L.) and rice (Oryza sativa L.)
are the dominant staple food crops of this region, grown in
rotation. Each crop is highly responsive to fertilizer N input.
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However, due to the leaching of N, plants suffer from low N use
efficiency, often leading to N deficiencies and low productivity.
Continuous tillage systems are also one of the major factors that

cause losses in nitrogen.

Experimental site

A 2-year field experiment from 2017 to 2019 was conducted
at the research farm of Uttar Banga Krishi Viswavidyalaya,
Pundibari, Cooch Behar, West Bengal, India (26°19" N,
89°23'E; 41 m above msl). The experimental site is located
within the Terai agro-ecological region of West Bengal, India,
which is characterized by a sub-tropical per-humid climate
(Figure 1). The area receives an annual rainfall of 3,261 mm,
of which 80% or more is received during June to December. The
mean maximum and minimum (monthly average) air
temperatures were recorded as 30.1 and 19.7°C, respectively
(average of 30years: 1989-2019). Atmospheric temperature
recorded during the study period showed minor differences
from the corresponding long-term data (Figure 2). The soil of

the Terai region is formed from deposition of alluvial sediments
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FIGURE 2
Monthly average rainfall (bar) and maximum and minimum temperatures (line) in 2017-18, 2018-19, and 30-year average.
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FIGURE 3
Mean yields for maize grain and stover & rice grain and straw over a 2-year cropping sequence. Same letters above the bars indicate no
significant difference across the treatment combinations as tested by Fisher's LSD comparison of means (« = 0.05). ZT, zero tillage; CT, conventional
tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NSo = no nitrogen (control, 0:50:100), NS; = recommended dose of NPK
fertilizer (N1g0Ps0K100), NSo = NS1+ crop residue at 6 Mg/ha, NSs = 75% of recommended N as fertilizer along with 25% N as FYM (N120 PsoKi00 +
FYM at 40 kg:N/ha), NS, = 75% of recommended N as fertilizer along with at 25% N as vermicompost (N129 PsoKigo + VM at 40 kg-N/ha).

transported by the river Tista and are commonly referred as Tista This study site was characterized by a 25-year history of
alluvial. Physiographically, this is one of the sub-divided forms of continuous cropping (cereals, pulses, and oilseeds) under CT
the extensive stretch of the Indo-Gangetic alluvial plains with exclusively mineral-based fertilizer use. Soils are moderate-
(Debnath et al., 2016). to low-fertility (Table 1), recent alluvial soil type (NBSS and LUP
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Effect of tillage (A) and N sources (B) on accumulation of nitrate nitrogen (kg-ha™?) in different soil depths at the end of experiment. ZT, zero
tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NSo = no nitrogen (control, 0:50:100), NS, =
recommended dose of NPK fertilizer (N16oPs0K100), NS> = NS;+ crop residue at 6 Mg/ha, NSz = 75% of recommended N as fertilizer along with 25% N
as FYM (N120 PsoKigo + FYM at 40 kg-N/ha), NS, = 75% of recommended N as fertilizer along with at 25% N as vermicompost (N12¢ PsoKipo + VM

at 40 kg:N/ha).

Classification, 2001) and physicochemical soil properties of the
experimental field at the start of the study are presented in
Table 1. The following crop rotation was used in the area:
maize in rabi season and rice in kharif season.

Experimental design and treatments

The experiment was established in November 2017, in a
split-plot design with three replications, with a plot size of
56 m* (8 m x 7 m). The main plots were three tillage practices
[ZT = zero tillage (without soil disturbance; maize seed sown
drill
transplanted by rice transplanter), CT =

by wusing zero-till seed-cum-fertilizer and rice
conventional
tillage; three passes by tractor fitted with cultivator, two
passes of power tiller, and two passes by rotavator for final
land preparation, AT = alternate tillage (alternate tillage in
this field experiment implied as the cultivation of first crop
(maize) in zero tillage (ZT) condition and of succeeding crop
(rice) in conventional tillage (CT) practice]. The sub-plot
treatments consisted of 5N sources-N control (NSy:
NoP50Kg9), full recommended rate of NPK fertilizer (NS;:
Ni60P50K100), full recommended rate of NPK fertilizer along
with crop residue (CR) application (NS,: NS; + CR@
6 Mg-ha™'), 75% of fertilizer N along with farmyard manure
(FYM: N-0.67%) at 25% N (NSs: Np0 PsoKipo + FYM
at40 kg-N-ha™'), and 75% of fertilizer N plus 25% with
vermicompost (VM: N-1.26%) (NS4 N9 P5oKjg0 + VM at

40 kg:N-ha™').

Frontiers in Environmental Science

Crop management

In CT plots, chemical and organic fertilizers were
incorporated at the time of tillage operation, while in ZT and
AT plots, the fertilizers were spread on the surface. Maize (Var.-
DKC 9081) was sown in both the years on 25th November and
harvested on 28th April. Three irrigation events were performed
in all the treatment plots including control plot at the 7th leaf
stage (35days after sowing), 12th leaf stage (75 days after
sowing), and reproductive stages (115 days after sowing) of
the maize crop. At 80% maturity, plants were harvested
manually from each plot to estimate the grain and straw yield.
To assess the residual effects of organic amendments in the
succeeding rice crop, a uniform application of NPK (80:40:40)
was applied to all plots, except to the control plot. The rice variety
“Swarna sub-1” was sown in ZT, CT, and AT plots in both the
years on 12th June and harvested on 2nd November. Rice
seedlings were sown by a rice transplanter in ZT plots under
flooded condition (no soil disturbance). Rice transplanting was
done by a rice transplanter in CT and AT plots. Three rounds of
irrigation (35, 90, and 125 days after sowing) were given to all
treatments including the control plot in rice.

Soil sampling and analysis
After one full rotation of maize-rice crops, soil samples were

collected from rhizosphere using 5 x 10 cm core augur from
0-10 and 10-20 cm soil depths from three locations in each plot

frontiersin.org
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TABLE 1 Initial status of soil physicochemical and biological properties at the experimental site and characterization of organic amendments used in

the experimental plot.

SL. No Properties Soil depth (cm)
0-10 cm 10-20 cm
Physical characteristics
1 Particle size distribution
Sand (%) 63.15 62.35
Silt (%) 26.01 25.95
Clay (%) 10.84 11.70
2 Soil texture Sandy loam Sandy loam
3 Bulk density (Mg m™) 1.39 1.37
4 Field capacity (%) 33.21 34.35
5 Soil moisture (%) 35.35 33.27
6 Maximum WHC (%) 48.38 52.34
Chemical characteristics
7 Soil pH (1:2.5) 5.40 5.50
8 Effective CEC (cmol charge kg™) 4.08 3.95
9 Organic carbon (gkg™) 4.2 3.9
10 Mineral-N (mgkg™) 25.35 22.56
11 NO=-N (mgkg™) 423 345
12 Total carbon (gkg™) 5.5 5.2
13 Total nitrogen (g-kg™) 0.62 0.60
Biological characteristics
14 MBC (mgkg ) 266.92 187.28
15 MBN (mgkg™) 16.58 12.56
16 DHA (mg TPF kg '-day™) 14.25 8.84
17 APA (mg PNP kg "h™") 127.74 52.82
18 UA (mg NH,"-N-kg™"h™") 25.66 17.38
Chemical composition Rice crop residue FYM Vermicompost
1.Total carbon (%) 38.43 30.12 36.24
2. Total nitrogen (%) 0.45 0.67 1.26

and made it into one composite sample. After removing all
stubble, residues, and root biomass, a composite soil sample
of approx. 500 g was obtained. These samples were then air-
dried, ground using a wooden mortar and pestle, then sieved
through a 2-mm sieve, and preserved in air-tight polythene
containers for further analysis. The pH of the soil suspension
(1:2) was measured potentiometrically by using a glass electrode-
pH meter (Jackson, 1973). Bulk density (BD) was determined for
0-5, 5-10, and 10-20 cm of soil using a steel core of 100 cm’
following the standard method (Blake, 1965). Maximum water
holding capacity (WHC) was estimated by the Keen box method
(Anderson and Ingram, 1989). Field capacity moisture content
was estimated after the soil has drained for 2-3 days following
saturation (Anderson and Ingram, 1989). Soil particle size
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distribution was determined by hydrometer method
(Bouyoucos, 1927).

For biological analyses such as microbial biomass carbon
(MBC), microbial biomass nitrogen (MBN), dehydrogenase
activity (DHA), acid phosphatase activity (APA), and urease
activity (UA), soil samples were collected from 0-10 and
10-20 cm soil depths from each plot at the start (0 days after
sowing) and end (145 days after sowing for rice and 170 days
after sowing for maize) of the experiment. Field-moist soil
samples were passed through a 2-mm mesh sieve and stored
at 4°C for further analysis. Soil total organic carbon (TOC) was
measured by the TOC analyzer (Vario EL, Elementar Analyse
Systeme GmBH, Hanau, Germany). The MBC was estimated by

chloroform fumigation method (Jenkinson, 1988). Soil MBN was
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TABLE 2 Effects of tillage practices and N sources on the yield of maize and rice crop.

Main and sub-plots effect

Maize (Mg ha™)

Rice (Mg ha™)

Treatment Grain yield Stover yield Grain yield Straw yield
Tillage ZT 7.91° 10.89" 3.90° 7.04¢
CT 8.26* 11.07° 4.87° 8.06°
AT 8.25" 11.41° 4.83° 7.77°
N source NS, 3.28¢ 5.27¢ 2.69¢ 5534
NS, 8.89° 12.10° 4.81° 7.14°
NS, 9.57° 12.67° 5.31° 8.64°
NS; 8.94°¢ 12.20° 4.81° 8.53%
NS, 10.01° 13.37° 5.05" 8.27%
Interaction effects
ZT NS, 2.64° 4.48° 1.78° 3.768
NS, 8.58° 11.78° 3.66° 5.38
NS, 9.77% 13.08* 4.49° 8.56
NS; 8.44¢ 11.73¢ 456" 8.71°
NS, 10.11* 13.35° 5.02% 8.80°
CT NS, 3.51¢ 5.13¢ 2914 6.63°
NS, 8.94" 12.16° 5.41° 8.00°
NS, 9.64° 12.37° 5.85° 9.43*
NS, 9.03¢ 12.24° 5.19% 9.14°
NS, 10.13° 13.42° 4.99° 7.09¢
AT NS, 3.68¢ 6.19¢ 3.37¢ 6.21¢
NS, 9.13¢ 12.35° 5.36 8.05
NS, 9.29 12.54° 5.60° 7.91¢
NS; 9.34° 12.63° 4.69° 7.76¢
NS, 9.79% 13.32° 5.13%® 8.92%

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS, = no nitrogen (control, 0:50:100), NS; = recommended dose of NPK fertilizer
(Ny60P50K100), NS, = NS, + crop residue at 6 Mg/ha, NS; = 75% of recommended N as fertilizer along with 25% N as FYM (N5 P5oKj9 + FYM at 40 kg-N/ha), NS, = 75% of reccommended
N as fertilizer along with at 25% N as vermicompost (N1, P5oK;o + VM at 40 kg:N/ha). Means with different letters as superscript indicate significant difference within the corresponding

main or sub-treatment at a = 0.05.

evaluated by the method (Anderson and Ingram, 1993).
Dehydrogenase activity was estimated using the procedure
(1964).
l1g (oven-dry equivalent)

outlined by Casida et al For determination of

acid-phosphatase activity, soil
incubated with p-nitrophenyl phosphate, toluene, and
modified universal buffer (MUB)-pH-6.5 for 1h at 37°C. The
yellow color intensity was measured at 440 nm wavelength in a
visible spectrophotometer (HALO VIS-10; Company Dynamica)
(Tabatabai and Bremner, 1969). Urease activity (mg ammonium
(NH4") kg™ h™') was measured using the procedure described by
Tabatabai and Bremner (1972). NO3-N was determined using the
H,SO,-salicylic acid method by a visible spectrophotometer at
410 nm wavelength (Cataldo et al, 1975). Mineral N was
estimated by the summation of NH4*-N and NOs -N, where
(NH4*)-N + (NOs )-N. The NH,'-N was

mineral N
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determined from the soil extracts by Indophenol Blue method
(Brown, 1973).

Statistical analysis

All the data were checked for normality using the
Shapiro-Wilk test in SPSS (SPSS Inc. Released 2007. SPSS for
Windows, Version 16.0. Chicago, United States). As in the
heterogeneity of the variance test, there were no significant
effects of year on the treatments; data of 2 years were pooled
and used as replications in subsequent analyses. Analysis of
variance (ANOVA) for each parameter was performed using
SPSS (Version-16.0) package. Comparison of treatment means
was performed by either LSD or Duncan’s multiple range test
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(DMRT), as indicated, at a = 0.05. For NO3-N accumulation at
five depths, linear regression analysis was performed following
ANOVA for rate of accumulation through 120 cm as a function
of tillage and N-source treatments using the REG procedure in
SAS software (SAS, Cary, NC).

Results and discussion

Effects of tillage and nitrogen sources on
grain and stover yield of maize crop

The yield of maize was more in the first year and lower in the
second year, though the treatment-wise trend followed the same
pattern. The lower yield in the second year might be due to low
rainfall received during the crop growth season (Figure 2). Two-
year pooled (2017-18 and 2018-19) data on grain yield (GY) and
stover yield (SY) of maize (Table 2) indicated that tillage had a
significant effect on GY. A yield advantage of 4.4% was found
both under CT (8.26 Mg-ha™') and AT (8.25 Mg-ha™') over ZT
(7.91 Mg-ha™). Higher GY under CT and AT might be due to the
temporary improvements in soil aeration, water infiltration, and
nutrient uptake necessary for plant growth (Mando et al., 2005).

Maize GY was affected by N sources in a pooled data of two
seasons (Table 2 and Figure 3). Fertilizer N treatments with
organic matter (crop residue, FYM or vermicompost) produced
higher GY than the application of chemical N fertilizer alone. The
highest grain yield (10 Mg-ha™') was recorded under NS,, and
was 67.23% higher than the control (NSp; without N). No
significant difference in GY was observed between NS; and
NS; treatments. However, crop residue-amended fertilizer N
(NS,) resulted in the GY
(9.57 Mg-ha™). The finding was in agreement with Banik and

treatment second highest
Sharma (2008), who reported that soil surface covered by residue
mulching improves crop yields through soil water conservation,
weed control, and increased population of micro-flora which
the
Vermicompost with fertilizer N (NS,) treatment under either

facilitate decomposition and release of nutrients.
CT or AT proved to be superior with respect to GY. Similar
findings were reported by Ali et al. (2011) who observed that
maize grain yields were significantly higher (4.8 Mg-ha™) under
inorganic fertilizers combined with organic N sources. The
growth and yield of maize under FYM (N,) combined with N
fertilizer treatment was higher by 1.1 Mg-ha™ than under
fertilizer N recommended solely as chemical source (NS;)
(Table 2). This could be attributed to greater soil water
content, higher nutrient availability due to slow release of
nutrients, and reduced nutrient leaching compared to the
control (Chiroma et al., 2006).

The SY results followed a similar trend to that of GY under
the influence of tillage and N sources in both the seasons
(Table 2). The average data of two seasons showed that AT

produced higher SY (11.41 Mg-ha™') as compared to CT and ZT.
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No-till (NT) reduces soil disturbance, increases soil organic
matter accumulation (Rakesh et al., 2020), and also reduces
crop yields (Dai et al., 2021). Among N sources, NS, resulted
in higher mean SY (13.37Mgha') followed by NS,
(12.67 Mg-ha™") in both the seasons (Table 3). Like GY, SY
obtained from the combined applications of organic and
inorganic N sources was greater than that obtained by the
solo application of inorganic fertilizer (12.10 Mg-ha™). From
the pooled average of two seasons, the highest SY was
achieved under NS, combined with any of the tillage
practices. However, SY also responded well to ZT combined
with the NS, treatment, and it was statistically similar to the
ZTNS, treatment (Table 2). Similarly, ZT with crop residue and
inorganic fertilizer application (NS,) had a positive effect on SY
of maize crop. Greater SY and GY in NS, regardless of tillage
indicated that the N treatment included with
vermicompost had a positive effect on crop yields. Inclusion

methods

of vermicompost along with inorganic nitrogenous fertilizers
enhanced the crop yields (Rathod et al., 2013).

Effects of tillage and nitrogen sources on
grain and straw yield of rice crops

The mean rice GY over two seasons under ZT was significantly
lower (3.90 Mg-ha™) compared to CT (4.87 Mgha™) and AT
(4.83 Mg-ha™). Karki et al. (2005) observed an average GY of
3.66 Mg-ha! under ZT, and it was statistically significant over
CT (2.88 Mgha™") which was in contrast with the findings of
our study. In both the seasons, the performance of ZT was poor
as compared to those of CT and AT for both rice GY and SY. The
rice crop performs well under deep tillage which improves the root
length, root proliferation, grain yield, and nitrogen recovery
efficiency (NRE) (Motavalli et al., 2003).

Plots under crop residue as organic amendment in the
previous maize crop showed a clear residual effect on rice GY.
An increase of 10.39 and 5.14% GY over FYM-
vermicompost-based fertilizer N treatments were observed,
respectively (Table 2). Budhar et al. (1991) reported that
higher rice vyield was

and

obtained with organic manures
indicating a residual effect of manures on crop yield in the
rice-wheat rotation. These findings are in line with those of
Ramamurthy and Shivashankar (1996) who reported that
organic and inorganic fertilizers applied to preceding crops
had a measurable residual effect on vyield and yield-
contributing components of the succeeding crop. While it is
reasonable that all organic materials included in N treatments
had some residual impact on rice GY due to continued
decomposition and release of nutrients, particularly N. The
residual effect of crop residues (over FYM and vermicompost)
was likely due to a prolonged release of N (Ramamurthy and
Shivashankar, 1996). Crop residues have a greater C:N ratio than
manures and composts, resulting in a delay of N release to crops
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TABLE 3 Effects of tillage practices and N sources on the total carbon (SOC; g-kg™), total N (TN; g-kg™), and the C:N ratio in soil at the end of the

experiment.

Main and Sub-plots effect

Total carbon (g kg™")

Treatment 0-10 cm 10-20 cm
Tillage ZT 5.98° 4.15°
CT 6.73" 4.12°
AT 8.10° 5.86"
N source NS, 476 426"
NS, 7.94° 5.02°
NS, 7.07° 4.90°
NS 6.94° 5.03*
NS, 7.99* 435"
Interaction effects
7T NS, 436" 4.17°
NS, 6.04" 3.83°
NS, 5.82° 407°
NS, 7.00¢ 3.84°
NS, 5.328 4.86"
CT NS, 6.70° 436"
NS, 9.08" 4.05°
NS, 7.79¢ 431°
NS; 5.088 4.11°
NS, 459" 3.79°
AT NS, 6.41° 4.24°
NS, 8.71° 7.18°
NS, 7.60° 6.33"
NS, 8.75° 7.16*
NS, 10.85* 4.40°

Total N (g kg™) C:N ratio

0-10 cm 10-20 cm 0-10 cm 10-20 cm
0.53" 0.60° 12,50 9.35°
0.67* 0.43° 10.30° 10.70°
0.61* 0.38" 14.36* 17.78*
0.37¢ 0.23 14.30% 19.58*
0.72¢ 0.47° 11.45%® 13.60°
0.69* 0.56 10.66" 11.35
0.66" 0.54* 10.67° 10.32%
0.57° 0.54° 14.84* 8.21°
0.35¢ 0.21¢ 12.73™ 21.78*
0.77® 0.56" 7.88" 7.37>
0.59" 0.91* 9.86™ 4.49¢
0.58% 0.63" 12.41™ 6.17"
0.35¢ 0.70 19.63™ 6.94%
0.42¢ 0.28¢ 12.65™ 15.57*
0.77% 0.51" 11.95™ 7.91¢
0.91° 0.42¢ 8.55™ 11.21°
0.63° 0.49" 8.11™ 9.80°
0.63° 0.42¢ 10.22™ 9.01°
0.35¢ 0.21¢ 17.53™ 21.40°
0.63" 0.35°¢ 14.52" 25.53°
0.56° 0.35° 13.57™ 18.33%
0.77% 0.49" 11.50™ 14.98*
0.74% 0.51% 14.67™ 8.67%

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS, = no nitrogen (control, 0:50:100), NS; = recommended dose of NPK fertilizer
(N160P50K100), NS, = NS, + crop residue at 6 Mg/ha, NS; = 75% of reccommended N as fertilizer along with 25% N as FYM (N5 P5oKjo + FYM at 40 kg-N/ha), NS, = 75% of reccommended
N as fertilizer along with at 25% N as vermicompost (N1, P5oK;go + VM at 40 kg:-N/ha). Means with different letters as superscript indicate significant difference within the corresponding

main or sub-treatment at a = 0.05.

due to microbial immobilization (Power et al., 1998; Marzi et al.,
2020). The CT and AT each when combined with crop residue
treatment (CTNS, and ATNS,) had a direct impact on increased
rice yield, and it was significantly higher than the sole application
of fertilizer N-treated plots in the corresponding tillage practices.
The ZT practice showed relatively low response than the rest of
two tillage methods. Deep tillage improved the root length, root
proliferation, grain yield, and nitrogen recovery efficiency (NRE),
that is, lower NRE was recorded in no-till soil treatment than the
compacted in sub-soiling treatments (Motavalli et al., 2003)
of TOC.

Regardless of the tillage treatments, soil TOC was found to
decrease with soil depth after two cycles of maize-rice crops
(Table 3). In the soil layer (0-10 cm), plots under AT were found
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to maintain the maximum amount of TOC (8.10 gkg™)
compared to CT (6.73 gkg™') and ZT (5.98 g-kg™"). Similarly,
plots under AT also resulted in higher TOC in the lower soil
depth (10-20 cm). Increases in TOC under AT were equivalent
to 47.27% and 12.69% at 0-10 and 10-20 cm soil depth,
respectively, at the end of the 2™ year in comparison to the
initial status. The findings of the present study were in agreement
with Cassity-Duffey et al. (2020) who found that the crop
residue-treated plots showed consistently higher amounts of
TOC at all soil depths than plots where no crop residue was
added, though the effect was not significant. Ghimire and Craven
(2011) reported no significant change in TOC under short-term
practice of NT and also suggested that organic carbon
accumulation in soil is considered as a slow process wherein
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many years might be required to accumulate significant amounts
of organic matter in the soil.

TOC varied significantly among different N sources. In our
study, both vermicompost-based fertilizer N(NS,) and sole
application of fertilizer N (NS;) treatments had similar effects
on accumulation of TOC in the uppermost layer (0-10 cm) at the
end of the experiment. Malhi et al. (2006) reported a higher
content of TOC under organic fertilization as compared to
conventional fertilization in silty-loam soil. No such variation
was observed between FYM-based and crop residue-based
fertilizer N
combination with 100% NPK resulted in significant build-up

treatment. Application of rice straw in
of TOC over control plots after 2 years.

Tillagex N sources had significant implications on the
accumulation of TOC in both the soil layers (0-10 cm and
10-20 cm). Results revealed that positive and negative changes
occurred due to the influence of treatment combinations and
succeeding cropping systems (Table 3). In most of the cases,
positive changes occurred in surface (0-10 cm) soil layer and
negative changes, in the subsurface one (10-20 cm). The ATNS,
treatment had a profound increasing effect on the accumulation
of TOC in the uppermost layer (0-10 cm), followed by CTNS;,
ATNS;, and ATNS, treatment combinations. The AT treatment
combined with sole application of fertilizer N- and FYM-based
treatment had a residual effect on the accumulation of TOC in
lower layer (10-20 cm) at the end of the experiment. Minute
positive and negative changes in both the soil layers were noticed
because TOC did not appear to be very responsive to differences
in management in the short-term period, but its concentration
was significantly higher than the sole application of chemical N
source due to integrated use. Bhattacharyya et al. (2012) reported
that ZT may be a more desirable practice than CT combined with
organic-based inorganic N treatment under an irrigated
rice-wheat system in the Indian Himalayas from the view
point of TOC retention.

Total nitrogen

ZT significantly decreased TN by 16.98% at the 0-10 cm
soil depth, while an increase of 8.06% was obtained under CT
practice for the corresponding soil depth at the end of two
maize-rice crop cycles (Table 3). Non-significant variation in
the total N content between CT and AT was noticed in both
the soil layers. These findings were in contrast with Melero
et al. (2006) who found that N concentration of minimum
tillage (MT) was significantly higher than the CT system.
Numerous studies also showed higher soil TN under reduced
tillage compared to the CT systems (Melero et al., 2006;
Perez-Brandan et al., 2012).

Total N content significantly varied among different N sources.
In the uppermost soil layer (0-10 cm), higher total N content was
observed due to the sole application of chemical N fertilizer and crop

Frontiers in Environmental Science

10

10.3389/fenvs.2022.983973

residue-based N treatment as compared to organic amendment-
based fertilizer N treatments. Plots under 100% NPK treatment
significantly increased total N over unfertilized control (NS,).
Positive changes of total N were recorded in the 0-10 cm soil
layer under NS;, NS,, and NS; treatments only. In the 10-20 cm
depth, negative changes (-0.14 to —0.07 gkg') in total soil N
occurred under all N treatments. Crop residue-based N
treatment and sole application of fertilizer N improved the soil
TN as compared to vermicompost- and FYM-based N treatment at
uppermost (0-10 cm) soil layer at the end of maize-rice crop
growing seasons. Results revealed that the crop residue-based
fertilizer N application had significant effect on soil TN at the
uppermost soil layer (0-10 cm). Interaction effect between tillage
and N sources was found to be significant in the case of both the soil
depths (Table 3). The ZTNS, and CTNS, treatment combinations
produced similar results with ATNS; in terms of total N content at
0-10 cm at the end of the experiment.

C/N ratio

Carbon-to-nitrogen ratios (C/N ratio) of 14.4 and 17.8 for the
0-10 and 10-20 cm soil depths, respectively, were obtained in the
plots under AT treatment. These were higher than both ZT and
CT after completion of two crop cycles (maize-rice). The highest
C/N ratios in this study were observed under AT, while several
other studies showed higher soil C/N ratios under NT than that
of CT (Aljjani et al,, 2012; Naderi et al., 2016). Blanco-Canqui
and Lal (2008) reported that the soil C/N ratio under plough
tillage (PT) was greater than that under NT in 0-5 cm depth (p <
0.05), while no significant difference was observed for 5-20 cm
soil depth. This difference in results might be due to differences
in climate, soil type, residue inputs, and farming management
that could affect the C/N ratio (Bhattacharya et al., 2020).

Significant variation in the C/N ratio was observed among
different N
N-treated plot and sole application of fertilizer N-treated plot
produced the highest C/N ratio at 0-10 cm at the end of the
experiment. An increase in the C/N ratio was observed 0-10 cm

sources, where vermicompost-based fertilizer

following all N treatments. DeSa et al. (2001) also reported a similar
trend of reduction of the soil C/N ratio with depth (Nascente et al,
2013). This might be attributed to high C/N and leaching of highly
soluble organic compounds (e.g., organic acids) into deeper soil
layers (Puget and Lal, 2005). In the current study, interaction
between tillage and N sources was non-significant for the C/N
ratio in the uppermost surface (0-10cm). However, it was
significant in the lower depth (10-20 cm).

Microbial biomass carbon

The highest amount of MBC was obtained under ZT,
followed by CT and AT in 0-10 and 10-20 cm soil depths at
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TABLE 4 Effects of tillage practices and N sources on the status of
MBC (mg-kg™*) and MBN (mg-kg™) in soil at the end of the
experiment.

Main and Sub-plots effect

MBN (mg kg™) MBN (mg kg™)

Treatment 0-10 cm 10-20 cm 0-10 cm 10-20 cm
Tillage 7T 373.78° 223.19° 21.40° 16.15°
CT 287.73" 165.32° 22.71° 19.52°
AT 239.33¢ 169.41° 23.39° 19.97°
N source NS, 237.54¢ 143.42¢ 16.774 13.35¢
NS, 300.28° 208.31° 22.78° 18.84°
NS, 322.69° 210.64 24.24° 19.57°
NS; 385.43° 201.68° 23.90% 21.38°
NS, 255.46° 165.83" 24.80° 19.60°
Interaction effects
7T NS, 215.13¢ 121.01° 16.61¢ 12.31¢
NS, 430.25° 282.35° 20.73° 16.89°
NS, 376.47" 309.24* 24.21° 16.93°
NS; 497.48° 255.46% 21.45® 19.50*°
NS, 349.58¢ 147.90° 24.02° 15.12°
CT NS, 349.58¢ 188.24° 14.57¢ 12.18¢
NS, 242,024 167.79° 24.15° 20.30°
NS, 282.35¢ 121.01° 23.92% 20.30°
NS, 416.81° 188.24° 25.12° 22.47°
NS, 147.90¢ 161.34° 25.77° 22.36°
AT NS, 147.90¢ 121.01° 19.15° 15.57°
NS, 228.57¢ 174.79° 23.46° 19.32*
NS, 309.24¢ 201.68" 24.60" 21.47°
NS; 242.02¢ 161.34° 25.12° 22.17°
NS, 268.91¢ 188.24° 24.62° 21.32°

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice:
conventional tillage), NS, = no nitrogen (control, 0:50:100), NS, = recommended dose
of NPK fertilizer (N50P50K;00), NS, = NS;+ crop residue at 6 Mg/ha, NS; = 75% of
recommended N as fertilizer along with 25% N as FYM (N, P5oKjo0 + FYM at

40 kg:N/ha), NS, = 75% of recommended N as fertilizer along with at 25% N as
vermicompost (N9 PsoKjg9 + VM at 40 kg-N/ha). Means with different letters as
superscript indicate significant difference within the corresponding main or sub-
treatment at a = 0.05.

the end of the 2 years of the experiment. The MBC under ZT was
373.78 mg-kg™! and 223.19 mg-kg™! at 0-10 cm and 10-20 cm,
respectively. The MBC were 40.03 and 16.08% greater than those
of CT plots for the corresponding depths. Negative changes in
MBC were recorded in both the layers under AT practice at the
end of the experiment.

Among different N sources, the highest MBC was found in
the FYM-based fertilizer NS;-treated plots (385.43 mg-kg™") for
0-10 cm soil depth. The MBC concentration at 10-20 cm was
statistically at par with NS; and NS, treatments followed by NS,
(Table 4). Increase of 44.39 and 7.6% were observed in 0-10 cm
and 10-20 cm soil layers, respectively, in the FYM-based fertilizer
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N-treated plots. Interestingly, both the control (NSy) and
vermicompost-based fertilizer N (NS,)-treated plots showed
negative changes in MBC at both soil depths. The sole
application of fertilizer N (NS;) and combined application of
crop residue with fertilizer N (NS,), resulted in positive changes
of MBC in both the soil layers.

Microbial biomass increases with increasing rate of
application of FYM in treatments receiving mineral N along
with FYM DeSa et al. (2001).

Interaction between tillage and N sources on MBC was found
to be significant (Table 4). Although the MBC concentration did
not follow any uniform pattern among the treatment
combinations, ZT combined with the FYM-based fertilizer
N-treated plots accorded the highest value (497.48 mg-kg™') at
0-10 cm compared to all other treatments. In all the treatments,
the 0-10 cm soil layer found to have more MBC than the
10-20 cm soil layer. The present study demonstrated that the
interactive effect of tillage and N sources on rhizosphere
conditions induced by plant growth played a major role in the
improvement of MBC to a greater extent at the end of crop
growing seasons. These findings were similar with those reported
by Kukreja et al. (1991) who stated that use of organic
amendments and reduced tillage can play an important role
in increasing SOC and MBC compared to CT without affecting
crop yield (Diekow et al, 2005) and microbial biomass
nitrogen (MBN).

The CT and AT practices were statistically at par in MBN
changes for both 0-10 and 10-20 cm depths (Table 4). In CT,
MBN content for 0-10 and 10-20 cm soil depths were 22.71 and
19.52 mg-kg™’, while in AT, MBN were 23.39 and 1.97 mgkg™',
respectively. The lowest MBN of 21.40 and 16.15 mg-kg™" was
observed in 0-10 cm and 10-20 cm soil depths under ZT. At the
0-10 cm depth, ZT, CT, and AT resulted in increase of 29, 37,
and 41%, respectively, as compared to the initial MBN
(16.58 mg-kg™). At 10-20 cm depth, the increase in MBN for
ZT, CT, and AT were 29, 55, and 59%, respectively. Lower values
of MBC and MBN in lower soil depth could be due to the
presence of higher amount of soil organic matter in the upper
layer of soil (Kukreja et al., 1991).

The increase of MBN under all tillage practices is in contrast
with the negative impacts of CT on MBC and MBN as reported
by others (Banerjee et al., 2006; Meena and Biswas, 2014).

Integrated use of organic manures and chemical fertilizer
significantly increased the MBN by 37.39, 46.20, 44.14, and
49.57% under NS;, NS,, NS;, and NS, respectively, over
control in the 0-10 cm soil depth. Soil amended with organic
manures immediately increases SOC which stimulates microbial
growth and activity (Spedding et al., 2004). The plots amended
with integrated manures and 75% NPK fertilizers maintained
higher MBN than 100% NPK fertilizer alone because manure
provided accessible substrate C and N to promote the growth of
microorganisms in soil (Gajda et al., 2013). Furthermore, when
AT was combined with either vermicompost (NS4)-, or FYM
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TABLE 5 Effects of tillage practices and N sources on the status of enzymatic activity (viz. dehydrogenase activity, mg TPF kg~*.day™*; acid-
phosphatase, mg PNP kg=-h*; urease, mg NH4-N kg=h™) in soil at the end of the experiment.

Main and Sub-plots effect

Dehydrogenase (mg TPF Acid phosphatase (mg Urease (mg NH,"-N
kg 'day™") PNP kg 'hr™) kg 'hr™")
Treatment 0-10 cm 10-20 cm 0-10 cm 10-20 cm 0-10 cm 10-20 cm

Tillage ZT 23.23¢ 12.85" 134.09* 55.30° 30.96¢ 15.49°
CT 24.14° 13.23 134.16* 59.43° 33.16° 15.63°
AT 26.36° 13.36 135.81° 56.60° 34.53° 17.69*

N source NS, 15.66¢ 11.72¢ 129.94¢ 55.00¢ 23.95¢ 12.28¢
NS, 21.69¢ 12.32¢ 133.63" 56.78" 31.67¢ 15.41°
NS, 30.05° 13.16° 135.08° 58.26° 35.64° 15.20°
NS, 26.02° 12.67° 135.09° 57.95% 35.06° 18.40°
NS, 29.46° 15.86° 139.70* 57.55% 38.11° 20.08°

Interaction effects

ZT NS, 15.00° 11.65¢ 129.75¢ 53.90° 22.628 11.49°
NS, 21.33¢ 12.01¢ 133.18° 54.43¢ 30.81¢ 15.76¢
NS, 27.32° 12.63¢ 135.62° 56.65 32.63¢ 15.20¢
NS; 23.75¢ 12.36° 134.62° 54.62¢ 32.56¢ 17.23¢
NS, 28.77° 15.60° 137.29* 56.91% 36.2¢ 17.79¢

CT NS, 16.65" 11.46% 129.98° 55.70 24.09" 12.26%
NS, 21.06° 12.19° 133.92° 59.40™ 31.93¢ 14.5d°
NS, 31.97° 13.83° 135.41° 62.03° 37.18° 16.11¢
NS, 24.334 12.39° 131.86° 61.41° 33.964 15.97¢
NS, 26.68° 16.25° 139.62% 58.61° 38.65" 19.33°

AT NS, 15.347 12.05¢ 130.07¢ 55.42¢ 25.14 13.1¢
NS, 22.68¢ 12.76° 133.78" 56.51% 32.28¢ 15.97¢
NS, 30.86" 13.01% 134.22° 56.10 37.11¢ 14.29¢
NS 29.99% 13.27° 138.80™" 57.82" 38.65" 21.99*
NS, 32.94° 15.72° 142.19* 57.14° 39.49° 23.11°

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS, = no nitrogen (control, 0:50:100), NS; = recommended dose of NPK fertilizer
(N160P50K100), NS, = NS, + crop residue at 6 Mg/ha, NS; = 75% of recommended N as fertilizer along with 25% N as FYM (N0 P5oKj9 + FYM at 40 kg-N/ha), NS, = 75% of reccommended
N as fertilizer along with at 25% N as vermicompost (N1, P5oK;oo + VM at 40 kg:-N/ha). Means with different letters as superscript indicate significant difference within the corresponding

main or sub-treatment at a = 0.05.

(NS;5)- and crop residue-based (NS,) fertilizer N treatments,
MBN increase was more in both the soil depths.

Dehydrogenase activity

The DHA content in the initial soil was 14.25 mg TPF kg™
24h™"at 0-10 cm and 8.84 mg TPF kg™' 24h™" at 10-20 cm
(Table 5). The AT showed higher DHA (34.85%) and the least of
8.98% recorded in ZT plots. The effect of tillage on DHA was
mainly confined to the upper (0-10 cm) soil depth. Greater DHA
was observed at 0-10 cm than at 10-20 cm by the end of the
experiment, which might be due to the greater availability of
organic carbon and nutrients closer to the surface, as DHA in soil
depends on soluble organic carbon (Kanchikerimath and Singh,
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2001). Zaman et al. (2002) observed that DHA activity reduced in
the sub-surface soil at all stages of crop growth due to decreased
microbial activity with depth.

Significant variations of DHA were measured among the
different N treatments (Table 5). At 0-10 cm, the vermicompost-
based NS, (15.21 mg TPF kg '-day™") and crop residue-based NS,
(15.80 mg TPF kg' 24h™') treatments resulted in similar
changes in DHA followed by FYM-based treatment (11.77 mg
TPF kg™' 24h™"). The chemical fertilizer NS, treatment also
resulted in positive but relatively lower changes (7.44 and
348 mg TPF kg' 24h™") over the control (NSy1.41 and
2.88 mg TPF kg' 24h™") at both the 0-10 cm and 10-20 cm
depths. At both depths, all integrated N treatment plots resulted
in positive changes of DHA over chemical fertilizer N. Typically,
composts comprise more stable carbon compounds than those
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found in manures and crop residues, which would require greater
DHA for heterotrophic microorganisms to access C and N (Jat
et al., 2020; Furczak and Joniec, 2007; Tremblay et al., 2010). The
dehydrogenase activity was found to be low in treatment
receiving 100% recommended dose of nitrogenous fertilizer
(150 kg:N-ha™') compared to integrated combinations of
organics and fertilizers. The increased enzymatic activity
with increase in manure level may be ascribed to the
increased population of microbes due to increased
availability of substrate (OC) (Parthasarathi et al., 2008).
In a recent review on interpretation of microbiological
indices of soil function, it was suggested that increased
presence of a particular enzyme (e.g., DHA) is an indicator
that a particular nutrient or substrate targeted by the enzyme

is limiting (Verma and Mathur, 2009).

Acid phosphatase activity

Acid phosphatase activity ranged from 129.94 to 139.70 mg
PNP kg soil h™" at 0-10 cm and 55.00-57.55 mg PNP kg™ soil h™*
at 10-20 cm depth (Table 5). At 10-20 cm, however, the magnitude
of APA from the lowest to highest was ZT (55.30 mg PNP kg™' soil
h™), AT (56.60 mg PNP kg™ soil h™), and CT (59.43 mg PNP kg™
soil h™"). The greatest mean value amongst N source treatments for
APA was reported in the NS, treatment at 0-10cm. In the
10-20 cm soil depth, NS, resulted in the greatest APA value,
followed by NS;. Fierer et al. (2021) found that greater APA
(722 mg PNP kg™ soil h™") was obtained by the incorporation of
crop residue from cereal rye and compost (744 mg PNP kg™ soil
h™). Takeda et al. (2009) reported reduced activity of APA following
direct application of animal manures.

In both soil depths, organic integrated N sources increased
the APA compared to the sole application of N fertilizer. Like
DHA, APA was also greater in surface soil than sub-surface soil.
The greater APA in the surface soil could be attributed to the
greater demand for P from soil by the crops for its growth and
symbiotic functioning (Antonious et al., 2020). Enzymes (acid
and alkaline phosphatases) are housed within the root cells of
plants and of soil (Mitran et al.,, 2018). Dakora and Phillips
(2002) observed that phosphatase’s activities decreased with
increasing soil depth. Both the density of roots and
population of microorganisms also decrease with depth,
necessarily decreasing the activity of an enzyme that is not
released into the extracellular soil solution. Most enzyme
activities in the surface soil were higher than those in deep
soil. This may be due to the higher population of soil
microorganism and plant residues in the surface soil, which
were the main parts of soil enzymes.

Results of interaction of tillage x N sources on APA revealed
generally positive changes in APA at 0-10 cm over the course of
the experiment in most of the treatment combinations. These
interactions imply that the use of vermicompost stimulates APA
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more than other organic amendments used in this study. It is
suggested here that the principle put forth by Chaitanya et al.
(2011) and presented in the previous section’s discussion on
DHA is also applicable to APA. When soil phosphorus is limiting
or present only forms that are biologically unavailable, APA is
increased at the expense of energy in order to increase microbial
access to phosphorus (Chaitanya et al., 2011).

Urease activity

Soil UA activity at 0-10 was the greatest under AT (34.53 mg
NH,-N kg -h™"), followed by CT (33.16 mg NH4-N kg"-h™"),
and then ZT (30.96 mg NH,-N kg "-h™") (Table 5). At 10-20 cm,
the same order of tillage treatments was repeated. Positive
changes in UA were recorded in both the soil layers under
AT practice only. Significant variations in UA due to N
source was observed in both soil layers. The NS, treatment at
0-10 cm resulted in the greatest UA (38.11 mg NH,-N kg™-h™")
results, whereas the least UA was observed under NS, at
10-20 cm (12.28 mg NH,-N kg"h™"). Positive change in UA
over the course of the 2-year study was observed in the NS,
treatment in both soil depths. Organic integrated N sources all
resulted in greater UA values than NS, or NS; at 0-10 cm. Only
NS; and NS, resulted in greater UA values than N, at 10-20 cm.
The control treatment NS, resulted in the lowest UA values at
both depths. Meena and Biswas (2014) reported greater urease
the addition the
maize-wheat-cowpea cropping system. Similarly, high urease

activity due to of manure in
activity was also reported by Deng and Tabatabai (1997) in no
tillage soil under a maize crop. Addition of organic manure was
found to improve the microbial activities which in turn preferred
the synthesis of various enzymes in soil (Bhattacharya et al,
2020). Significant interactions between different tillage practices
and N sources on the status of UA in soil was observed (Table 5).
The combined influence of AT with the vermicompost-based
fertilizer N treatment had better response and recorded higher
UR content followed by the FYM-based fertilizer treatment
combined with AT practice in both the soil layers (0-10 cm and
10-20 cm). While negative changes were recorded in the control
treatment (NS,) regardless of tillage practices in both the soil layers
at the end of the experiment. AT combined with vermicompost-
based fertilizer N was shown to increase 53.90% UR in the
uppermost layer (0-10cm) and 32.96% in the lower one
(10-20 cm) over the respective initial levels in the corresponding
soil layers. Unlike APA and DHA, UA is a function of “accumulated
urease” released extracellularly by a wide variety of microorganisms
belonging to many taxa (Roscoe et al, 2000). There are many
molecular types of urease enzymes found in soil, and their stability is
generally very high compared with other enzymes (Dinesh et al,
2000). Therefore, aligned with the outcomes of this study, it is
reasonable to associate increased UA with conditions that promote
the greatest number of microorganisms.
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TABLE 6 Combined effects of tillage practices and N sources on
nitrate nitrogen (NO3-N) accumulation (kg-ha™) in different soil
depths at the end of the experiment.

NO;-N accumulation (kg-ha™)

Soil depth (cm)

Treatment 0-10 cm 10-20cm 20-40 cm 40-80 cm 80-120 cm

ZT NS, 3.45¢ 3.81¢ 6.71° 9.61¢ 9.61¢
NS,  4.56° 2.964 6.43° 13.39 29.71%*
NS, 234 3.14¢ 5.40° 12.98" 30.21°
NS;  4.55¢ 3.01¢ 6.56" 11.65° 22.97%
NS,  441° 4.05°¢ 5.75¢ 10.32¢ 28.53%®

CT NS, 443° 3.94°¢ 6.62" 11.88° 20.65"
NS,  6.82° 5.38" 8.12" 14.43° 24.60%
NS,  4.30° 6.03" 10.39° 17.14° 35.83°
NS;  3.66¢ 3.75¢ 6.97° 9.29¢ 9.29¢
NS, 415 2.79¢ 5.96 12.94% 26.73"

AT NS, 2.54° 3.11¢ 6.23" 12.65 22.07"
NS,  4.46° 293¢ 6.22" 12.32% 26.24>
NS,  4.55¢ 3.93¢ 5.48° 10.10¢ 31.51°
NS;  5.90° 3.94° 6.88° 12.15% 11.19¢
NS,  6.64° 5.65° 7.54® 14.00° 19.11¢

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice:
conventional tillage), NS, = no nitrogen (control, 0:50:100), NS, = recommended dose
of NPK fertilizer (N50P50K;00), NS, = NS;+ crop residue at 6 Mg/ha, NS; = 75% of
recommended N as fertilizer along with 25% N as FYM (N, P5oKjo9 + FYM at

40 kg-N/ha), NS, = 75% of recommended N as fertilizer along with at 25% N as
vermicompost (N9 P5oKjgo + VM at 40 kg-N/ha). Means with different letters as
superscript indicate significant difference within the corresponding main or sub-
treatment at o = 0.05.

Accumulation of nitrate nitrogen in soil
profile

The NO3-N accumulation ranged from 2.34 to 35.83 kg-ha™
(Table 6). Tillage practice (p = 0.0437) and soil depths (p <
0.0001) had significant effects on NO3-N results. Though N
0.1873), the
interaction between tillage and N source was (p = 0.0173) not

source was not found to be significant (p =

followed by any uniform pattern all along the depths (Table 6 and
Figure 4). Among tillage treatments, CT and AT featured greater
NO3-N concentrations than ZT throughout all the soil depths.
Regression analysis for accumulated NO5-N for depth up to
120 cm included significant quadratic terms for each tillage
treatment as follows: CT (1.74 + 0.1970*depth -
0.0008*depth?), ZT (1.13 + 0.1739*depth — 0.0007*depth?),
and AT (NOs-N = 2.03 + 0.1594*depth — 0.0006*depth?®).
Linear terms decreased in the order CT > ZT > AT,
that
migration of NO;-N. The maximum amount of NO;-N
measured at 80-120 cm was 31.51 kg-ha™' under ATNS, and
the least amount measured under ZTNS, (9.61 kg-ha™). Reduced

indicating reduced tillage can reduce downward
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tillage can therefore be recommended as a potential measure to
mitigate N leaching losses (Catt et al., 2000).

Conclusion

In a 2-year maize-rice double-crop sequence, maize GY was
found to be influenced by tillage practices. Of these, AT and CT were
responsible for greater maize yield than ZT. Among the N sources,
integrated use of vermicompost (40kg:N-ha™) and chemical
fertilizer N (total 120 kg-ha™) resulted in the greatest maize GY
and 12.6% more than the sole application of recommended fertilizer
N (160 kg-ha™). Positive effects on rice GY were observed only with
the integrated use of crop residue or vermicompost with fertilizer N.
At the end of two maize-rice cycles, AT showed significant positive
changes in soil enzyme activity as well as MBC and MBN compared
with CT and ZT, but these effects were confined to 0-10 cm soil
depth. Increase in TOC was greatest under the AT treatment. Crop
residue- and FYM-based fertilizer N treatment, however,
resulted in a depletion of TOC as compared to the sole
application of recommended fertilizer N. Accumulation of
NO;™-N in soil with depth was affected by tillage but not by
N source. All treatments were characterized by increasing
NO;™-N with depth, though CT promoted more leaching to
80-120 cm than AT and ZT. In this study, maintenance of soil
carbon and nitrogen, and soil microbiological activity were
found to be enhanced mostly under ATNS, and ATNS,
treatments. Therefore, the practice of alternate tillage and
integration of organic and chemical fertilizer sources should
be recommended to farmers in the Terai region of India.
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