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Conventional tillage methods and indiscriminate use of chemical fertilizers are
causes of edaphic problems like soil degradation and loss of soil fertility which
reduces crop yield. Puddling now-a-days, has become a major challenge for
farmers due to breaking the soil structure, deficit water regimes, and depletion
of soil health. Keeping in view, the absolute need to fulfill food security as well as
sustainability, an experiment was conducted for 2 years on a rice-lentil cropping
system during 2018-2019 and 2019-2020 in sandy clay loam soil of a new
alluvial zone of eastern India to evaluate effects of minimum tillage and integrated
nutrient management on yield and soil health. Conventional tillage (CT) direct
seeded rice-lentil, Minimum tillage(MT) direct seeded rice-lentil, MT transplanted
rice-lentil and MT direct seeded rice-lentil were kept as main plot treatments and
control (without any fertilizer), 100% RDF, 75% nitrogen + FYM, 75% nitrogen +
FYM + Azospirillum and 75% Nitrogen + FYM + Azospirillum sp. + Zinc Sulphate
were kept as subplot treatments during the study. Though conventional tillage
treatments recorded higher LAI, CGR and yield in the first year of study in the case
of rice; during the second year, minimum tillage treatments showed significantly
(p <0.05) better results in the aforesaid aspects with MTpgr-L having a maximum
yield of 5.17 tha=t. In the case of lentilminimum tillage treatments had better results
for both years, with MTper-L treatment having the highest yield of 8.084tha™.
Among the nutrient schedules, the crops had better LAl, CGR and yield during the
first year in the case of 100% RDF treatment, but in the second year, 75% Nitrogen
+ FYM + Azospirillum sp. + Zinc Sulphate had the highest respective values. Soil
organic carbon was marginally improved by both tillage and nutrient treatments,
while soil microbial biomass carbon, dehydrogenase activity and microbial count
were significantly influenced. The combination of MTps-L and 75% Nitrogen +
FYM + Azospirillum sp. + Zinc Sulphate (Ns) treatment showed the maximum
values for all soil biological parameters leading to improve soil health. The results

01 frontiersin.org


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2023.1225986﻿&domain=pdf&date_stamp=2023-07-25
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1225986/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1225986/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1225986/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1225986/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1225986/full
https://www.frontiersin.org/articles/10.3389/fsufs.2023.1225986/full
mailto:visha.venugopal@gmail.com
mailto:akbarhossainwrc@gmail.com
https://doi.org/10.3389/fsufs.2023.1225986
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2023.1225986

Bhattacharya et al.

10.3389/fsufs.2023.1225986

of the experiment concluded that the practice of minimum tillage and integrated
nutrient management may be recommended to enhance the yield and stability
of rice-lentil cropping systems in sandy clay loam soil of a new alluvial zone of
eastern India by acting as an alternative for the decline of soil health.

agro-ecosystem stability, integrated nutrient management, minimum tillage, soil health,

yield

Introduction

The conventional farming system, which previously increased food
productivity, has now stagnated at the expense of the environment and
natural resources. The population growth, which is anticipated to reach
9.7 billion people in 2050, makes the existing situation worse (FAO,
2019). Injudicious use of chemical fertilizers and different types of farm
machinery for the aforesaid reasons has jeopardized the subtle balance
of agro-ecosystems causing various ecological stresses and exploitation
of natural resources (Sharma et al., 2019; Bisht and Chauhan, 2020).
Similar to fertilizers, conventional tillage is also reported to have a huge
impact on soil physical, chemical and biological properties which
further are closely related to crop yield. Conventional tillage methods
have given rise to edaphic problems like soil degradation, soil erosion
and loss of soil fertility (Wani et al., 2023). Furthermore, the present
issues with climate change, which cause abrupt floods, droughts,
increases in temperature, and other changes, have been a huge burden
for agriculture, because it is heavily dependent on the weather. So,
developing a more resilient, climate-smart alternative to traditional
agriculture is crucial for ensuring food security in a way that is
economical and long-term so that all farm species and natural resources
are protected (Pretty, 2008; Venugopalan et al., 2022).

Continuous use of conventional tillage has been found to degrade
soil causing soil erosion and loss of soil fertility. The main objective of
conservation tillage is to arrest such soil degradation by retaining crop
residues in soil which in turn improves soil organic carbon.
Conservation tillage maintains proper pore distribution and stability of
the soil, unlike the conventional tillage practices that destructs the soil
aggregates causing a hard pan (Das et al,, 2020). Minimum tillage is one
such conservation tillage practice where tillage is restricted to the
minimum level necessary for a good seedbed preparation ensuring
satisfactory crop stand and favorable growing conditions. Better
nutrient cycling, energy transfers, and soil enzymatic activity have been
reported in long-term conservation tillage systems and enzymatic
activity and soil organic carbon are said to have a close relationship with
soil health (Dick, 1994). Accumulation of crop residues increases the
soil microbial biomass, carbon, dehydrogenase activity, and respiration
activity of microbes gradually improve soil fertility in the long run
(Hungria et al., 2009). Though soil has the innate ability to provide
plants with the necessary nutrients, external application of nutrients in
the form of organic or inorganic nutrient sources is necessary to
supplement the soil sink for more crop production. A balanced
approach can promote soil health in harmony with the agro-ecosystem,
along with improving the production of high-quality crops without
depleting natural resources (Sarkar et al., 2020). Integrated nutrient
management refers to the maintenance of soil fertility and plant nutrient
supply at an optimum level for sustaining the desired productivity
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through optimization of the benefits from all possible sources of
organic, inorganic and biological components in an integrated manner.
Implementing ecological principles like conservation practices and
integrated nutrient management can improve species diversity in soil
which further makes agro-ecosystem more sustainable (Lal, 2023).
India has the largest area of 45.07 Mha, in the world under rice
cultivation of which West Bengal is the highest rice-producing state
having production of 16.65 million tonnes (Directorate of Economics
and Statistics, 2021; Moulick et al., 2021). Puddling is a common
practice for rice cultivation. With the scarcity of water looming in the
future due to uneven rainfall patterns, cultivating rice in puddled
conditions is becoming a challenge. Minimum tillage in this case can
act as an alternative since it reduces the time and water required for land
preparation of the succeeding crop as well as reducing the use of tillage
implements and thereby saving soils physical structure from
deterioration. Considering the nutritional security and soil fertility, the
cereal-cereal cropping system does not fulfill the sustainability aspect of
the agroecosystem. Incorporation of a pulse crop in a cropping sequence
is essential in terms of crop diversification, soil health enhancement,
nitrogen economy and carry-over effects (Praharaj et al,, 2021). The
introduction of legumes in the cropping system highly improves soil
aggregation due to the presence of its intricate roots and the organic
root exudates. This results in the formation of newer soil aggregates.
Hence a proper crop rotation helps in maintaining soil aggregation
dynamics providing a healthy resilient soil environment (Hillel, 2004).
After Chickpea, lentil is the second most important rabi pulse crop in
India (Ahmed et al,, 2018), having a production and productivity of
1.45 million tonnes and 1,001kgha™, respectively, (Directorate of
Economics and Statistics, 2021). West Bengal is the third-highest lentil-
producing state in India. It is the most widely grown rabi pulse crop
after Aman (June-November) rice in West Bengal having a productivity
of 855kgha™ (Directorate of Economics and Statistics, 2021). Growing
profitable lentil on residual soil moisture and nutrients from preceding
rice cultivation is an important resource conservation technology. With
this background, a study was initiated to understand the impact of
different conservation tillage practices and integrated nutrient
management schedules on growth, yield and soil microbes.

Materials and methods
Experimental site

The field experiment was conducted during the kharif-rabi
seasons of 2018-2019 and 2019-2020 at the Instructional Farm of

Bidhan Chandra Krishi Viswavidyalaya, Jaguli, Nadia, West Bengal,
India. The farm is located at 22° 93" N latitude, 88° 53" E longitude and
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9.75m above mean sea level (MSL). The experimental study site is
medium land with good irrigation and drainage facilities. The soil is
typical new alluvial, Entisol and sandy clay-loam in texture with
moderate water holding capacity. The soil was having 26.19% silt
(0.002-0.02mm), 32.45% clay (<0.002mm), 36.17% fine sand (0.02—
0.2mm) and 5.19% coarse sand (0.2-2 mm) with pH 6.59. The soil of
the experimental field had low organic carbon (0.51%) (Walkley and
Black method), medium available nitrogen (alkaline permanganate-
oxidizable) (243kgha™), high available P,O5(Olsen’P) (28.5kgha™)
and K,0 (NH,OAC-extractable) (253.63kgha™).

Climatic condition

The place under study lies in the sub-humid and subtropical zone
since it’s situated near the Tropic of Cancer. It falls in the alluvial Indo-
Gangetic agro-ecological zone. The average rainfall annually in this
region is 1,440 mm. The mean monthly temperature ranges from
37.4°C (maximum) to 9.7°C (minimum). Generally, the average
temperature ranges from 37.6°C to 25.4°C during summer months and
23.7 to 8.5°C during winter months. May is the hottest month in this
region whereas winter here is quite mild and short. The temperature
gradually increases from March and reaches its highest by the end of
May. Generally, the second week of June is the onset of monsoon and it
extends till the last of September to the middle of October. Pre-monsoon
rain is quite common from March to May due to Nor’'wester showers.
The rainfall is erratic and irregular. During the winter months, rainfall
was sufficient during both years of experiments due to the ‘depression’
occurring in the Bay of Bengal. For both the years of the experiment,
maximum rainfall was received during the monsoon season. Maximum
humidity was observed in July 2018 (89.18%) and in August 2019
(88.94%) while the minimum was recorded during the winter months
of both years. The monthly mean meteorological data for the 2 years of
the experiment are given in Supplementary Figure S1.

Experimental design and treatments

The design used in the experiment was a split-plot design, having
four main plots, five subplots and three replications. The main plots
included: i) Conventional tillage (CT) direct seeded rice -lentil ii)
Minimum tillage(MT) direct seeded rice-lentil iii) conventional tillage
(CT) transplanted rice-lentil iv) Minimum tillage(MT) transplanted
rice-lentil whereas subplots included i) Control (no application of
nutrients) - lentil, ii) 100% RDF (80:40:40) (N: P,05:K,0) kg ha™" (As
per government of West Bengal recommendations) — lentil, iii) 75%
Nitrogen + FYM (Blanket dose of 10tha™") - lentil, iv) 75% Nitrogen
+FYM (Blanket dose of 10tha-1) + Azospirillum sp. (2kgha™) - lentil,
v) 75% Nitrogen + FYM (Blanket dose of 10tha™)+ Azospirillum
sp.(2kgha™) +Zinc Sulphate Heptahydrate (ZnSO4,7H,0) @
20kgha™") - lentil. The treatment description and abbreviations used
are shown in Table 1.

Crop management practices

Each experimental plot was having a size of 6 x4 m? In CT, two
ploughings by tractor-drawn disc-harrow were followed by two
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TABLE 1 Details of the experiment.

Treatments Abbreviated
forms
CT Direct seeded rice - lentil CTps-L
MT Direct seeded rice - lentil MTpe-L
CT Transplanted rice - lentil CTpp-L
MT Transplanted rice - lentil MTpg-L
No application of nutrients (Control) N¢
100% RDF N,
75% Nitrogen + FYM N,
75% Nitrogen + FYM + Azospirillum N,
75% Nitrogen + FYM + Azospirillum sp. + Zinc Sulphate N,

ploughings by a harrow with the help of a rotovator and one planking
for uniform land leveling. The CT practices were the same for both
direct seeded and transplanted rice. In MT, one plowing was followed
by one harrowing. MT practices were the same for both the direct
seeded and transplanted rice. No further land preparation was done
for sowing lentil. Fertilizer P205 and K20 were applied at the same
rate, i.e., @ 40kgha™ each in all subplots as basal dose except the
control plot before sowing of rice. Nitrogen was applied @
0/80/60kgha™" as per treatment requirement. No fertilizers have been
added for lentil cultivation. The experiment used the rice variety
Satabdi (IET-4786) and the lentil variety HUL-57.

Growth and yield parameters

For studying various growth characteristics of plants (rice and
lentil), ten random plants were selected from each treatment from
one-meter row length leaving two rows from all sides of the border, in
each phenotypical stage (vegetative, flowering and maturity stage) as
plant samples. For calculation of LAI and CGR, samples were dried
under the sun for one to two days before drying them in the oven at a
regulated temperature of 65° C+1°CThree random plants per
treatment were measured to determine the leaf area and the following
equation (Eq. 1) was used to determine the LAI:

Leaf area per plant (m2 ) x number of plants

LAI= (1)

Ground area (m2 )

The crop growth rate is the rate of increase in dry matter
accumulation per unit of time per unit of ground area. It is expressed
in g m~ day™" and calculated by the formula:

cor=2mW) 2 )

(t2—t1)

Where, W, is the dry weight of plant (gm™) at time t, and W, is
the dry weight of plant (gm™) at time t,, t,—t, is the time interval
in days.

Both the yield of rice and lentil were recorded when crops
achieved physiological maturity. After cutting from the ground, they

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1225986
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Bhattacharya et al.

were dried under the sun for 3-5 days on the threshing floor. Then the
grains from the panicle were threshed and grain yield and straw yield
from individual plots were taken and expressed as t ha™". In the case
of lentil the pods were threshed, and the seeds were collected and
weighed for each treatment plot. The seed yield and stalk yield were
further converted on a hectare basis.

Soil biological parameters

Soil upto 0-15 cm depth was collected with the help of an auger
from each experimental plot prior to sowing and after harvesting of
each crop for both years of experiment. Thereafter the soil samples
were sealed in plastic packets and stored at 4°C in the fridge for
different soil biological parameters analysis. The analysis was done
within 1 month of soil sample collection. Organic carbon content in
the soils was estimated by the modified Walkely and Black method
as described by Jackson (1973). Soil microbial biomass carbon was
calculated by the described by

Jenkinson (1966):

following equation as

(x-Y)
)

B= (3)

Where, “B” is the soil “microbial biomass carbon, “X” is the
amount of CO,-C which evolved from fumigated soil and “Y” is the
amount of CO,-C evolved from non-fumigated control soil. “k” is the
fraction of the killed biomass-C that decomposed to CO, during the
10days after fumigation. It was expressed in pg of CO, evolved per g
of soil.

For dehydrogenase activity fresh soil sample of 5 gm was treated
with TTC (2,3,5-Triphenyltetrazolium chloride) and incubated with
or without electron donating substrate for 96h in the presence of
glucose at 27°C (Klein et al., 1971). The dehydrogenase activity was
measured in the form of formazan which was expressed in pg per gm
of oven-dried soil.

The microbial population occurring in the soil samples were
determined by serial dilution technique and pour plate method
(Prammer and Schmidt) using agar plates having appropriate
medium. Thorntons agar medium (Thorton, 1922), Martins rose
Bengal streptomycin agar medium (Martin, 1950) and Jensen’s agar
medium (Jensen et al., 2012) were used for counting the total number
of viable bacteria, fungi and actinomycetes, respectively.

Statistical analysis

Statistical analysis of all data was done by ANOVA technique for
split-plot design and the least significant values were tested by
Duncan’s Multiple Range Test (DMRT) (p<0.05) among various
tillage and nutrient treatments to find out the trend and variations of
different parameters. Pearson correlations were presented in a
correlogram with significant levels (p <0.05, p<0.001, p<0.01) and
were deduced with the help of ‘psych’ package in R to evaluate
relationships between various soil microbial parameters with rice and
lentil yield. Multiple linear regression (p <0.05, p <0.001, p<0.01 and
p<0.1) was also conducted to identify the relationship between the
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microbial count data with organic carbon under different
tillage systems.

Results

Impact of tillage and nutrients on LAl and
CGR of rice and lentil

LAI and CGR are considered to be important growth parameters
of any crop. In both the years of experiment, they varied significantly
across various tillage treatments and nutrients. LAI and CGR
increased with the advancement of age for both crops being maximum
during the peak period of vegetative growth, i.e,, 60 DAS. They
showed a decreasing trend as the crops neared their maturity due to
the effect of senescence. It was observed that the first year of
transplanted rice grown in CT plots (Figures 1A, 2A) attained the
highest LAI and CGR, followed by MTp-L (Figures 1B, 2B) at all the
dates of observations. Rice grown in CTpz-L plots recorded (6.361)
9.13% higher LAI and 10.74% more CGR (7.95gm > day™") compared
to CTpsr-L plots which recorded the lowest LAI (5.829) and CGR
(7.27gm™ day™') among all tillage levels at maturity stage. Total
rainfall recorded during the rice growing season in the first year was
found to be lesser (641.1 mm) (Supplementary Figure S1) as compared
to the second year. In the next year of experimentation, M Tpg plots
had the highest LAI at all stages, having 4.68% more LAI (6.563) and
3.42% more CGR (7.80gm™ day™') compared to rice grown in
CTrpr-L plots.

LAI and CGR of residual lentil grown on MTpg-L plots
(Figure 3B) were found to be maximum, which was statistically similar
to MTrpy-L plots (Figure 4B), for all the dates of observation during
the first year of study. At the maturity stage treatment of MTpg-L
obtained 1.878 as the LAI value which was 1.10% higher as compared
to CTpsp-L treatment (Figures 3A,B), which recorded the lowest LAI
for all stages of observation. During the flowering to maturity stage of
the crop, CGR for MTpg-L plots was 1.274gm™* day™". In the next
year of study, MTpe-L treatment maintained its superiority over other
treatments for both LAI & CGR values. At the maturity stage, in
MTpse-L plots the CGR value was 1.393 gm™> day ™' which was 9.85
and 15.69% more than CTpg-L plots (Figure 3A) and CTrpr-L plots
(Figure 4A), respectively. At the maturity stage, MTps-L plots
recorded a maximum LAT of 2.115. N, treatment recorded the highest
LAI values of 2.101 and 2.138 at the maturity stage, respectively, for
both years. During the flowering to maturity stage, N, plots recorded
1.492gm™ day ' and 1.463gm™ day ' as CGR, respectively, in the
first and second year of study.

There were significant changes across the various nutrient levels
in terms of LAI and CGR for both rice and lentil. In the first year,
the highest LAI and CGR for rice were observed in N, plots
(Figures 5A-D) throughout their entire growth period. At the
maturity stage of rice, N, plots recorded 2.47% more LAI (6.51) than
N; plots (6.353) and it maintained statistical superiority over other
treatments at all stages where it recorded CGR (9.51 gm™ day™")
during the late tillering stage to reproductive stage, indicating
highest crop growth rate throughout the entire season. In the second
year, N,, N; and N, treatments recorded statistically higher LAI and
CGR than N, and N, treatments throughout all growth stages. N,
plots gave the highest LAI values compared to all treatments. It
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recorded 2.65, 4.70 & 6.995 LAI values during tillering, flowering
and grain formation stages and maximum crop growth rates at all
stages having 9.96gm™ day™' during the late tillering stage to
reproductive stage.

Impact of tillage and nutrients on yield of
rice and lentil

The yield of rice was significantly affected by different tillage
treatments for the entire period of the experiment. In the first year,
grain and straw yields were found to be the highest in CTpy plots,
resulting in 4.84tha™" (Table 2) and 6.46 tha™', respectively.

Rice grown in M Ty plots recorded 3.64% less grain yield than
CTpg (4.84tha™) plots. In the second year, the trend was found to
be different, maximum grain yield and straw yield of 5.17tha™" and
6.62tha™, respectively, were observed in MTpg plots, which was 8.15
and 5.58% higher than rice yield in CT 1y plots, respectively. Different
nutrient schedules had a significant impact on rice yield for the entire
period of the experiment. Rice grain (5.17tha™) and straw yield
(6.56tha™") were maximum in N, plots during the first year of the
study. But in the second year, N, treatment recorded the maximum
rice grain and straw yield (5.65tha™" and 7.17tha™") respectively,
which was 10.13% superior to N, plots.

Residual lentil grown on MTpg plots had the highest seed yield of
8.084 q ha™' (Table 2) and stalk yield of 17.846 q ha™" during the first
year. In the second year, a similar trend was observed, with residual
lentil yielding 12.10 and 10.33% higher seed yield (8.817q ha™') and
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stalk yield (18.852 q ha™") respectively in M T plots than CT rpy plots.
Grain (9.165 & 9.816 q ha™") and stalk yield (20.081 & 20.074q ha™)
of residual lentil were found to be maximum in treatment of N,
treatment for both the years of study, respectively. N,, N; and N,
performed better than N, plots and N, plots, during the second year
which indicated that FYM-treated plots showed an improving trend
of yield-attributing characters. The results concurred with the findings
of Das et al. (2019). Several researchers found that organic manure is
capable of providing a residual impact on two or more crop seasons
in terms of nutrient supply (Dey et al., 2019).

Impact of tillage and nutrients on organic
carbon and microbial biomass carbon

Different tillage levels and nutrient levels had a significant effect
on the organic carbon content of soil, at the end of each year’s rice-
lentil cropping system. In, 2019 highest carbon content of 0.5236%
(Table 3) in soil was observed in the treatment of MTpg-L, though it
was statistically similar to MTrpp-L treatment.

These were followed by conventionally tilled treatments, recording
much lesser carbon values in soil. In 2020, the maximum carbon value
in soil was observed with the treatment of MTpg-L (0.5395%)
(Table 3) followed by MTrpp-L treatment. In 2019 and 2020, the
highest carbon content of 0.5294 and 0.5422% were observed in N;
which was statistically at par with N,. Though all the FYM treatments
have close soil carbon values, but they were pronouncedly superior
statistically over treatments of N, and N, for both years.
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Microbial biomass carbon followed a similar trend as that of
organic carbon in soil throughout the experiment. The values
improved from the first to the second year. The highest microbial
biomass carbon (316.66 ug C g ~' oven dry soil) was found in MTpg
plots (Figure 6A) which were 1.93 and 6.90% more than CTy plots,
respectively for both the years of study. However, M Ty plots were
found to be statistically at par with MTpg plots in the first year and
were closely following MTpg; plots in the second year.

At the end of each year’s rice-lentil cropping system, microbial
biomass carbon in soil was significantly affected by different nutrient
treatments. Maximum soil microbial biomass carbon of 339.07 ug C
¢! oven-dry soil (Figure 6A) and 354.22pg C g™ oven-dry soil,
respectively were attained by N; which was statistically at par with N,.
All FYM-treated plots recorded more soil microbial biomass carbon
than N, and N, plots, which was due to the presence of higher soil
organic carbon content in all FYM-treated plots.

Impact of tillage and nutrients on
dehydrogenase activity

Dehydrogenase activity in soil was significantly affected by
different tillage treatments at the end of each year’s rice-lentil
cropping system. For the first year of study, MTpg-L attained the
highest value of dehydrogenase activity (3.251 pg TPF g™' oven dry
soil hr.™") (Figure 6B) which was 2.07% more than CTpg-L and
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statistically at par with MTrpr-L. In the second year, MTps-L
outperformed all other treatments recording dehydrogenase activity
of 3.439 ug TPF g oven-dry soil hr.”! which was 5.16 and 7.46%
more than CTpg-L and CTppe-L, respectively, and was closely
followed by MT rpz-L.

Maximum dehydrogenase activity of 3.521 ug TPF g™' oven dry
soil hr.™" & 3.649 pg TPF g™' oven dry soil hr.™! was obtained in Nj
(Figure 6B) respectively in both the years, though it was statistically at
par with N,. Dehydrogenase activity was 20.14 and 21.78% higher in
N; compared to N, in respective years.

Impact of tillage and nutrients on microbial
population

Highest bacterial, fungal and actinomycetes population
(7447x10° CFU g' soil and 87.60x10° CFU g soil
32.47x10°CFU g™ & 39.67x 10°CFU g™; 50.67 x 10 CFU g ' soil and
61 x 10°CFU) (Figures 7A-C) was found in the treatment of MTpg-L,
respectively, for both the years, which was statistically at par with
MT pp-L. The bacterial population was found to be 21.21% higher in
MTps-L compared to CTppr-L in the final year of the study
(Figure 7A). CTypp-L recorded 22.27 and 22.81% less total fungal and
actinomycetes population compared to MTpg-L treatment in the last
year of the experiment (Figures 7B,C). Results from this study reveal
that bacterial, fungal and actinomycetes count increased from the first
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FIGURE 3
Growth parameters [i.e., leaf area index (LAl) and Crop Growth Rate (CGR)] of lentil under (A) CTpsr-L and (B) MTpss-L systems in both years (2018—
2019 & 2019-2020). The error bar represents the standard deviation.

year to the second year in minimum tillage treatments. Total bacterial,
fungal and actinomycetes count was significantly affected by different
nutrient treatments, after each year’s rice-lentil cropping system.
Maximum bacterial, fungal and actinomycetes population of
78.58x10° CFU g™' soil & 88.50x 10 * CFU g™' soil, 35.67 x 10° CFU g™
& 40.58x 10°CFU g™ and 53.42x 10°CFU g™ & 62.25x 10°CFU g"!
were found in Nj, respectively, for both the years (Figures 7A-C and
SupplementaryTables S1, 52, §3). FYM-treated treatments had higher
values which are attributed to higher C input. All the FYM-treated
plots had closer values for microbial population, while N, and N, had
pronouncedly inferior statistical values.

Relation between different soil microbial
parameters with rice and lentil yield

Different correlograms have been constructed according to
different tillage practices for 2years of experiment. In each
correlogram, significant positive relationships have been observed
between different soil microbial parameters with rice and lentil yield
along with LAI values of 60 DAS of rice and lentil (Figure 8).

Rice yield and lentil yield were significantly correlated with
organic carbon present in the soil. Under all tillage systems, a strong
positive correlation (R > 0.6) was observed between all parameters. In
Figure 8A, CTpg-L system, the correlation was found to be strongest
among MBC and DEHY, OC and BACT, OC and ACT, BACT and
ACT, RY and RLAI60, LY and L LAI60. It implies that the
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interdependence of microbial populations is determined by the
presence of organic carbon in the soil.

Whereas correlation coefficients for all the parameters with
respect to direct seeded rice yield under conventional tillage were
significant except for dehydrogenase activity (0.62). The lentil yield
and 60 DAS LAI value were found to be significantly positively
correlated with the microbial parameters. This indicates that
conventional tillage results in lower activity of microbial population
which is quite obvious due to the disturbance occurring through the
tillage operations. From Figure 8B, depicting the MTpge-L system, it
was clear that the microbial characteristics in the soil were highly
correlated with each other and they were found to be highly significant.

In the minimum tillage practiced in direct-seeded rice, the
dehydrogenase activity was significantly correlated with the rice
(R=0.64) and lentil yield (R=0.79) which clearly is the indicator of
the microbial oxidation activity. The lentil yield and 60 DAS LAI value
were significantly positively correlated with the microbial parameters.
The strongest relationship was observed between MBC and DEHY,
BACT and OC, FUN and OC, BACT and ACT, and RY and RLAI60.
In the CTrpr-L system (Figure 9A) high positive correlation was
observed in rice yield with other parameters except for MBC which
indicates that the heavy tillage practiced in transplanted rice does not
significantly contribute to proper microbial growth which might
be the reason for later compaction of soil in this system resulting in
lower MBC value. Interestingly in the MTpg-L system (Figure 9B),
rice yield was found to be only correlated with bacterial (0.65%) and
fungal population (0.68*) which indicates that the system is not that
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suitable for soil health. The minimum tillage practiced in the puddled
condition might have hindered the oxidation of organic matter leading
to poor microbial growth affecting rice yield whereas in the case of
lentil yield all the other soil biological parameters were found to
be highly interdependent giving rise to better yield performance. LAI
values at 60 DAS for both rice and lentil had higher significant
coeflicient values (R from 0.62 to 0.97) with most of the soil microbial
parameters, for all tillage systems.

Relationship between the organic carbon
(OC %) in soil with microbial population
count under various tillage systems

The relationship between the OC (%) in soil with microbial
population count under various tillage systems was deduced in
Table 4. The relationship established between the organic carbon of
the second year and the microbial population in both years can
provide an in-depth idea about the intricate relationship between soil
OC with various microbial populations. According to experiment
results, soil organic carbon being the key indicator of soil quality, had
significant relation with both years of bacteria, fungi and
actinomycetes population as a whole, while individual microbial
count did not have any significant relation with organic carbon.

The individual relation between microbial count and OC might
be more pronounced if the experiment is furthered more which is
indicated in the regression table. The microbial population is high in
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the minimum tillage system but the OC had a relatively significant
relation under the conventional tillage system. The organic matter is
oxidized faster in conventional tillage systems and thus exhausts the
soil capacity for microbial activity in the long run. This may affect the
yield in the long term reducing soil productivity and making it barren
and unsuitable for rice-based cropping systems.

Discussion

LAl and CGR of rice-lentil as influenced by
minimum tillage and integrated nutrient
management

Direct-seeded plots did not perform well in the first year because
of moisture stress owing to poor rainfall as there was poor germination
of seeds, while it was quite a different scenario in the second year. Such
a trend might be due to the overall effect of better climatic conditions
(Supplementary Figure S1) during the second year and minimum
tillage which was gradually getting pronounced with each passing
year. Minimum soil disturbance results in the retention of soil organic
matter and better soil chemical, physical and biological characteristics.
More soil enzymatic activity, and microbial biomass, lead to higher
nutrient availability and consequently higher uptake by the crop
giving rise to higher leaf area per plant and better canopy cover hence
improving the LAL Higher LAI and better light interception have
produced more dry matter causing higher CGR values in the case of
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TABLE 2 Data of 2 years for rice and lentil yield as influenced by different
levels of tillage and nutrients.

Treatment Rice grain yield Lentil grain yield
(tha™) (tha™)
2018 2019 2019 2020
CTpg-L 4.00° 5.12° 7.682° 8.064°
MTpgL 438 5.17° 8.084° 8.817°
CTapeL 4.84° 478 7.738" 7.865¢
MTope-L 4.67° 4.82° 8.051° 8.579°
Ne 3.3 351 6.43¢ 6.444
N, 5.17° 4.93¢ 8.236" 8.25¢
N, 4.53 5.3¢ 7.412° 8.349°
N, 471 5.47° 82" 8.797"
N, 4.65 5.65° 9.165° 9.816°

The treatment description is given in Table 1.
Significant differences between means are represented by different letters.

minimum tillage. Qamar et al. (2013) in his study found that zero
tillage treatment had resulted in higher LAI and CGR values in the
case of wheat, which was due to higher moisture and availability of
nutrients near the crop root zone that accelerated the growth. Das
etal. (2020) concluded that the availability of nutrients was more in
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TABLE 3 Data of 2 years for organic carbon (%) as influenced by different
levels of tillage and nutrients.

Treatment Organic carbon (%)
2019 2020

CTpgeL 0.52° £ 0.007 0.52° % 0.011
MTpge-L 0.52° +0.008 0.53"+0.014
CTipeL 0.52* £ 0.007 0.52" £ 0.009
MTpeL 0.52° £ 0.008 0.53'£0.013
N¢ 0.51° £ 0.001 0.51° + 0.004
N, 0.51° % 0.001 0.51° £ 0.005
N, 0.52* +0.002 0.53" +0.008
N; 0.52° + 0.003 0.54° +0.008
N, 0.52° +0.003 0.54" +0.008

The treatment description is given in Table 1.
Significant differences between means are represented by different letters. Average
means + standard deviation (n=3).

conservation tillage treatments compared to conventional tillage
treatments. Zero tillage outperformed conventional tillage in respect
of various growth attributes of crops as observed by Parihar et al.
(2016), which he assigned to better soil water regimes, aeration and
better root growth resulting from lesser compaction of soil.
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FIGURE 6
(A) Microbial biomass carbon as affected by different levels of tillage and nutrients in both years (Error bars represent standard deviation).
(B) Dehydrogenase activity as affected by different levels of tillage and nutrients in both years. Treatment details are given in Table 1.

Azospirillum sp. is said to promote the secretion of amino acids,
cytokinins, gibberellins, indole acetic acid etc. which directly facilitates
better root growth in plants, increasing nutrient as well as water
uptake by plants (Zeffa et al., 2019). Hafeez et al. (2013) reported that
zinc activates numerous plant enzymes for carbohydrate metabolism.
This might be a valid reason for N, treatment to record the highest
LAIand CGR values. Treatments receiving FYM showed better results
in terms of LAI and CGR in the second year since it has a longer
turnover period as it decomposes slowly due to its high C:N ratio to
release nutrients. Imade et al. (2017) reported the highest LAI values
in rice along with other growth attributes with the application of
FYM. Singh et al. (2018) got similar results due to the application of
FYM which improved growth attributes of rice due to lowering of
nitrogen loss because of fixation of NH," ions in humus present in
FYM and its slow release over time. Aerobic soil condition of the
direct seeded rice establishment systems was responsible for better soil
structure leading to better root growing conditions, which might
result in higher nutrient uptake for lentil grown afterwards. Higher
soil organic carbon content under minimum tillage plots due to the
slow decomposition of organic residues on the soil surface as well as
higher soil moisture conditions in minimally tilled plots might be a
valid reason for residual lentil to have higher LAl and CGR values. The
positive influence of minimum tillage practiced during the rice
cultivation in improving growth attributes of the crop was quite visible
in lentil, with minimally tilled plots recording comparatively more
LAI and CGR than conventionally tilled plots. Bandyopadhyay et al.
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(2018) in his study observed higher LAI and CGR values in lentil in
no-tillage and minimum tillage treatments which were due to better
moisture content in the root zone which further led to higher relative
water content and chlorophyll concentration. Higher relative water
content is an important index for cell division whereas chlorophyll
concentration determines the photosynthetic capacity. Both of these
factors are important for the growth indices of any crop. Results tend
to comply with the findings of Singh et al. (2016). This along with the
application of farmyard manure might have resulted in better
physiological characteristics of lentil which in turn improved LAI and
CGR values.

The yield of rice-lentil as influenced by
minimum tillage and integrated nutrient
management

Various previous reports confirmed that during dry season or
cases of low rainfall puddling has aided in enhancing the rice yield in
general, owing to lowering of percolation loss of water and taming
weeds which is due to less rainfall and deep water table (Yadav et al.,
2017). This might be the reason behind the higher yield of transplanted
rice in the first year, in both conventional and minimum tillage
systems. While better climatic conditions favoring higher LAI and
CGR values resulted in higher yield in the case of direct-seeded rice
in the second year. Many researchers before have confirmed proper
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(A) The total bacterial, (B) fungal and (C) actinomycetes population as affected by different levels of tillage in both years (error bars represent standard
deviation). Treatment details are given in Table 3.

agronomic management like weed and water management and  of more number of panicles per m* than transplanted rice. Kosuti¢
favorable climatic conditions have resulted in direct-seeded rice  etal. (2005) and Salahin et al. (2017) reported that minimum tillage
performing better than transplanted rice (Tao et al, 2006). Liuv et al.  with time improves the yield of crops. Less disturbance of soil in
(2015) in his study pertained higher yield of direct seeded rice because ~ conservation practices like minimum tillage which leaves at least 30%
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FIGURE 8

Correlogram showing the Pearson correlation coefficients between organic carbon (%OC), microbial biomass carbon (MBC), dehydrogenase (DEHY),
bacterial population (BACT), fungal population (FUN), Actinomycetes population (ACT), rice (RY) & lentil (LY) yields, 60 DAS LAl of rice (R LAI60) and
lentil (L LAI60) under (A) CTpsp-L system and (B) MTper-L system; *, Correlation coefficient significant at 0.05 level of probability, **, Correlation
coefficient significant at 0.01 level of probability and ***, Correlation coefficient significant at 0.001 level of probability.
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TABLE 4 Multiple linear regression with organic carbon (OC %) in soil
with microbial population count under various tillage system.

Variables Coefficients p value e
level

CT Direct seeded rice-lentil

(Intercept) 0.400 0.000 Hakk

BAC2 0.000 0.815

FUN2 0.000 0.217

ACT2 0.001 0.013 *

BAC1 0.001 0.002 o

FUN1 0.000 0.699

ACT1 0.000 0.692

MT Direct seeded rice-lentil

(Intercept) 0.422 4.03 Hokk

BAC2 0.0015 0.146

FUN2 0.0001 0.769

ACT2 —0.0005 0.436

BAC1 —0.0006 0.676

FUN1 0.0014 0.396

ACT1 0.0002 0.779

CT transplanted rice-lentil

(Intercept) 0.407 0.000 ok

BAC2 0.000 0.845

FUN2 0.000 0.189

ACT2 0.000 0.834

BAC1 0.001 0.013 *

FUN1 0.001 0.203

ACT1 0.000 0.560

MT transplanted rice-lentil

(Intercept) 0.386 0.000 Hakk

BAC2 0.001 0.080

FUN2 0.000 0.507

ACT2 0.000 0.813

BAC1 0.000 0.979

FUN1 0.001 0.426

ACT1 0.001 0.207

Significant codes: “*¥*” — 0.001, “**” - 0.01, “*” - 0.05, 7 - 0.1.

residues on soil, stimulates the microbial biomass and increases its
metabolic rate causing higher nutrient transformation of carbon,
nitrogen, and phosphorus (Hungria et al., 2009). Nutrient availability
is closely linked with robust dry matter accumulation, resulting in
higher yield in the case of MTpg-L. N, recorded the highest yield due
to release of phytohormones and nitrogen fixation by Azospirillum sp.
along with the beneficial effect of zinc sulphate on nitrogen
metabolism which might have led to maximum yield. Fukami et al.
(2018) found out Azospirillum has a direct effect on root growth,
resulting in higher nutrient and moisture uptake by plants. It also
solubilizes phosphorus which further improves the yield attributes of
crops. Integrated application of organic, and inorganic sources of
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nutrients along with biofertilizers improves soil organic carbon and
soil structure (Das et al., 2015). Singh et al. (2009) reported similar
instances of higher rice grain yield on the combined application of
chemical fertilizers and Azospirillum owing to higher tillers m™,
panicles m™ and test weight. Integrated application of chemical
fertilizers, organic manures and bioinoculants of Azospirillum was
found to give 7.20% more rice grain yield than treatments not
receiving Azospirillum, as it secreted growth-promoting substance
which thereby gave rise to better root structure, enhancing mineral
absorption by plants (Sravan and Singh, 2019). Minimum tillage and
direct seeded rice establishment result in better seedbed than
conventionally tilled transplanted systems because of a reduction in
soil crusting and higher infiltration of water (Gangwar et al., 2006).
Bandyopadhyay et al. (2018) pointed out that crop residue in
minimum tillage plots lowered the solar radiation reaching the soil
surface hence lowering energy for evaporation of residual soil
moisture, after the rice harvest. Several researchers confirmed that no
or minimum tillage lowers the change in soil moisture storage. Any
kind of organic residue in soil improves the water-stable aggregate
build-up because of polysaccharides and other organic compounds
released after its decomposition, that act as a cementing material for
soil particles. This enhanced aggregation of soil particles results in the
development of low-density materials that are rich in mineral fractions
(Bhanwaria et al., 2022). Mineralization of nutrients highly varies
according to soil type, moisture, temperature and microbial activities
of soil etc., (Moorhead et al., 1996). Higher moisture content, proper
nutrient cycling and better biological parameters of minimum tillage
system might have resulted in a greater number of pods per plant,
seeds per pod and test weight of lentil which in turn led to its better
seed yield as compared to conventional tillage system. Das et al. (2019)
found similar results in a two-year experiment when lentil grown
under no-tillage conditions in minimally tilled rice plots after its
harvest recorded the maximum number of seeds per pod (1.29 & 1.37)
and the number of pods per plant (22.7 & 23.1) respectively for both
the years of study. Robust plant growth, in minimally tilled plots led
to better biomass accumulation which was the reason for better stalk
yield. Farmyard manure increases available nutrients such as nitrogen
along with other micronutrients which further favors phosphorus and
potassium use efficiency that results in better root structure, reduced
leaching and higher nutrient uptake capacity of the crop (Zhang et al.,
2016). The beneficial carryover effect of Azospirillum, FYM and zinc
sulphate was clearly observed in the performance N, treatment, where
Azospirillum acted as plant growth promoting rhizobacteria alongside
slow nutrient-releasing bulky organic manure of FYM and zinc
sulphate which perhaps facilitated nitrogen uptake by lentil, leading
to better seed yield in the process. Application of organic manure
improves the formation of stable metal-organic complexes, in the case
of applied and natural micro-nutrient (Zn, Fe and Mn) in soil, which
reduces their adsorption or precipitation in soil and enhances their
uptake in crops (Swarup, 1984). This might be another reason for the
N, treatment to perform better than the rest.

Organic carbon and microbial biomass
carbon

Plant litter, root additions, and external application of organic
manures improve the organic matter in soil, which transforms into
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FIGURE 9
Different correlograms show the Pearson correlation coefficients between organic carbon (% OC), microbial biomass carbon (MBC), dehydrogenase
(DEHY), bacterial population (BACT), fungal population (FUN), Actinomycetes population (ACT), rice (RY) & lentil (LY) yields, 60 DAS LAl of rice (R LAI60)
and lentil (L LAI60) under (A) CTpsg-L system and (B) MT+pr-L system. *, Correlation coefficient significant at 0.05 level of probability; **, Correlation
coefficient significant at 0.01 level of probability and ***, Correlation coefficient significant at 0.001 level of probability.

sources of humus carbon. It has been found that minimum tillage and
zero tillage have considerably improved soil microbial biodiversity,
their activity and biomass, since crop stubbles left on the surface act as
their food source (Lupwayi et al., 2001) There was a circumspect
improvement in carbon values from the first year to the second year.
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Minimally tilled plots had higher organic carbon content in soil than
conventionally tilled plots throughout the entire experiment mainly
because of limited manipulation of soil; oxidation of organic matter
was reduced, hence conserving carbon within the soil. Various
researchers (Beare et al., 1994; Six et al., 2000), stated that the presence
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of crop residues, in case of conservation tillage practices like minimum
tillage, no-tillage etc., hinders the exposure of soil macroaggregates for
microbial decomposition by increasing turnover rate of such soil
macroaggregates by physically lowering the soil to residue contact,
conserving soil organic carbon It takes several years for the organic
carbon to increase to a substantial amount. Results from this
experiment support this finding. After 11years of experiment,
Campbell et al. (1999), found that soil organic carbon improved to
0-3Mgha™" under zero tillage within 0-15cm. The introduction of
legumes in the cropping system along with conservation tillage is
another reason for the increase in the carbon values of soil (Yadav et al.,
2017). Favorable crop rotations are associated with higher soil organic
content as, root additions in conservation tillage systems, have a close
relationship with the organic carbon stock of soil (dos Santos et al.,
2011; Page et al., 2020). Khorami et al. (2018), from an experiment of
2years, reported that soil organic carbon was highest in the case of
reduced tillage (34%) followed by no-tillage (13%) as compared to
conventional tillage Though some literatures suggest that leaving crop
residues in soil or conservation tillage practices does not necessarily
improve the soil organic content unless there is favorable soil
temperature and humidity to act upon the decomposition rate of soil
organic matter. Combined application of Azospirillum and farmyard
manure accelerated robust root growth leading to higher root additions
in soil, which might be a valid reason for N, treatment to record the
highest organic carbon values with respect to other nutrient treatments
by the end of second year of experiment. The results complied with
findings of Zhao et al. (2020) where after 5 years of experiment organic
carbon increased by 41.15% due to combined application of compost
and inorganic sources of nutrients which was five times more than the
increase because of the application of only inorganic fertilizers (Zhao
etal., 2020). Again long-term experiments at various locations in India
on the combined application of 50% NPK and 50% N through FYM
showed similar results (Nayak et al., 2012). Different cereal-legume
cropping systems were evaluated with respect to integrated nutrient
management, Venkatesh et al. (2013) found that soil organic carbon
content significantly increased by 26% in the treatment of farmyard
manures + biofertilizers when compared to control treatments.
Conventionally tilled treatments recorded lesser microbial biomass
carbon as it is highly affected by soil management practices, which
alters soil microbial habitat and microclimate. It is used as an important
index of soil health and quality, which tends to increase in agricultural
practices that maximize organic carbon content in soil (Malobane
etal, 2020). Results from this experiment reveal that minimum tillage
practices leave behind crop residues on the soil surface which acts as
the energy source for various soil microorganisms, leading to greater
soil microbial biomass carbon. Soil aggregate formation is always found
to be higher in conservation tillage practices (Fuentes et al., 2009;
Poonam et al., 2017; Upadhyay et al., 2018). The pore space within
these aggregates acts as an essential habitat for soil microbial biomass,
which is disrupted by conventional tillage practices. The results of this
experiment are in accordance with Salinas-Garcia et al. (2002) who
concluded that in the upper 0-5cm layer of soil, microbial biomass
carbon was 25 to 50% higher in ZT and MT treatments than that CT
treatments due to the presence of organic substrates in the case of both
ZT and MT, which led to the assimilation of nutrients that further
improved microbial biomass and their activity. Various researchers
have found higher soil microbial biomass carbon in conservation
tillage systems than in conventional systems (Hungria et al., 2009; Das
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etal., 2020). The addition of organic sources of nutrients, increased the
carbon content of the soil for both the years of the experiment, while
control plots and treatment receiving only chemical sources of
nutrients did not have a higher carbon content in the soil. Various
literature suggests (Vineela et al., 2008; Venkatesh et al., 2013; Francioli
etal, 2016; Kumar et al., 2019) that integrated application of nutrients
improves soil microbial biomass carbon. From a five-year experiment
in the maize-mustard cropping system, continuous application of
inorganic fertilizers along with FYM, biofertilizer and lime had the
highest microbial biomass carbon (373.02mgkg™) (Saha et al., 2010).
Venkatesh et al. (2013) detected that the inclusion of pulses into any
cropping system improves soil health through biological nitrogen
fixation and their deep root system, hence increasing the below soil
biomass. The results from this experiment confirm that the application
of plant growth-promoting rhizobacteria like Azospirillum along with
FYM resulted in higher root biomass and its exudates, providing
carbon and energy for higher microbial proliferation in the soil,
resulting in higher microbial biomass carbon.

Dehydrogenase activity

Minimally tilled systems recorded higher dehydrogenase values
compared to conventionally tilled systems. Soil dehydrogenase enzymes
are said to be one of the important enzymes taking part in biochemical
routes to maintain balanced biogeochemical cycles. It's used as an
important index for microbial activity in soil. Previous literature
suggested that the more organic matter in the soil more will be more
dehydrogenase activity which actually oxidizes the organic matter to
release nutrients (Madejon et al., 2009; Das et al, 2020). Under
permanent bed treatments dehydrogenase activity was 62% higher than
conventionally tilled treatments in long-term maize-wheat cropping
systems (Singh et al., 2009). Intensive tillage destroys soil aggregation
and accelerates organic matter decomposition. Soil enzymatic activities
are highly related to microbial biomass which is found higher in
conservation tillage systems (Madejon et al., 2009). Minimally tilled plots
had higher organic content that acted as an energy source for soil
microbial multiplication which led to higher dehydrogenase activity.
Higher dehydrogenase activity was confirmed under various
conservation tillage systems like zero tillage, reduced tillage, etc., by other
researchers (Nisha et al.,, 2016; Singh et al., 2016; Kumar et al., 2017; Hatti
etal., 2018). Dehydrogenase activity (6.53 pgg™") at 0-15cm soil layer was
found to be more in CsT treatments than CT treatments as CsT methods
improved the soil microbial activity and enzyme production under crop
residue cover in the rice-rapeseed system (Das et al., 2020). Higher
organic carbon content and microbial biomass carbon in FYM-applied
treatments resulted in higher dehydrogenase activity Parewa et al. (2014)
observed that in treatment where FYM along with bio inoculants were
added accelerated the dehydrogenase activity due to the breakdown of
organic substances present in the manure. The highest dehydrogenase
activity was recorded by Brar et al. (2017) in their long-term experiment
on maize when FYM, non-edible oilcake and biofertilizers were applied.

Microbial population

Soil enzymes are positively correlated with soil health and
microbial activity (Dick, 1994). Results complied with Li et al. (2020),
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who suggested that conservation tillage practices have impacts on the
total bacterial population. Higher dehydrogenase activity recorded in
MTpg L can be an indicator of a higher bacterial population (Singh
et al,, 2009). Higher total and bioavailable carbon content enhance
soil bacterial count (Navarro-Noya et al, 2013). Several other
researchers have found a higher bacterial population under zero
tillage and minimum tillage practices (Helgason et al, 2010).
Diversified rotations of crops are another vital reason for the
improvement in bacterial count in MT systems (Yang et al., 2013).
During biological nitrogen fixation in legumes, hydrogen gas is
produced in the soil rhizosphere which triggers the bacterial
population of the soil (Gogoi et al., 2018). Fungal communities are
found to similarly proliferate more in conservation tillage systems
viz. minimum tillage, zero tillage etc. because of maintaining hyphal
nets which otherwise get disturbed due to continuous tillage
operations in CT (Hungria et al., 2009). Its abundance at the soil
surface in conservation tillage systems has been reported by several
researchers before (Zhang et al., 2012; Spurgeon et al,, 2013). The
fungal population increased in both soybean and wheat under zero
tillage systems Singh et al. (2018). Nisha et al. (2016) found similar
kind of results in his 3 years experiment where they reported 56.63%
more fungal population in the rice-wheat-mungbean cropping
system under zero tillage than that of CT. The results from this study
conclude that the accumulation of organic residues in minimum
tillage systems acted as carbon and nitrogen sources for higher fungal
and bacterial proliferation and these were in support of the findings
of Parewa et al. (2014), where they concluded treatment of 100%
NPK +FYM+ plant growth promoting rhizobacteria + vesicular-
arbuscular mycorrhiza increased fungal as well as bacterial
population due to higher root exudates acting as a source of carbon
and energy. The results were similar to Brar et al. (2017) who reported
the highest actinomycetes population (76.17 x104cfug™ soil) in
treatment receiving 50% N as FYM + Biofertilizers. Conventionally
tilled plots throughout the entire study recorded a lesser total
actinomycetes population when compared to minimum tillage plots.
From the results, it is evident that cropping intensification as well as
minimum tillage creates crop residues and exudates causing micro-
habitats for diversified microbial communities. In a paddy-maize-
soybean cropping system grown under conservation tillage
actinomycetes population increased by 8.51, 2.3 and 3.4% at the
harvest stage of rice, maize, and soybean, respectively, when
compared to conventional tillage systems (Dongre et al., 2017). The
results were consistent with the findings of Hatti et al. (2018) and
Nisha et al. (2016) who reported a higher actinomycetes population
under zero and minimum tillage systems. Application of organic
sources of nutrients along with biofertilizers and chemical sources of
nutrients have been said to promote soil microbial communities,
which significantly influences soil biological fertility ensuring better
nutrient cycling and nutrient dynamics in the soil in the longer run
(Suhaibani et al., 2020).

Relation between different soil microbial
parameters with rice and lentil yield

It is quite evident from this study that a favorable soil environment
provided by minimum tillage is responsible for organic matter
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accumulation and higher enzymatic activity indicating microbial
multiplication, which clearly has a significant beneficial effect on the
yield of successive crops. Higher correlation values between various soil
biological parameters with a respective yield of rice and lentil were
observed among minimum tillage systems after 2 years of experiment
implying limited tillage operations resulted in higher microbial activity
and higher decomposition of organic matter leading to more availability
of nutrients which might be taken up by plants (Somenahally et al.,
2018) giving rise to higher leaf area which is successively contributing
to higher accumulation of photosynthates and better yield in case of
both rice and lentil. Soil health and fertility improve over time under
minimum tillage along with the inclusion of pulse crops which is a
valid reason behind the yield increase (Kaye and Quemada, 2017).

Conclusion

The findings of the study show that though minimum tillage did
not have any effect on the growth and yield of rice in the first year, it had
a synergistic effect on rice in the following year. In the second year of
the experiment, all FYM-treated plots outperformed treatments
without FYM. The residual effects of tillage and nutrients on lentil
planted after rice were highly significant. Minimum tillage with
integrated nutrient combinations resulted in higher LAI and CGR
values contributing to higher crop yield. Though minimum tillage did
not have a substantial effect on organic carbon but had influenced the
microbial biomass carbon, dehydrogenase activity and microbial
populations which are indicators of soil health. Organic carbon was
found to be closely related to all the soil biological parameters, especially
in the case of minimum tillage systems. The improvement of soil health
clearly increased crop yields due to higher nutrient availability
compared to conventional tillage systems where the organic matter was
oxidized. It is clear that to gain long-term stability and sustainability of
agro-ecosystem this kind of experiment needs to be furthered. However,
to reverse soil degradation caused by conventional tillage practices and
mono-cropping farmers need to have locally adjusted conservation
tillage practices along with the inclusion of pulse crops in the cropping
system. Farmers can get profitable yield in the long run under the rice-
lentil cropping system if the minimum tillage is practiced along with
the addition of FYM, Azospirillum and zinc sulphate.
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