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The major challenge of growing soybean, other than unfavorable weather and small
farm size, is the non-availability of quality inputs at the right time. Furthermore, in
soybean growing regions, crop productivity and soil environment have deteriorated
duetotheuse oftraditional varieties and conventional methods of production. Soybean
crop intensification or system of crop intensification in soybean (SCI) is an agricultural
production system that boosts soybean yields, improves the soil environment, and
maximizes the efficiency of input utilization, although the contribution of SCI to crop
productivity is not well understood as different genotypes of soybean exhibit different
physiological responses. Therefore, a field study was conducted in 2014-2015 and
2015-2016 using three crop establishment methods (SCl at a 45 cm X 45 cm row
spacing, SCl at 30 cm X 30 cm, and a conventional method at 45 cm x 10 cm) assisted
in vertical strips with four genotypes (Pusa 9,712, PS 1347, DS 12-13, and DS 12-5)
using a strip-plot design with three replications. Compared with standard methods
of cultivation, the adoption of SCI at 45 cm X 45 cm resulted in a significantly higher
stomatal conductance (0.211 mol H,O m= s™), transpiration rate (7.8 mmol H,O
m= s7), and net photosynthetic rate (398 mol CO, m= s7%). The implementation of
an SCl at 30 cm x 30 cm had significantly greater intercepted photosynthetic active
radiation (PAR) (1,249 mol m~2 s) than the conventional method system, increasing
crop yield from 9.6 to 13.3% and biomass yield from 8.2 to 10.7%. In addition, under
an SCl at 30 cm X 30 cm, there were more nodules, significantly larger root volume
and surface density, and increased NPK uptake compared with the other methods.
Significantly greater soil dehydrogenase activity, alkaline phosphatase activity,
acetylene-reducing assay, total polysaccharides, microbial biomass carbon, and soil
chlorophyll were found with SCI at 45 cm x 45 cm (13.63 g TPF g soil hr.™, 93.2 g
p-nitro phenol g~ soil hr.”%, 25.5 n moles ethylene g soil hr.”%, 443.7 mg kg soil,
216.5 mg kg™ soil, and 0.43 mg g soil, respectively). Therefore, the adoption of an
SCl at 30 cm x 30 cm and/or 45 cm x 45 cm could provide the best environment
for microbial activities and overall soil health, as well as the sustainable productivity of
soybean aboveground.
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GRAPHICAL ABSTRACT

‘ Conventional methods

1. Introduction

The cultivation of traditional/local cultivars and conventional
tillage production systems in the Western Indo-Gangetic Plains (IGP)
has led to decreased crop productivity (Fatima et al., 2023), soil
erosion (Cdrceles Rodriguez et al., 2022), nutrient depletion (FAO,
2017; Dutta et al., 2022), and water loss (Jat et al., 2019), resulting in
degraded soils (Radosavljevic et al., 2020) with low organic matter
content (Singh et al., 2019) and a fragile physical structure (Rajanna
et al., 2022). Soybean cultivation using traditional cultivars under
conventional crop establishment methods have had the same impact.
However, owing to soybean’s wide range of uses and health advantages,
it is the most widely cultivated oilseed crop worldwide. The production
of 369.5 million tons (mt) of soybeans worldwide each year is evidence
of the crop’s importance on a global scale (USDA, 2018). Owing to its
high levels of protein and edible oil content (Dass et al., 2018), soybean
products are widely consumed in India and throughout the world. The
world’s soybean production, yield, and area were 120.4 million
hectares, 313.7 million tons, and 2.67 tons ha™', respectively, in
2015-16 (FAO, 2021). In India, it covered an area of 11.66 million ha,
and in the fiscal year 2015-16, an average yield of 737kg/ha was
recorded (Anonymous, 2017). However, soybean’s poor average
productivity (1.0Mgha™) restricts its wider expansion in this
potentially productive region (Dass and Bhattacharyya, 2017). The
demand for locally produced soybean oilseed has decreased because
of the lower productivity of these traditional production systems.

The System of Rice Intensification (SRI), which evolved from
Madagascar (Upadhyay et al, 2022), as well as conservation
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agriculture (CA), integrated pest management (IPM), agroforestry,
and other good combinations of practices that alter crop management,
soil, water, and nutrients, are examples of agroecological management.
Among other things, these modifications increase soil microbial
activity (Adhikari et al,, 2018) and abundance in the rhizosphere (root
zone) and even the phyllosphere of plants (Uphoff et al.,, 2013).
Soybean crop intensification or system of crop intensification (SCI) in
soybean is fundamentally derived from the SRI with slight
modifications (Araya et al., 2013). SCI is based on productive
efficiencies that are derived from plants (Abraham et al., 2014) with
larger more efficient longer-lived root systems (Adhikari et al., 2018)
and their symbiotic relationships (Uphofl et al., 2013) with more
abundant (Singh et al., 2018), diverse, and active soil biota (Dhar et al.,
2016). Crops with more proliferated root systems with profuse and
healthy life inside the soil are more resilient (Singh et al., 2018) when
exposed to any aberrant weather, such as drought, a sudden increase
in temperature, and heavy rainfall (Dass et al., 2015; Adhikari et al,
2018). Therefore, such innovative technology can boost the pace of
modern agriculture practices for sustaining crop productivity even
under climate change.

Practicing SCI can eliminate the application of agrochemicals on
a wider scale and improve the quality of the soil as well as the produce
(Upadhyay et al., 2018). Reducing the agrochemical load in the soil
positively impacts microorganisms and root proliferation (Gupta
etal., 2022). By altering the crop geometry, the symbiotic relationship
between microorganisms and the root rhizosphere (Rajanna et al.,
2022) can be enhanced which constitutes the sound plants micro-
biomes (Kong and Liu, 2022). The SCI offers square planting with
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wider row-to-row and plant-to-plant spacing along with organic
nutrient supplementation, which provides a better environment for
the growth and development of above-ground-under-ground plant
parts (Singh et al., 2018). Jiang et al. (2015) and Dass et al. (2015)
reported that 45-cm row-to-row-spaced soybean sowing resulted in
greater stomatal conductance, chlorophyll content, and net
photosynthetic and transpiration rate, whereas narrow spacing causes
a ceiling effect (Rahman et al., 2004) in the plant canopy, which leads
to less growth and development of the plant above and below ground.
In summary, proper crop geometry is one of the most important
agronomic traits and varies with different cultivars in terms of
obtaining optimal productivity with soybean. Therefore, crop
intensification, including the alteration of existing crop management
practices, is needed to meet the food demand of the ever-increasing
population. Considering these facts, the present investigation entitled
“Soybean crop intensification for sustainable above-ground-under-
ground plant-soil interactions” has been carried out with the
following hypotheses in mind: (1) to evaluate the conventional
cultivation and SCI methods of soybean genotypes for a better yield,
quality, and profitability; and (2) to comparatively analyze the
morphophysiological changes in soybean under conventional and SCI
methods of cultivation.

2. Materials and methods
2.1. Experimental details and study site

The study was undertaken in two consecutive rainy seasons from
2014 to 2015 to 2015 to 2016 at a research farm belonging to the
Indian Agricultural Research Institute (Pusa Institute), New Delhi
(28.38° latitude and 77.09° longitude). The soil of the experimental
unit had sandy clay loam texture in the upper 30-cm layer with a
nearly level to gently sloping topography. The initial soil was slightly
alkaline (pH 7.8), low in soil organic carbon (0.39%), low in available
nitrogen (N) (155.4kgha™), high in available potassium (K)
(311.4kgha™), and had a medium level of available phosphorus (P)
(14.2kgha™). The climate of the study site is semi-arid to subtropical,
with maximum temperatures ranging from 40 to 45°C during the
cropping season. Rainfall of 390.8 mm (2014-2015) and 633.1 mm
(2015-2016) was received during the crop growth period.

The study consisted of three crop establishment methods
[Conventional (45cmx10cm), SCI: 45cmx45cm, and SCI:
30cmx30cm] assisted in the horizontal strips, and four soybean
varieties (Pusa-9712, PS-1347, DS-12-13, and DS-12-5) assisted in the
vertical strips under a strip plot design with three replications. After
obtaining a proper tilth in the soil, one plowing was carried out using
a tractor-drawn double disc followed by harrowing. At the time of
sowing, the recommended doses for nutrients for soybean (N, 25kg;
P,0;, 60kg; and K,O, 40kgha™'), were applied through FYM
(contained 0.50% N, 0.23% P,0Os, and 0.56% K,O) at 5.0 t/ha treated
with Trichoderma (2.5 kg t™'), and the remaining potassium and
phosphorus doses were applied through muriate of potash and single
super phosphate (SSP), respectively. The two sprouted seeds per hill
were carefully sown at a spacing of 45x45cm and 30cmx30cm
spacing without damaging the seed coat, and the respective seed rates
of the desired row spacing were 15 and 25kgha™". Seed treatment was
carried out according to the SCI protocol (Plate 1). During both study
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years, the soybean crop was established using the standard agronomic
practices listed in Table 1.

2.2. Data collection and analysis

Five soybean plants were randomly selected at intervals of 30, 60,
and 90 days after planting (DAP) for the measurement of leaf area
index (LAI), crop growth rate (CGR), and net assimilation rate (NAR)
from the plant dry matter. Soybean was harvested manually using
sickles during the second fortnight of October in both the years of
study. After the harvesting bundles were left in the field for 2-3 days
for drying, threshing was carried out using a Pullman thresher. Seed
and straw yields were calculated from a 15.0m? (5.0 x 3.0 m) plot at
crop maturity. Yields were reported on a dry weight basis (12%
moisture w/w), and the moisture content of the grain and straw was
evaluated on an oven dry basis (70°C). The oil content of the soybean
seed was estimated by using a grain analyzer (FOSS Infratec™ 1241)
based on the technology of near-infrared transmittance using a
non-destructive method of oil estimation. Leaf area (cm?) was
measured with the help of a leaf area meter (LI-3100C) and was
further converted into LAI using the following formula (Equation 1):

Leaf area (cmz)

Leaf area index (LAI) = (1)

Land area (sz)

The computation of mean growth rate was performed using
Equation 2, as provided by Watson (1952).

CGR = [W2 — Wi ](ﬂ )
T, -Th S

Where, W, and W, are the dry weight (g) of plants at time interval
T, and T,, respectively; S is land area (m?) covered by the plants.

The computation of the mean net assimilation rate was performed
using Equation 3, as provided by Watson (1958):

3)

NAR:( W, - W; )(LnLAz —LnLAlj

LA, — LA T, -Th

Where,W, and W, are the dry weight (g) of plants at time T, and
T,, respectively; Ln is the natural logarithm; T,- T is the interval of
time in days; LA, and LA, are the leaf area (m?) covered by plants at
time T, and T, respectively.

2.3. Root attributes

Three plants were selected and pulled from the soil for root nodule
examination at the 50% flowering stage of the soybean crop. The
rhizosphere soil was then gently shaken from the root systems into a
sterilized bag. The number of nodules per plant was then determined
after carefully washing the roots with distilled water. Soybean roots
were sampled at the 50% flowering stage and root samples were
collected from the top 15cm of soil using a root auger of 8.0cm in
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2.5 kg Vermicompost
&

5.0 litre cow urine 2.5 kg Jaggery After keeping 6-7
hrs in shade seed
ready for sowing

» | Seed soaking for 4-5 hrs |
20-25 litre water (60°C)
Filtered seed
treated with
Solution after 30 Rhizobium and
minutes I iiﬁ ii"ﬁlﬁ I
PLATE 1
Seed treatment protocol of SCI.

TABLE 1 Agronomic management practices followed and inputs applied during the experimentation (2014-2016).

Crop establishment methods

SCI (45cmx45cm)
15kg seed ha™"

Agronomic practices

SCI (30cmx30cm)
25kgha™

Conventional method

Seeding rate 80kgha™"

Spacing 45cmx 10cm 45cmx45cm 30cmx30cm

Planting time 22 and 17 July 22 and 17 July 22 and 17 July

Plot size 5mx3m=15m? 5mx3m=15m? 5mx3m=15m?

Fertilizers 25, 60 and 40kgN, P,Os and K,O ha™!, 25, 60 and 40kgN, P,Os and K,O ha™!, 25, 60 and 40kgN, P,Os and K,0O ha™!,

respectively respectively respectively

One hand weeding at 10-12 DAS and
Imazethapyr 10% SL at 0.1kg a.i. ha™" at
30 DAS

Weed management

Cono-weeder at 20 and 40 DAS Cono-weeder at 20 and 40 DAS

Dimethoate30 EC (Rogor) at 250 mL a.i.
ha™! and Mancozeb 75% WP at 0.25%

Pest management Dimethoate 30 EC (Rogor) at 250 mL a.i.

ha™" and Mancozeb 75% WP at 0.25%

Dimethoate30 EC (Rogor) at 250 mL a.i.
ha™' and Mancozeb 75% WP at 0.25%

11 and 09 November 11 and 09 November 11 and 09 November

Harvesting date

DAS, days after sowing. Cultivars were Pusa 9712, PS 1347, DS 12-13, and DS 12-5.

diameter and 15cm in length (core volume =754.3 cm®). The roots
were placed in a container with sieves to remove the soil debris and
were then stored in a refrigerator at 4°C for preservation. Scanning
and image analysis using the WIN-RHIZO system measured the root
characteristics, such as root length and root volume (Costa
et al., 2000).

2.4. Physiological indicators

An infrared gas analyzer (IRGA) was used to measure
physiological parameters, such as photosynthetic rate (photo, mole
CO, m? s7!), stomatal conductance (cond, mole H,O m? s7!),
transpiration rate (Tr, m. mol, H,O m? s™'), and intercellular CO,
concentration (Ci, mole CO, mol™). The physiological indicators were
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measured at the flowering stage of soybean. Two CO, and H,O
infrared gas analyzers each are used in the LI-COR 6400, which
provide estimates using the method described by Pandey et al. (2017).
Photon (quantum) flux in radiant energy between 400 and 700 nm is
used to describe photosynthetic active radiation (PAR). The PAR was
determined using a LI-COR Line Quantum Sensor (Im long)
connected to a LI-1000 data logger. PAR was recorded at 1,200- and
1,300-h standard time on a sunny day.

2.5. Nutrient analysis

Grain and straw samples were processed for nutrient analyses.
First, samples were oven dried (70°C) until a constant weight was
achieved followed by grinding using a Willey mill with stainless steel
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blades. A modified version of the Kjeldahl method was used to
estimate nitrogen (%) in grain and straw ( )- Nitrogen

(N) uptake was determined using Equations 4 and 5:

N uptake in grain / straw (kg hafl) = %N in grain / straw

xgrain / straw yield (kg hafl) (4)

Total uptake in grain / straw (kg hafl) = N uptake in grain
+N uptake in straw (5)

Grain and straw phosphorus (P) content was assessed using the
vanado-molybdophosphoric acid yellow color method, as suggested
by . Total P uptake (kgha™') was determined using
the following equations:

P uptake in grain / straw (kg hafl) = %P in grain / straw

xgrain / straw yield (kg ha™! ) (6)

Total P uptake in grain / straw (kg hafl) = P uptake in grain
+P uptake in straw (7)

Grain and straw K content was estimated using a flame
photometer ( ) and uptake (grain/straw and total)

was computed using the following equations:

K uptake in grain / straw (kg hafl) = %K in grain / straw

x grain / straw yield (kg hafl) (8)

Total K uptake in grain / straw (kg ha™! ) = K uptake in grain
+K uptake in straw )

2.6. Soil microbial dynamics

To estimate soil microbial dynamics, soil samples obtained from
a depth of 0-15 cm were collected from each experimental plot using
a core sampler. Collected soil samples were processed (air-dried,
powdered, passed through a 2mm mesh sieve, etc.) to estimate
microbial parameters, such as soil microbial biomass carbon (MBC),
enzymatic activities (dehydrogenase, alkaline phosphatase, and
nitrogenase), and total polysaccharides. Soil MBC was evaluated using
the method described by with 70mL of 0.5M
potassium sulfate (K,SO,). Dehydrogenase enzyme activity was
assessed using the processes described by and a
spectrophotometer at a wavelength of 485nm. Alkaline phosphate
activity, which represents free enzymes, was estimated using the
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and 1.0mL of
p-ntro-phenyl phosphate disodium and 0.25mL of toluene. Soil

technique suggested by

nitrogenase activity was estimated using the method suggested by
and gas chromatography (GC) (Hewlett Packard

5890 series II) (using ethylene gas) and expressed as acetylene

reducing activity (ARA). ARA was calculated using Equation (10):

ARA (n Moles ethylene g 'soil ha~' | =0.1653
x(Concentartion by GC) (10)

Soil chlorophyll was examined using the techniques suggested by

with pre-weighed soil-cores (0-20 cm soil depth)

and acetone: dimethyl sulfoxide (DMSO) in a 1:1 ratio with 4m Lg™

of soil. For soil chlorophyll determination, optical densities at 630,
645, 663, and 775 nm were taken (Equation 11).

Soil chlorophyll(mg g ™'} =11.64 (0D 663) ~2.16 (0D 645)
+0.10(OD 630) (11)

2.7. Water productivity

The depth of irrigation water from each plot was measured using
a meter scale. Crop water productivity (CWP) and water use efficiency
(WUE) were calculated with the help of the formula published by

Total water use (mm) = Irrigation water use (mm)

+Effective rainfall (mm) (12)

Water use efficiency (kg ha ™' mm™! )
Grain yield (kg ha_l)

- Evapotranspiration (mm) (13)
Irrigation water productivity (kg m=3 )
Grain yield (kg ha_l)
Irrigation water applied (m3 ) (14)

2.8. Oil productivity

Soybean seed oil content was estimated using a grain analyzer
(FOSS Infratec™ 1241) based on near-infrared transmittance
technology using a non-destructive method of oil estimation. It is
expressed as a percentage. Oil yield was calculated using Equation (15):

Oil content (%) x Seed yield (kg ha ™"
100

oil yield(kg ha_l) = (15)
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2.9. Statistical analysis

The research data recorded during the present study was evaluated
using the “analysis of variance” (ANOVA) of the strip plot design
(SPD) approach, as suggested by Gomez and Gomez (1984). The “F”
test was used to determine the significance of treatments (variance
ratio). When the “F” test revealed significant differences between
means, differences in the treatment means were evaluated using
Duncan’s multiple range test (DMRT) and least significant difference
(LSD) at a 5% probability level. Standard error (SE) was used (in
Figures 1-6) to measure the degree of variability between the
individual data values.

3. Results
3.1. Growth indices

Growth indices, such as LAL, CGR, and NAR, were significantly
influenced by the different cultivation methods and soybean genotypes
(Table 2). At 30, 60, and 90 days after sowing (DAS), the conventional
method of soybean planting exhibited a significantly higher LAI under
both systems of intensification methods (SCI). Similarly, with the
conventional method of sowing at 45x 10cm, CGR and NAR were
considerably greater than both SCI methods from the 0-30-day
period to the 30-60-day period. However, for 60-90 days, CGR and
NAR were significantly higher in SCI at a spacing of 30x30cm
compared with conventional methods and SCI at 45cm x45cm.
Among the genotypes, in all phases of development, DS 12-13 had a
higher LAI than all the other tested genotypes, followed by DS 12-5
and Pusa 9712. Similarly, DS 12-13 soybean genotypes had the highest
CGR across all the time periods (0-30, 30-60, and 60-90 days), while
NAR was the highest for PS 1347 and Pusa 9,712 between 30-60 and
60-90 days, respectively.

10.3389/fsufs.2023.1194867

3.2. Stomatal conductance, transpiration,
and PAR

Cultivation methods and soybean genotypes significantly
influenced flowering-stage stomatal conductance, intercellular CO,
concentration, and net photosynthetic rates during 2015-16 (Table 3).
The highest intercellular CO, concentration among cultivation
methods was produced by SCI at 30cm x30cm (260.1 pmol CO,
mol™"), which was significantly greater than the conventional method
of soybean cultivation. Likewise, SCI at 45cmx45cm exhibited
significantly higher stomatal conductance (0.211 mol H,O m™s™")
and transpiration rate (7.8 mmol H,O m™2 s™') than other cultivation
techniques, whereas the net photosynthetic rate was substantially
higher with the conventional method (398 pmol CO, m™ s™') than
with SCI techniques. Among the soybean genotypes, DS 12-13 had a
higher stomatal conductance (0.22 mol H,O m~*s™"), intercellular CO,
concentration (250.3pmol CO, mol™), and rate of transpiration
(7.5mmol H,O m™s7") than other soybean genotypes. There was no
significant difference between DS 12-13 and DS 12-5. However, the
Pusa 9712 genotype had a significantly higher rate of net
photosynthesis (353 pmol CO, m™*s™") than the other genotypes.

Intercepted photosynthetically active radiation (PAR) of the
soybean genotypes was also significantly influenced by the
cultivation method and genotype. The adoption of SCI at
30cm x 30cm soybean establishment resulted in a significantly
higher intercepted PAR (1,249 pmol m™ s™') than other SCI
methods (45cmx45cm) and the conventional method of crop
with SCI at
30 cm % 30 cm compared with the conventional method and SCI at

establishment. Increases were 14.1 and 8.5%

45cm x 45 cm, respectively. As a result, the PAR interception rate
was 83.7% higher in SCI at 30 cm x 30 cm than the other methods.
However, soybean genotypes have little impact/no significant effect
on the interception of PAR. Comparatively, DS 12-13 intercepted
more PAR than DS 12-5, PS 1347, and Pusa 9712.

TABLE 2 Effect of crop establishment methods and cultivars on the leaf area index, crop growth rate (gm-2), and net assimilation rate (gm~2 leaf area
day) of soybean at different growth stages (mean of 2 years).

Treatment Leaf area index (LAI) Crop growth rate (m m) Net assimilation rate (g m2 leaf
area day™)

30DAS 60DAS 90DAS 30DAS 60DAS 90 DAS 30DAS 60DAS 90 DAS
Crop establishment methods
Conventional: 0.755* 3.404 2.044 1.274 5.994 9.79® 15.40% 4.24% 7.09¢
(45cm x 10cm)
SCI (45 cm x 45 cm) 0.265¢ 1.76° 1.57¢ 0.38¢ 3.12¢ 10.77* 11.20¢ 4394 8.64*
SCI (30 cm x 30 cm) 0.567" 239" 1.90% 0.84° 481° 11514 12.85" 4504 8.29°
Genotype
Pusa 9712 0.5364 2524 1.82° 0.85* 4614 10.45" 13,354 4358 9.06*
PS 1347 0.502" 232 1.73¢ 0.77 442° 9.59¢ 12.70° 4440 8.5840
DS 12-13 0.542% 2654 1.934 0.86* 478 11.60* 13.30° 433¢ 8.23"
DS 12-5 0.5354 2.56* 1.8748 0.85* 4734 11114 13.25¢ 4.40% 8.82*

DAS, days after sowing. The mean values followed by different capital letter(s) (based on Duncan’s multiple range tests) within the row are significantly different at p <0.05.
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TABLE 3 Effect of crop establishment methods and cultivars on the physiological parameters of soybean at the flowering stage (mean data of 2 years).

Treatment Intercellular Transpiration Stomatal Net PAR % PAR
CO, rate (mmol conductance photosynthetic intercepted interception
concentration H,O m=2s™) (mol H,O rate (umol CO, [umol
(pmol CO, m=2s7Y) m-2s) (photons)
mol-?) m=2s7]
Crop establishment methods
Conventional: 232.1% 6.4 0.173" 398* 1,095 73.4
(45cmx 10cm)
SCI 258.4* 7.8 0.211* 335" 1,158" 77.6
(45cm x45cm)
SCI 260.1* 7.24 0.177" 244° 1,249% 83.7
(30cm x 30cm)
Genotype
Pusa 9712 243.8 6.6" 0.180° 3534 1,140 76.4
PS 1347 246.0 6.4 0.160° 340° 1,153 77.2
DS 12-13 250.3 7.54 0.220* 302¢ 1,191 79.8
DS 12-5 248.2 7.34 0.208* 307¢ 1,186 79.5

PAR, photosynthetic active radiation. Mean values followed by different capital letter(s) (based on Duncan’s multiple range tests) within the row are significantly different at p <0.05.

TABLE 4 Effect of crop establishment methods and cultivars on the root attributes of soybean (mean data of 2 years).

Treatment Nodule dry Root length Root surface Root volume Dry root mass

weight (mg density area density density density
plant™?) (ecm cm) (cm? cm3) (mm?3*cm™) (mg cm™3)

Crop establishment methods

Conventional:

(45cmx 10cm) 19.3% 163.8° 1.21° 0.082¢ 2.43¢ 1.79¢

SCI (45cm x 45 cm) 41.14 176.5% 1.58% 0.118% 4.07% 2.104

SCI (30cm x 30 cm) 39.44 175.44 1.54% 0.103* 4.02° 1.90%

Genotype

Pusa 9712 33.94 172.8" 1.40% 0.097° 3.48* 1.77¢

PS 1347 30.5" 162.7% 1.38¢ 0.090° 3.07° 1.65°

DS 12-13 35.8* 179.14 1.524 0.104* 3.66* 230

DS 12-5 3374 173.0" 1.50" 0.102% 3514 2.02°

Mean values followed by different capital letter(s) (based on Duncan’s multiple range tests) within the row are significantly different at p <0.05.

3.3. Root attributes

Cultivation methods and genotypes significantly influenced
nodules per plant™, total nodule dry weight, and root characteristics
of soybeans at the blooming stage (Table 4). The SCI method of
cultivation at 45 cm x 45 cm produced significantly more nodules per
plant (41.1) and higher nodule dry weight (176.5 mg plant™') than the
conventional method of cultivation (45 cm x 10 cm); however, the SCI
method at 30cmx30cm produced a similar number of nodules.
Among the genotypes, DS 12-13 produced the maximum nodules per
plant™ (35.8) and nodule dry weight (179.1 mg plant™'), making it
substantially more productive than the PS 1347 genotype. However, it
was on a par with the Pusa 9712 and DS 12-5 genotypes. DS 12-13
had the most characteristics with the highest values, followed by Pusa
9712 and DS 12-5, all of which were comparable with one another.

Similarly, density of root length (1.58cmcm™), root volume
(4.07mm® cm™), surface area (0.118 cm? cm™), and dry root mass
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(2.30 mgcm™?) were significantly higher in the SCI at 45cm x45cm
than the conventional method of cultivation. However, differences
between both of the SCI methods were not significant. Among the
genotypes, DS 12-13 produced a significantly higher density of root
length (1.52cmcm™), root volume (3.66 mm’® cm™), surface area
(0.104cm? cm™), and dry root mass (2.30 mgcm ™) than Pusa 9712
and PS 1347 but it was on a par with DS 12-5.

3.4. Productivity

During the 2014-2015 and 2015-2016 cropping seasons, the
method of cultivation and varieties had a significant effect on soybean
seed yields, as well as aboveground biomass yields and harvest index
(Table 5). Among the cultivation methods, SCI at 30 cm x 30 cm had
a considerably greater seed yield (1.99-2.13tha™"), above-ground
biomass yield (5.82-6.07 tha™), and harvest index (34.2-35.1%) than
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the conventional method of cultivation (45 x 10 cm). The magnitude
of increase in seed yields ranged from 9.6 to 13.3%, and the increases
in biomass yields ranged from 8.2 to 10.7%. However, compared with
the conventional method of cultivation, yields from both SCI methods
were almost identical. Among the genotypes, DS 12-13 produced a
significantly higher seed yield (1.97-2.15tha™") and aboveground
biomass yield (5.86-6.15tha™") than the PS 1347 and Pusa
9,712 genotypes.

The interaction effect of crop establishment methods and
genotypes significantly influenced soybean seed and biomass yields
(Table 5). The combination of the DS 12-13 genotype with SCI at
30cmx30cm produced a significantly higher seed yield (2.1-
2.24tha™") and aboveground biomass yield (6.04-6.31tha™") than
other combinations. Interestingly, all the studied genotypes produced
significantly higher seed and biomass yields under an SCI at
30cmx30cm than other SCI methods and conventional methods
of cultivation.

Irrigation water productivity (IWP) and water usage efficiency
(WUE) were considerably influenced by the different cultivation
techniques and genotypes (Table 5). SCI at 30cmx30cm yielded
significantly higher WUE (3.06-3.34kg ha™' mm™) and IWP (1.77-
2.22kgm™’) than conventional practice. Among the genotypes, DS
12-13 recorded significantly higher WUE (3.09-3.30kg ha™' mm™")
and IWP (1.64-2.01kgm) than Pusa 9,712 and PS 1347. Among the
interactions, the combination of DS 12-13 with an SCI at
30cmx 30 cm produced significantly higher WUE (3.22-3.51tha™)
and IWP (1.87-2.33tha™") than other combinations. All genotypes
produced significantly higher WUE and IWP with an SCI at
30cmx30cm.

3.5. Oil content and yield

Among the cultivation methods, an SCI at 30cm x30cm had a
considerably higher oil yield of 384.1kgha™ (2015-2016) and
413.2kgha™" (2014-2015) than the conventional method of cultivation
(45cm x 10 cm), whereas soybean genotypes significantly influenced
soybean oil content and yield. Cultivation of the DS 12-13 soybean
variety resulted in a statistically higher oil yield (394-430kgha™) than
that of PS 1347 and Pusa 9712, but it was statistically on a par with DS
12-5, while soybean DS 12-5 produced a significantly higher oil
content (20.4-20.5%) than other genotypes, but it was on a par with
DS 12-13.

3.6. Nutrient concentration and uptake

Perusal of data revealed that NPK concentration and their uptake
in grain and straw of soybean influenced statistically due to cultivation
methods during the study period (Table 6). However, the genotypes
did not have any significant effect on NPK content. Statistically higher
N content in grain (5.94%) and straw (2.61%) was noted in SCI at
45 cm x 45 cm compared with other methods of cultivation. Similarly,
grain, straw, and total nitrogen uptake was statistically higher with SCI
at30cmx30cm (108.1, 90.59, and 198.7 kgha™, respectively) over the
rest of the treatments. By contrast, crop establishment methods had
no significant effect on P and K concentrations in soybean plant parts,
whereas P and K uptake was significantly influenced by cultivation
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techniques and genotypes. SCI at 30 cm x 30 cm had a significantly
greater P uptake in grain, straw, and total P uptake (9.38, 5.72, and
15.10kgha™, respectively) and K uptake in grain, straw, and total P
uptake (15.5,70.3, and 85.8 kgha™, respectively) than other cultivation
methods. Among the genotypes, the highest P uptake in grain and
straw and total P uptake was recorded with DS 12-13 (9.33, 5.79, and
15.12kgha™, respectively), as was K uptake in grain and straw and
total P uptake (15.6, 72.2, and 87.8kgha™', respectively) compared
with the other genotypes.

3.7. Soil biological properties

Soil biological properties, such as dehydrogenase activity (DHA)
(Figure 1), alkaline phosphatase activity (APA) (Figure 2), acetylene
reduction assay (ARA) (Figure 3), total polysaccharides (Figure 4),
microbial biomass carbon (MBC) (Figure 5), and soil chlorophyll
(Figure 6), were significantly influenced by different methods of
cultivation. Significantly higher soil DHA, APA, ARA, total
polysaccharides, MBC, and soil chlorophyll were recorded in the SCI
at 45cmx45cm (13.63 pug TPF g™' soil hr.™!, 93.2 ug p-nitro phenol
g™ soil hr.™!, 25.5 n moles ethylene g soil hr.”!, 443.7mgkg™" soil,
216.5mgkg™" soil, and 0.43 mgg™" soil, respectively) compared with
the conventional method. Among the genotypes, APA and ARA were
considerably impacted by soybean genotypes over the study seasons.
However, genotypes had no apparent impact on the levels of DHA,
total polysaccharides, MBC, and soil chlorophyll. Among the soybean
genotypes, DS 12-13 exhibited significantly higher APA (90.0 ug p-
nitro phenol g™' soil hr.™") and ARA (18.8 n moles ethylene g soil hr.™")
than the other genotypes.

4. Discussion
4.1. Growth indices

A linear increase in growth indices, such as LAI, CGR, and NAR,
was observed with the advancement in the growth stage of the soybean
crop under the different cultivation methods and varieties. SCI either
at 30cmx 30 cm or 45 cm x 45 cm exhibited significantly higher LAI,
CGR, and NAR over the conventional method (45 cm x 10 cm) due to
less competition for growth factors, such as solar radiation
interception, root growth, soil aeration, and microbial activity. Ball
et al. (2000) reported that an optimum plant population is required
for the maximum interception of light for a higher crop growth rate,
LAI, NAR, and dry matter accumulation (Berger-Doyle et al., 2014)
in the crop.

In the current study, growth indices were higher with the
conventional method up to 60 DAS; however, with the advancement
of growth stages, LAI, CGR, and NAR increased with the SCI at
30cm x 30 cm compared with the other cultivation methods. Greater
leaf area per plant was observed due to the higher growth performance
of the plants that were more widely spaced. A higher population
density with the conventional method caused the ceiling effect in the
plant canopy, resulting in greater stem elongation leading to increased
plant height (Rahman et al., 2004). Rehman et al. (2014) concluded
that narrow row spacing (30-40cm) significantly increased NAR,
CGR, RGR, and LAI of soybean compared with wider spacing (70 cm).
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TABLE 5 Effect of crop establishment methods and cultivars on soybean crop yields, oil yields, and water use efficiency (mean data of 2 years).

Treatment Seed yield (Mg ha™) Biomass yield Harvest index (%) Qil content (%) Oil yield (kg ha™) Water use Irrigation water
(Mg ha™) efficiency productivity
(kg ha-*—=mm) (kg m=3)

2014- 2015- 2014- 2014- 2015- 2014- 2015- 2014- 2015- 2014- 2015- 2014- 2015-
2015 2016 2015 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

Crop establishment methods

Conventional:

1.98° 1.78% 5.898 5.42% 33.78 32.8° 19.0 18.9 376.2 336.4 2.858 2.988 1.23% 1.48¢
(45cmx 10cm)
SCI

1.91% 1.73% 5.44° 5.16" 35.2% 33.44 19.3 19.2 368.6 332.2 2.75% 2.89% 1.60® 1.92°
(45cm x45cm)
SCI

2.13* 1.99* 6.07* 5.824 35.14 34,24 19.4 19.3 413.2 384.1 3.06" 3.34% 1.774 2224
(30cm x 30 cm)
Genotype
Pusa 9,712 1.98° 1.79% 5.78% 5.36" 345 335 18.6" 18.5° 368.3 331.2 2.85° 3.00% 1.51% 1.83%
PS 1347 1.82¢ 1.67¢ 5.32¢ 5.02¢ 34.1 333 17.78 17.6° 322.1 293.9 2.61¢ 2.80¢ 1.39¢ 1.71¢
DS 12-13 2.154 1.974 6.15% 5.86" 35.0 33.6 20.0* 20.0* 430.0 394.0 3.09* 3.30* 1.64* 2.01*
DS 12-5 2.08" 1.89% 5.95 5.64" 35.0 33.6 20.5% 20.4* 426.4 385.6 2.9948 3174 1.5948 1.93*

Cultivation method x Genotype

Cl1 x Pusa 9712 1.97 1.73 591 5.26 33.4 329 18.5 18.2 364.5 314.9 2.83 2.90 1.22 1.44
C1 x PS 1347 1.77 1.60 5.27 4.89 33.6 327 17.5 17.5 309.8 280.0 2.54 2.67 1.10 1.33
Cl x DS 12-13 2.12 1.92 6.28 5.87 33.7 32.8 19.9 19.9 421.9 382.1 3.04 3.22 1.31 1.60
Cl x DS 12-5 2.07 1.86 6.09 5.67 33.9 32.8 20.0 19.9 414.0 370.1 297 3.11 1.28 1.55
C2 x Pusa 9712 1.87 1.66 5.15 4.92 36.4 339 18.7 18.8 349.7 3121 2.69 2.78 1.56 1.85
C2 x PS 1347 1.70 1.56 5.08 4.76 33.5 32.7 17.9 17.7 304.3 276.1 2.44 2.61 1.42 1.73
C2x DS 12-13 2.09 1.89 5.84 5.67 35.8 33.4 20.1 19.7 420.1 372.3 3.01 3.17 1.74 2.10
C2x DS 12-5 1.99 1.79 5.67 5.30 352 33.7 20.6 20.7 409.9 370.5 2.86 2.99 1.66 1.99
C3 x Pusa 9712 2.11 1.98 6.26 5.90 33.7 33.6 18.7 18.5 394.6 366.3 3.03 3.32 1.76 2.20
C3 x PS 1347 1.98 1.86 5.61 5.41 35.3 344 17.9 17.8 354.4 331.1 2.84 3.12 1.65 2.07
C3x DS 12-13 2.24 2.10 6.31 6.04 35.5 34.7 20.1 20.3 450.2 426.3 3.22 3.51 1.87 2.33
C3x DS 12-5 2.18 2.04 6.09 5.95 359 342 20.9 20.5 455.6 418.2 3.14 341 1.82 2.26
SEm+ - _

LSD (P<0.05) NS NS 0.44 NS NS NS NS NS - - NS NS NS NS

Mean values followed by different capital letter(s) (based on Duncan’s multiple range tests) within the row are significantly different at p <0.05.
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Among the genotypes, growth attributes were higher in DS 12-13 and
DS 12-5 than in other tested cultivars. The growth attributes were
significantly influenced by the genetic makeup of plants.

4.2. Stomatal conductance, transpiration,
and photosynthetic rate

Leaf is the prime plant part to receive incident solar radiation
(PAR) and transform it into photosynthates. Therefore, better soybean
growth attributes resulted in better physiological parameters. In the
current study, the highest intercellular CO, concentration was
produced by an SCI at 30 cm x 30 cm (260.1 pmol CO, mol™), and the
SCI at 45cmx45cm exhibited a significantly higher stomatal
conductance (0.211mol H,Om™ s') and rate of transpiration
(7.8 mmol H,0 m™*s™") than the other cultivation techniques. The net
photosynthetic rate for soybean was substantially higher with the
conventional method (398 pmol CO, m™ s7') than with the SCI
techniques. A higher transpiration rate and stomatal conductance was
observed in the SCI due to the greater leaf surface area and higher
temperature (26-36°C). An increased transpiration rate leads to high
stomatal conductance, thereby increasing CO, influx into the
chloroplasts, possibly leading to a higher net photosynthetic rate.
These findings are corroborated by Moreira et al. (2015) who reported
that low planting densities and N rates increased the greenness index
(SPAD value), concentration of intercellular carbon dioxide (Ci), and
inherent WUE.

Among the soybean genotypes, DS 12-13 had the highest
intercellular CO, concentration (250.3 pmol CO, mol™), rate of
transpiration (7.5mmol H,O m™ s7'), and stomatal conductance
(0.220mol H,0O m™s7"). There was no significant difference between
DS 12-13 and DS 12-5. However, the Pusa 9,712 genotype had a
significantly higher rate of net photosynthesis (353 pmol CO, m~s™")
than other genotypes. An increased transpiration rate leads to high
stomatal conductance, thereby increasing CO, influx into the
chloroplasts. A significantly higher chlorophyll content, net
photosynthetic rate, and stomatal conductance in JS 95-60 than in JS
97-52 was also reported by Vyas and Khandwe (2014).

4.3. Photosynthetically active radiation

The PAR interception and transmission by soybean in SCI at
30cm x 30 cm was 14.05 and 8.5%, respectively, and it was greater than
the values obtained with the conventional method and the SCI at
45cmx45cm (Table 5). PAR radiation was intercepted more with the
SCI due to the green leaf coverage per unit area. Thereby, SCI at
30cmx 30cm intercepted 83.65% of incident PAR compared with
73.35% with the conventional method. High foliage surface aids a
higher transpiration rate with a high maximum temperature
(22-26°C) at the anthesis stage of soybean; furthermore, an increased
transpiration rate leads to high stomatal conductance, thus increasing
CO; entry into the chloroplasts, which might be the reason behind the
higher net photosynthetic rate with the SCI method. The density of
plants significantly influenced the economic yield in soybean by
altering leaf area and therefore light interception and photosynthesis
(Wells, 1991) and increasing plant spacing and decreasing row
spacing, chlorophyll content (SPAD value), LAI, and the rate of
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Effect of crop establishment methods and soybean cultivars on dehydrogenase activity (DHA) (mean data of 2 years).
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Effect of crop establishment methods and soybean cultivars on alkaline phosphatase activity (APA) (mean data of 2 years).
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photosynthesis (Jiang et al., 2015). With narrow plant spacing and
wider row SPAD, LAI and Pn were higher. The use of wheat straw
mulch and wider spacing by Dass and Bhattacharyya (2017) improved
leaf SPAD values, PAR interception, the net photosynthetic rate,
stomatal conductance, and WUE of soybean in dryland areas. There
was a non-significant variation noted among all soybean cultivars with
respect to intercepted PAR.

4.4. Root attributes

Wide space sowing decreases aboveground competition and
ground competitiveness between roots for the absorption of water and
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nutrients and provides the adequate arena for nodulation and root
growth of the crop plants. Therefore, in the current study, wider
spacing at 45 cm x 45 cm with an SCI method of cultivation recorded
statistically higher nodule counts, higher nodule dry weight (176.5mg
plant™), better root length, volume, and mass density than the
conventional method of cultivation (45 cm x 10 cm). Seed inoculation
using Rhizobium culture might have enhanced the population of the
effective and healthy Rhizobium strain in the root nodules, which had
a better ability to fix atmospheric N. Improved nodulation with the
SCI was due to the slow release of nitrogen from FYM, which tends to
form more nodules to meet the nitrogen demand of the crop
(Salvagiotti et al., 2008). Mondal et al. (2014) showed that plant
population had a significant effect on root length, root surface area,
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and the number of lateral roots/plant at a broader spacing of
20 cm x 30 cm followed by 15cm x 30 cm.

Among the genotypes, DS 12-13 genotype produced a
significantly higher density of root length (1.52 cm cm ™), root volume
(3.66 mm® cm™), surface area (0.104cm? cm™), and dry root mass
(2.30mgcm™) Pusa 9712 and PS 1347, but it was on a par with DS
12-5. Varietal root growth performance depends upon the cultivation
practice. Additionally, leaf area/plant might be due to the higher
growth of individual plants at a wider arrangement than the narrow
arrangement. Imtiyaz et al. (2014) observed that DS 9712 had a greater
reduction in root dry weight and fresh weight; however, the greatest
reduction in shoot fresh and dry weight was noted in PS-1347 and
DS-9712, respectively.

4.5. Productivity

The above- and below-ground part of the soybean plant
proliferated with the SCI because it provides broader spacing and
square planting. Broader spacing leads to the improved growth of
specific plants due to the availability of proper space, light, and
moisture, which ultimately resulted in higher productivity of the crop
(Dass et al., 2015). In the current study, SCI at 30cmx30cm
considerably increased seed yields from 9.6 to 13.3% and biomass
yields from 8.2 to 10.7% compared with the conventional method of
‘cultivation and the SCI at 45 cm x 45 cm during 2014-2015 and 2015-
2016. The increase in yield attributing parameters due to better plant
growth and vigor brings out higher yield. More widely spaced soybean
sowing resulted in higher seed and straw yield than with narrow row
spacing (Pandya et al, 2005). However, compared with the
conventional method of cultivation, the yields from both SCI methods
were almost identical. Among the genotypes, DS 12-13 produced a
significantly higher seed yield (1.97-2.15tha™") and aboveground
biomass yield (5.86-6.15tha™") than PS 1347 and Pusa 9712 during
both the study seasons. Different genotypes of soybean failed to affect
the harvest index significantly during 2014-2015 and 2015-2016. The
combination of the DS 12-13 genotype with the SCI at 30 cm x30cm
produced a significantly higher seed yield (2.10-2.24tha™") and
aboveground biomass yield (6.04-6.31tha™") than other combinations.
Interestingly, all the studied genotypes produced significantly higher
seed and biomass yields with the SCI at 30 cm x 30 cm than other SCI
methods and the conventional method of cultivation. The SCI offers
wider spacing, square planting, and microbe-loaded organic sources
of nutrients, which provide better options for the development of
aboveground parts of plants. A similar finding was reported by Abbas
etal. (1994) who reported that an optimal plant population boosts the
plant to improve yield and yield-attributing characteristics in plants
(Abbas et al., 1994).

The SCI at 30 cm x 30 cm yielded significantly higher WUE (3.06—
3.34kgha mm™) and IWP (1.77-2.22kgm™°) than the conventional
method (Table 5). Among the genotypes, DS 12-13 recorded
significantly higher WUE (3.09-3.30kg ha™' mm™) and IWP (1.64-
2.01kgm™) than Pusa 9712 and PS 1347. Among the interactions, the
combination of DS 12-13 with the SCI at 30 cm x 30 cm produced
significantly higher WUE (3.22-3.51 tha™") and IWP (1.87-2.33tha™")
than the other combinations.
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4.6. Oil yield

Oil yield is the function of its content and seed production.
Among the cultivation methods, SCI at 30cmx30cm had a
considerably higher oil yield than the conventional method of
cultivation (45cm x 10cm) and the SCI at 45 cm x 45 cm. Relatively
higher oil yields of 19.38 and 19.27% were obtained with the SCI at
30cm x 30 cm, followed by the SCI at 45cm x 45 cm with 19.29 and
19.21%, compared with the conventional method during 2014 and
2015, respectively (Table 5). Improvements in oil content and oil yields
with the SCI might be due to increased N and S content in grain on
account of enhanced soil nitrogen and S through FYM and single
super phosphate. Significantly higher oil content and yield were
recorded in DS 12-5 (20.5 and 20.4%) and DS 12-13 (431 and 394 kg/
ha) compared with other varieties in both years. A similar finding was
reported by Moreira et al. (2015) who reported that plant population,
row spacing, and nitrogen rates did not influence oil content in
soybean seeds. Diep et al. (2016) reported that biofertilizer application
in soybean significantly increased seed oil content and oil yield
compared with the control, but remained on a par with 400 kgha™
NPK 15-15-15.

4.7. Nutrient concentration and uptake

Cultivation methods and genotypes significantly affected NPK
content in grain and straw, and NPK uptake. Statistically higher NPK
content in grain and straw was reported in SCI at 45cm x45cm
compared with other methods of cultivation. Similarly, NPK grain and
straw and total uptake was statistically higher with SCI at
30cm x 30 cm. The higher concentration of nutrients in SCI might
be due to the microbial breakdown of organic manures, resulting in a
release of nutrients into the soil (Prajapati et al., 2014) and, therefore,
faster absorption and translocation into plants. Nutrient uptake is a
function of nutrient concentration and biomass, and an increase in
yield coupled with increased nutrient content resulted in a higher total
uptake (Upadhyay et al., 2019) of nutrients with SCI at 30 x 30 cm. The
greater microbial and enzymatic activities observed in the present
investigation (Table 6) might also be responsible for the release of
nutrients, ensuring an adequate supply to the plants. Among the
genotypes, DS 12-13 had the highest NPK uptake in grain and straw
and total P.

4.8. Soil biological properties

Soil biological properties, such as dehydrogenase activity
(DHA) (Figure 1), alkaline phosphatase activity (APA) (Figure 2),
ARA (Figure 3), total polysaccharides (Figure 4), MBC (Figure 5),
and soil chlorophyll (Figure 6), were significantly higher with the
SCI at 45cmx45cm than with the conventional method of
cultivation. Improved soil biological properties with the SCI might
be due to the application of FYM and split application of
vermicompost, which increased soil moisture availability, and the
addition of nutrient and organic carbon through the decomposition
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of organic residue. The availability of easily decomposable carbon
(C) sources in soil allows a significant relationship between
microbial and enzyme activity and improves the soil water status
(Shen et al., 2016). However, carbon is positively correlated with the
microbial biomass carbon (Almeida et al., 2011). Hoeing practice
in the SCI created a soil mulch, which reduced evaporation and
improved soil moisture and, thus, enhanced soil enzymatic activities
compared with the conventional method. Among the genotypes,
APA and ARA were considerably impacted by soybean genotype.
However, genotypes had no apparent impact on the levels of DHA,
total polysaccharides, MBC, or soil chlorophyll. Thus, DS12-13
exhibited significantly higher APA (90.0 pg p-nitro phenol g™" soil
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hr.”') and ARA (18.8 n moles ethylene g soil hr.™') than the
other genotypes.
5. Conclusion

From the present study, the following conclusions have been
drawn for the farming community, research planners, and

policy makers:

« In soybean growing regions, soybean crop intensification (SCI)
exhibits higher growth and physiological attributes, such as
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stomatal conductance, intercellular CO, concentration, and net o Wider spacing at 30cmx30cm or 45cmx45cm with SCI
photosynthetic rates, than conventional methods of cultivation. exhibited higher photosynthetically active radiation (PAR)

o Thus, enhanced physiological attributes increased soybean seed interception and transmittance by soybean genotypes than with
yields from 9.6 to 13.3% and biomass yields from 8.2 to 10.7% the conventional method.
through the adoption of SCI at 30cmx30cm over the « Soybean genotypes DS 12-13 and DS 12-5 were superior in
conventional method of cultivation (45cm x 10 cm). increasing soybean yields than the other genotypes.

« Concurrently, intercoalition operation using a hand hoe in SCI « Concurrently, soil biological properties, such as dehydrogenase
plots resulted in reduced weed infestation, thereby increasing the activity (DHA), alkaline phosphatase activity (APA), acetylene
number of root nodules and improving root attributes and crop reduction assay (ARA), total polysaccharides, microbial biomass
water productivity. carbon (MBC), and soil chlorophyll, were also significantly
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enhanced with SCI compared with the conventional method of
soybean establishment.

o Therefore, the adoption of SCI either at 30 cm x 30 cm and/or
45 cm x 45 cm could provide the best environment for microbial
activities beneath the soil and sustainable productivity of the
soybean aboveground’
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