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Maize-based crop systems are promoted in large scale in South Asia because 
they are more sustainable and efficient than rice-based systems. In the present 
study, using two combinations of crop residue management practices (CRM) 
with four precision nitrogen (N) management (PNM) systems, we assessed the 
impacts on soil physicochemical characteristics [soil organic carbon (SOC), 
bulk density (BD), soil penetration resistance (PR)] and crop yields in 6  years old 
continuous zero tillage (ZT) practices under maize-wheat-mungbean cropping 
system in a sandy loam soil of northwestern India. The highest SOC (5.73  g/
kg) was observed in Zero Tillage with Residue Retention (ZT  +  R) plots. Zero-
tillage with residue retention (ZT  +  R) significantly reduced the bulk density over 
the zero-tillage with no residue retention (ZT-R) across the soil depth. The bulk 
density in ZT  +  R was 6.5 and 10.7% lower at 0–15  cm and 15–30  cm soil depth, 
respectively, than under ZT-R. The penetration resistance (PR) was significantly 
lower in ZT  +  R than in ZT-R across the soil depth. Soil organic carbon (SOC) in 
ZT  +  R was 7.4% higher at 0–15  cm depth and 11.9% higher at 15–30  cm depth 
than under ZT-R treatment. Among PNM treatments, the sequence of treatments 
in SOC content was 50%N  +  Green Seeker (GS) >33%N  +  GS  >  RDN  >  70%N  +  GS. 
The system productivity (maize equivalent yield) under ZT  +  R in combination 
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with 50%BN  +  GS was 15.0% higher than crops grown under ZT-R with RDN. 
The wheat equivalent yield under the ZT  +  R treatment is found to be higher 
(5.97) in the 50%BN  +  GS, which was 18% higher than the recommended dose 
of nitrogen treatment (5.04) and 28% higher than the 70%BN  +  GS treatment 
(4.68). Results demonstrated that plots with residue retention performed better, 
showing a 10% increase in system productivity. The study concludes that a 
ZT-based system with maize-based crop rotations (MWMb) with crop residue 
retention and precision nitrogen management can improve soil properties and 
system productivity in northwestern India.

KEYWORDS

soil bulk density, soil penetration resistance, soil organic carbon, residue retention, 
nitrogen management, inceptisols, system productivity, greenseeker

1 Introduction

Agricultural intensification in the Indo-Gangetic plains of 
Northwestern India to meet the growing food demand is often 
accompanied by negative effects such as declining soil fertility, crop 
residue burning, biodiversity loss, soil degradation, and increase in 
greenhouse gas (GHG) emissions (Venkatramanan et al., 2021; Reddy 
et al., 2023). Farmers in the region clear crop residues more often 
because it is easier to manage and process the land for the next crop and 
provides short-term economic benefits. By 2030, about 207 million 
tonnes of maize (Zea mays L.) biomass will be removed for biofuel 
production (Muth Jr et al., 2013). On the other hand, increased residue 
removal threatens soil fertility and productivity (Mrunalini et al., 2022). 
As a result, there is a surge of interest in reusing agricultural wastes and 

employing conservation agriculture (CA) to sustain agricultural 
productivity (Chalise et  al., 2019). Conservation agriculture is a 
climate-smart practice emphasizing low soil disturbance, long-term 
organic residue cover, and crop diversification (Eze et al., 2020).CA is 
a crucial instrument for sustainably securing future food production 
and protecting soil resources from extreme climatic events like drought 
and heatwaves (Page et al., 2020). The agricultural production system, 
to increase food production, minimize GHG emissions, and adapt to 
changing climate conditions, has to incorporate smart agricultural 
practices (Venkatramanan and Shah, 2019). Resilient agricultural 
practices like conservation agriculture, precision nutrient management, 
and crop residue management have been recommended to improve soil 
properties and achieve soil security (Venkatramanan et al., 2020). Crop 
residue removal decreases soil organic carbon (SOC) and increases soil 
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penetration resistance (PR) and bulk density (BD), which has a 
significant negative impact on soil productivity. However, the CA 
effectively utilizing the previous crop residues (Dinesh et al., 2023) and 
long-term residue cover might increase SOC and improve soil-water 
dynamics, eventually boosting crop output and productivity (Basche 
et al., 2016). Many ecosystem services and benefits have been linked to 
conservation agriculture, including increased soil water storage (Page 
et al., 2019), improved soil quality (Jayaraman et al., 2019; Jayaraman 
and Dalal, 2022), reduced erosion, higher yields (Kadam et al., 2022) 
and net agricultural income (Page et al., 2019). Hence, smallholder 
adoption of CA is being promoted by both governmental and 
non-governmental organizations in developing nations around the 
world (Eze et al., 2020), and there is a lot of scope for payment for 
ecosystem services to conservation agriculture-practicing farmers in 
the near future (Dinesh et al., 2021; Rasheed et al., 2021).

In tillage investigations, parameters such as BD, PR, and SOC 
influence the system’s productivity and soil properties. Crop residue 
incorporation through conservation tillage practices decreases soil 
bulk density and increases soil biota activity (Sharma et al., 2017). The 
bulk density will be much greater in the first few years (up to five) of 
conservation agriculture (CA). However, compared to conventional 
tillage, CA will have a lower soil bulk density after stabilization. Hence, 
the effect of conservation tillage on BD was not instantaneous; 
compared to conventional tillage (plowing), it may take a few years to 
show noticeable results in dropping BD. Because crop residues are 
lighter than minerals, their breakdown products induce more 
aggregation (Shaver, 2010). Previous research has found that diverse 
zero-till (ZT) systems had a lower PR value in the upper soil layers 
(0–20 cm) than conventional tillage systems (Singh and Malhi, 2006). 
The crop rotation and addition of crop residues reduced PR value, 
implying that cultivation systems significantly influence soil 
compaction (Indoria et  al., 2017). Like BD, increased PR will 
negatively affect root growth (Lampurlanés and Cantero-Martínez, 
2003). As the SOC improves, higher bulk densities can drop with time 
(Blanco-Canqui and Ruis, 2018). However, in some cases, increased 
BD limits production (Page et  al., 2020) because of decreased air 
permeability (Nyagumbo et al., 2016).

Nitrogen significantly increases plant yield but it must be handled 
cautiously to prevent negative environmental effects. Depending on 
the crop and the amount of N fertilization, different crops respond 
differently to N treatment regarding physico-chemical characteristics 
and system productivity. In addition to lowering the potassium 
content of the soil that is accessible for use, high N fertilizer rates may 
also hinder photosynthesis and radiation efficiency, which lowers 
grain yield (Sun et  al., 2020). On the other hand, effective N 
fertilization may enhance starch’s structure and physico-chemical 
characteristics, as well as protein’s water-holding capacity and thermal 
stability, all of which contribute to higher crop quality (Noor et al., 
2023). Higher nutrient use efficiency may reduce the need for high 
fertilizer-N rate application and have a good effect on biodiversity, 
human health, and the quality of the air and water (Tian-yang et al., 
2022). Therefore, to maximize crop output while reducing the 
detrimental effects on the ecosystem by N fertilizer, precise N 
management is essential to avoid N loss.

The soil texture of Indo-Gangetic Plains (IGP) is primarily sandy 
loam (Typic Haplustept; Inceptisols). Higher BD, low water retention 
capacity, and lower SOC are the critical constraints of this type of soil 
(Singh et al., 2016). These concerns have forced the Indian government 

to prioritize diversification with maize and legumes, particularly in the 
rice-wheat rotation in northwestern Indo-Gangetic plains (IARI, 
2012). However, compared to conventional tillage, no-tillage 
techniques and diverse maize cropping systems improve soil physical, 
chemical, and biological qualities and overall soil health (Dinesh et al., 
2022a). Fertilizer-N has been shown to impact several plant 
physiological processes and metabolic activities, including respiration 
rate, water balance, and signaling pathways. The sustainability of 
maize-based agroecosystems and the most accurate way to calculate 
fertilizer N use efficiency have been researched in light of the 
likelihood that N fertilizer enhances soil organic matter (SOM) 
mineralization and, as a consequence, diminishes SOM stocks. The 
fact that synthetic N fertilizer may alter SOM mineralization in both 
good and negative ways via several direct and indirect channels is a 
major factor in this argument (Mahal et al., 2019). Thus, the study’s 
hypothesis was crop residue, and N management (precision N 
application with green seeker) coupled with zero tillage would 
positively impact crucial soil properties compared to conventional 
practices without crop residue addition with the recommended dose 
of fertilizer. Though many studies on CA and soil quality have been 
reported, there is still a significant knowledge gap about CA coupled 
with PNM and CRM, particularly its impacts on soil properties and 
their interrelationship with crop yields and system productivity 
(Dougill et al., 2017). In light of this, this research was carried out with 
the objective of studying the effects of crop residue retention and 
precision N management on soil organic carbon, bulk density, soil 
penetration resistance, crop yields and system productivity in a 
six-year-old conservation agriculture experiment on sandy loam soil 
in northwestern Indo-Gangetic plains.

2 Materials and methods

2.1 Experimental site

A field experiment was conducted in the long-term conservation 
agriculture-based research farm in the Northwestern Indo-Gangetic 
plains at ICAR-Indian Agricultural Research Institute, New Delhi, 
India (28° 40′ N, 77° 12′ E, and 228.6 m above MSL) from 2018 to 
2020. The experimental farm has sandy loam soil (Typic Haplustept; 
Inceptisols) and experienced a semiarid climate with hot and dry 
summer and cold winter. The meteorological conditions that prevailed 
during the study period are shown in Figures 1, 2. The average annual 
rainfall during 2018 and 2019 was 966.80 mm and 859.40 mm, 
respectively. During the Southwest monsoon, 80% of the annual 
rainfall is received, and the remaining is received during the winter 
months as western disturbances.

2.2 Experimental details

The field trial was conducted in a long-term experimental site 
since 2012, and the current study was conducted for 2 years with three 
seasons, i.e., 2018–19 and 2019–20 (6th and 7th year of a long-term 
experiment). Table  1 presents experimental details, including the 
tillage, crop establishment, and residue retention under maize-wheat-
mungbean (MWMb) systems. The study was initiated with the sowing 
of maize (cv. PMH 1) in mid-July, followed by wheat (cv. HD 2967) in 

https://doi.org/10.3389/fsufs.2024.1259607
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Dinesh et al. 10.3389/fsufs.2024.1259607

Frontiers in Sustainable Food Systems 04 frontiersin.org

the first week of November, and summer mungbean (cv. Pusa Vishal) 
in mid-April. The experiment was carried out with two main-plot 
treatments (main factor) (Crop residue management (CRM) options), 
namely zero tillage with residue retention (ZT + R) and zero tillage 
without residue retention (ZT-R), along with four sub-plot treatments 
(subfactor) of precision nitrogen management (PNM) options namely 
(i) The recommended dose of nitrogen (RDN) (150, 120 and 18 kg/ha 

for maize, wheat, and mungbean, respectively), (ii) 33% basal RDN 
followed by Green Seeker N application (33%N + GS), (iii) 50% basal 
RDN followed by Green Seeker N application (50%N + GS), (iv) 70% 
basal RDN followed by Green Seeker N application (70%N + GS). The 
recommended amount of fertilizer (as per recommendations of IARI, 
New Delhi package of practices based on soil test) applied was 
150:60:40, 120:60:40, and 18:46:0 (N: P2O5:K2O kg/ha) for maize, 

FIGURE 1

Meteorological conditions during the study period 2018.

FIGURE 2

Meteorological conditions during the study period 2019.
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TABLE 1 Description of tillage, crop establishment, and residue practices under maize-wheat-mungbean (MWMb) systems.

Crop Crop 
variety

Crop 
duration

Month of 
sowing 
(1st and 
2nd study 
year)

Sowing 
method

Spacing 
(cm)

Seed 
rate 

(kg  ha−1)

Crop 
Residues 
retention

Recommended 
dose of fertilizer 

(kg  ha−1) (N: 
P2O5: K2O)

Method of 
fertilizer 
application

Period of 
fertilizer 
application

Source of 
fertilizer 
application

Method of 
irrigation

Weed 
management 
practices 
followed

Month of 
harvesting 
and yield 
record (1st 
and 2nd 
study year)

Maize PMH 1 110 days

Mid-July

07.07.2018

19.07.2019

Direct 

manual line 

dibbling of 

the seeds

67 × 20 cm

240 plants

per plot

20

100% 

Mungbean 

residues of the 

previous crop 

(2.24 to 4.81 t/

ha)

150:60:40
Behind

Plow Sole

Knee-high stage 

(~35 DAS)

DAP, SSP, MOP 

and urea

Furrow

Irrigated

Pre-plant application 

of paraquat @ 0.5 kg/

ha;

Atrazine as pre-

emergence (1 kg/ha) 

followed by 

Tembotione @ 115 g/

ha at 30–35 DAS

Late October

16.10.2018

26.10.2019

Manual recording 

of yield 

parameters

Wheat HD 2967 138 days

Early 

November

06.11.2018

31.10.2019

Direct 

sowing 

using a 

hand-held 

seed drill

22.5 × 10 cm 100

30% Maize 

residues of the 

previous crop 

(1.33 to 4.75 t/

ha)

120:60:40
Behind

Plow Sole

Crown root 

initiation stage 

(~25 DAS)

DAP, SSP, MOP 

and urea

Furrow

Irrigated

Pre-plant application 

of paraquat @ 0.5 kg/

ha;

Pendimethalin@ 1 kg/

ha as pre-emergence

Early April

11.04.2019

08.04.2020

Manual recording 

of yield 

parameters

Mungbean Pusa Vishal 85 days

Mid-April

20.04.2019

29.04.2020

Direct 

sowing 

using a 

hand-held 

seed drill

30 × 10 cm 25

30% of wheat 

residues of the 

previous crop 

(1.35 to 2.56 t/

ha)

18:46:0 Broadcasting Flowering stage
DAP, SSP, MOP 

and urea

Furrow

Irrigated

Pre-plant application 

of paraquat @ 0.5 kg/

ha;

Pendimethalin@ 1 kg/

ha as pre-emergence

Late June

25.06.2019

13.06.2020

Manual recording 

of yield 

parameters
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wheat, and mungbean, respectively. The nitrogen doses varied across 
the treatments based on the green seeker readings; the phosphorous 
and potassium remained equivalent in all the treatments. The 
calculations are done by Sensor-Based Nitrogen Rate Calculator 
developed by Oklahoma State University.1 For maize, fertilizers are 
applied at three times. Basal dose at 0 DAS, Knee High stage (35 DAS), 
Silking stage (65 DAS). For wheat, fertilizers are applied at Basal (0 
DAS), Crown Root Initiation stage (25 DAS), active tillering stage (70 
DAS). P and K nutrients are applied based on blanket 
recommendations. For Mungbean, only basal dose (18 kg N and 46 Kg 
P) is applied. In zero tillage without residues plots (ZT-R), under 
33%BN + GS, 50%BN + GS, and 70%BN + GS treatments, 33, 50 and 
70% of N is applied as basal (50, 75, 105 kg N for maize and 40, 65, 
95 kg N for wheat) and remaining will be based on the green seeker 
readings at critical stages mentioned above. Detailed application of 
fertilizers is mentioned in the Table 2.

2.3 Collection and processing of soil 
samples

In July 2018 and 2019 (before the sowing, typically after harvesting 
of the previous crop), the soil samples were taken from each plot (2 
main plots (CRM) × 4 subplots (PNM) × 3 replications = 24 plots) at 
3–5 random locations covering 25% of the plot. A composite soil 
sample was prepared using the quadrant method to analyze various 
soil parameters. The samples were collected at two depths of 0–15 and 
15–30 cm, using a core auger (with two divisions of 0–15 and 
15–30 cm, 5 cm diameter). The soil samples were air-dried, sieved 
through a 2 mm sieve and then used to analyze soil parameters 
(Page, 1982).

2.3.1 Soil characteristics
For the initial soil characteristics, soil samples (0–15 cm layer) 

were collected randomly in triplicate from the 24 plots of the 
experimental farm before the start of the maize cropping season in 
2018. The soil samples were analyzed for soil organic carbon (Walkley 
and Black, 1934), available soil nitrogen (Subbaiah and Asija, 1956), 
available phosphorous (Olsen et al., 1954), and available potassium 
(Prasad, 1998). The soil pH was 7.8, and the electrical conductivity 
was 0.42 dS/m, the soil organic carbon (SOC) was 4.69 g/kg, the 
available nitrogen was 162.8 kg/ha, the available phosphorus was 
15.2 kg/ha and the available potassium was 152.2 kg/ha.

2.3.2 Soil analysis
Soil organic carbon and bulk density were estimated using the 

standard procedures (Walkley and Black, 1934). Soil samples were taken 
from a depth of 0–15 and 15–30 cm. Soil organic carbon was determined 
by the chromic acid wet oxidation. For bulk density, undisturbed soil 
samples were taken from a depth of 0 to 30 cm at a distance of 15 cm with 
the core sampler. Fresh soil core samples were processed in the laboratory 
and oven-dried for 48 h at 105°C. Soil bulk density was calculated by 
dividing the core volume by the dry weight of the soil (Blake and Hartge, 
1986). Soil strength (cone penetration resistance) was measured when the 

1 https://www.nue.okstate.edu/SBNRC/mesonet.php

profile moisture content was close to field capacity, using a hand-held 
recording penetrometer (RIMIK CP40II, Australia) fitted with a 12.8 mm 
diameter cone with an area of 130 mm2 with a maximum cone index of 
5,600 kPa (Parihar et al., 2020), which recorded the PR at intervals of 
10 mm up to a soil depth of 700 mm. Resistance data from three equal 
positions (between rows) for each treatment per plot were averaged for 
each depth, and the mean was expressed in kilopascals (kPa) (Anderson 
et al., 1980). SOC, BD, and PR are measured and analysed at 25 DAS to 
determine soil properties’ status during the active crop growth stage after 
retaining previous crop residues. Soil moisture was measured using a 
Delta moisture meter ranging from 16.83 to 34.06% (Delta-T Devices 
Ltd, 2006).

2.4 Maize, wheat, mungbean grain yield 
and system productivity (maize equivalent 
yield)

Crops were harvested after the physiological maturity stage, and 
grain yield was measured by calculating the weight of harvested 
economic part produced from each plant in the grown area using the 
conversion factor, which is presented as tonnes per hectare. System 
productivity of the cropping systems was calculated based on the crop 
yields and minimum support price of maize and wheat by using the 
following equation as mentioned in Parihar et al. (2016a):

 

Maize equivalent yield

Wheat yield Mg ha minimum support

�
� �� �1

  price of wheat INR Mg

Minimum support price of maize INR

�� �1

MMg
�� �1

2.5 Statistical analysis

The data were analyzed using the Microsoft Excel ver. 2021 and 
Indian NARS Statistical Computing Portal2 developed by ICAR – Indian 
Agricultural Statistical Research Institute, New Delhi, India, based on SAS 
ver. 9.2 (SAS Institute Inc., 2002) for a split-plot design (Rangaswamy, 
2018). The data on SOC, bulk density, penetration resistance, maize, 
wheat, mungbean yield and system productivity were subjected to the 
Barlett test for homogeneity of variance. The error variances for almost all 
parameters (i.e., SOC, bulk density, penetration resistance, maize, wheat, 
mungbean yield and system productivity) were homogeneous over the 
years. Hence, pooled analysis was done to find out the effects of the year 
(Y) and interactions between Y × crop residue management (CRM), 
Y × precision nitrogen management (PNM), CRM × PNM and 
Y × CRM × PNM on the studied variables of soil physico-chemical 
properties and crops productivity. The significance of treatment means 
was appraised using least significance difference test at p ≤ 0.05. Pearson’s 
correlation analysis was done using the R studio ver. 2021.09.4 (R Core 
Team, 2013).

The multivariate statistical technique was used to perform 
principal component analysis (PCA) by PAST (Andrews et  al., 

2 http://stat.iasri.res.in/sscnarsportal
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2002). First, the principal components (PCs) with the greatest 
Eigenvalues were selected. Consequently, PCs with high 
Eigenvalues were deemed to be best principal components (Kaiser, 
1960). Next, the score was determined using the variation (percent) 
of each principal component investigated. Then, components were 
selected and taken for further analysis based on the Eigenvalues 
and the percentage of variance. In addition to Eigenvalues, a scree 
plot was used to sort out the principal components. Finally, Biplot 
analysis was performed utilizing the components, Eigenvalues, 
and loadings.

3 Results and discussion

3.1 Soil organic carbon

Pooled analysis of variance (ANOVA) of soil organic carbon 
(SOC), bulk density (BD), penetration resistance (PR), maize grain 
yield, wheat grain yield, mungbean grain yield and system productivity 
(MEY) showing the effects of years, crop residue management (CRM), 
precision nitrogen management (PNM) and their interactions are 
shown in the Table 3. From the analysis, the study found that the 

TABLE 2 Application of fertilizers.

2018–19 2019–20

Maize

Nitrogen split quantity
Total quantity 

applied
Nitrogen split quantity

Total quantity 
applied

Basal (0 
DAS)

KH (35 
DAS)

Silk (65 
DAS)

N P K
Basal (0 

DAS)
KH (35 
DAS)

Silk (65 
DAS)

N P K

ZT-R RDN 75 38 38 150 60 40 75 38 38 150 60 40

33 + GS 50 64 43 157 60 40 50 57 43 150 60 40

50 + GS 75 25 42 142 60 40 75 25 43 143 60 40

70 + GS 105 0 38 143 60 40 105 0 44 149 60 40

ZT + R RDN 75 38 38 150 60 40 75 38 38 150 60 40

33 + GS 50 68 43 161 60 40 50 68 44 161 60 40

50 + GS 75 30 40 145 60 40 75 25 43 143 60 40

70 + GS 105 0 40 145 60 40 105 0 43 148 60 40

Wheat

Nitrogen split quantity
Total quantity 

applied
Nitrogen split quantity

Total quantity 
applied

Basal (0 
DAS)

CRI (25 
DAS)

Till (70 
DAS)

N P K
Basal (0 

DAS)
CRI (25 

DAS)
Till (70 
DAS)

N P K

ZT-R RDN 60 30 30 120 60 40 60 30 30 120 60 40

33 + GS 40 38 20 98 60 40 40 36 21 96 60 40

50 + GS 65 10 20 94 60 40 65 15 12 92 60 40

70 + GS 95 0 32 127 60 40 95 0 24 119 60 40

ZT + R RDN 60 30 30 120 60 40 60 30 30 120 60 40

33 + GS 40 38 31 109 60 40 40 36 31 107 60 40

50 + GS 65 20 21 105 60 40 65 16 16 97 60 40

70 + GS 95 0 32 127 60 40 95 0 13 108 60 40

Mungbean

Nitrogen split quantity
Total quantity 

applied
Nitrogen split quantity

Total quantity 
applied

Basal (0 
DAS)

N P K
Basal (0 

DAS)
N P K

ZT-R RDN 18 18 46 0 18 18 46 0

33 + GS 18 18 46 0 18 18 46 0

50 + GS 18 18 46 0 18 18 46 0

70 + GS 18 18 46 0 18 18 46 0

ZT + R RDN 18 18 46 0 18 18 46 0

33 + GS 18 18 46 0 18 18 46 0

50 + GS 18 18 46 0 18 18 46 0

70 + GS 18 18 46 0 18 18 46 0

KH, Knee high Stage (35 Days after sowing); Silk, Silking stage (65 Days after sowing); CRI, Crown Root Initiation Stage (25 Days after sowing); Till, Tillering stage (70 Days after sowing).
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TABLE 3 Pooled analysis of variance (ANOVA) of soil organic carbon (SOC), bulk density (BD), penetration resistance (PR), maize grain yield, wheat grain yield, mungbean grain yield and system productivity (MEY) 
showing the effects of years, crop residue management (CRM), precision nitrogen management (PNM) and their interactions.

Source of 
variation

DF Soil organic carbon Bulk density Penetration resistance Maize 
grain 
yield

Wheat 
grain 
yield

Mungbean 
grain yield

Soil depth 0–15  cm 15–
30  cm

0–15  cm 15–
30  cm

10  cm 20  cm 30  cm 40  cm 50  cm

Replication 

within year: 

(R × Year)

4 2.9596NS 1.712NS 0.3429NS 3.7857NS 0.4311NS 0.5892NS 5.8273NS 0.8902NS 1.1991NS 1.6346NS 2.0205NS 1.1115NS

Year (Y) 1 1060.8654** 5324.8916** 41.6574** 22.3215** 10.1015* 17.7913* 50.4987** 4.4973NS 12.543* 3.0383NS 89.9032** 16.9797*

Crop residue 

management 

(CRM) (Main)

1 2386.9471** 5324.8916** 729.6613** 1209.1472** 232.4273** 502.2307** 33655.4066** 2539.66** 15383.7033** 33.4906** 22.9062** 261.9241**

Y × CRM: 

(Main × Year)

1 381.9115** 1286.103** 16.5144* 22.3215** 4.419NS 7.9352* 13.3616* 2.958NS 4.0284NS 1.597NS 0.5883NS 0.1175NS

Pool error (a) 4

Precision 

nitrogen 

management 

(PNM) (Sub)

3 246.2522** 490.6558** 3.4464* 2.4248NS 162.8228** 349.7414** 25.6515** 25.5426** 11.93** 15.7213** 14.0639** 4.7333**

PNM × Y (Sub 

× year)

3 3.94* 3.6939* 0.4014NS 1.4956NS 0.0733NS 0.1292NS 0.1639NS 0.119NS 0.0527NS 1.638NS 0.5303NS 0.4684NS

CRM× PNM 

(Main × Sub)

3 9.8501** 3.6939* 1.7855NS 0.6195NS 13.7892** 14.72** 5.0527** 4.0967* 0.0224NS 0.4704NS 0.7054NS 2.2954NS

CRM × PNM × 

Y (Main × Sub 

× Year)

3 3.94* 3.6939* 0.0692NS 0.1504NS 0.0557NS 0.0988NS 0.1376NS 0.1175NS 0.2272NS 1.256NS 0.2129NS 0.5088NS

Pool error (b) 24

Total 47

*Significant at P ≤ 0.05; **Significant at P ≤ 0.01; NS = non-significant.
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combined effect between main plot (CRM), subplot (PNM) and years 
(Y) are mostly non-significant and only in SOC it is statistically 
significant. Soil organic carbon (SOC) in the topsoil layer (0–15 cm) 
of zero tillage without residue retention (ZT-R) plots increased from 
5.10 g/kg to 5.20 g/kg between 2018 and 2020. Meanwhile, in the zero 
tillage with residue retention (ZT + R) treatment, the SOC increased 
from 5.33 g/kg to 5.73 g/kg between 2018 and 2020 (Table 4). The 
ZT + R increased SOC from 4.69 to 5.73 g/kg, amounting to a 22% 
increase in SOC. Long-term studies on conservation agriculture in 
South Asia have reported that system-based conservation tillage 
improves resource-use efficiency, conserves biological and natural 
resources, and improves available soil nutrients (Jayaraman et  al., 
2020). A study conducted on a corn-soybean-wheat-cowpea cropping 
system observed that no-tillage practices enhanced the total soil C by 
30% and active carbon by 10% (Aziz et al., 2015). While intensive soil 
tillage increases the oxidation and decomposition of organic matter 
(SOM) and decreases the soil C content (Dinesh et al., 2022b; Sinduja 
et al., 2022), conservation agricultural techniques increase C content 
in the soil (Kaiser et al., 2014). However, the increase in soil carbon 
content is influenced by crop rotations, the amount and chemical 
composition of leftover crop biomass/residues, and root exudates 
(Congreves et  al., 2015). Minimum tillage practices have been 
observed to improve the soil structure and other physical properties 
due to the maintenance of soil aggregates and reduced oxidation of 
SOM (Srinivasarao et  al., 2021). Conservation tillage ensures 
minimum soil disturbance, and the plant roots in the root zone (up to 
30 cm) slowly decompose to increase organic C content. Nevertheless, 
the soil C content is less influenced in the deeper layers (30–45 cm) 
due to the absence of root biomass (Parihar et al., 2016b; Dinesh et al., 
2022a,b).

In the sub-surface soil layer (15–30 cm), the SOC in ZT-R plots 
increased from 3.52 g/kg to 4.23 g/kg of soil during the study period. 
In the ZT + R treatment plots, the SOC increased from 4.23 g/kg to 
4.46 g/kg of soil (Table 4). The increase in the SOC in the sub-surface 
soil layer is due to the root exudates and decomposition of root residue 
biomass. Studies have reported that the root residues and dissolved 
organic carbon transport drive the sub-surface soil C dynamics, and 
the crops with the deeper root system improve SOC in the deeper 
layers of the soil (Juma et al., 2019). A similar study reported that 
wheat straw incorporation and decomposition contribute to a higher 
SOC content in the surface soil layer than in other deeper soil layers 
(Liu et al., 2020). The pooled mean analysis during the study period 
2018–20 in both the main plot treatments was statistically significant, 
with the critical difference ranging from 0.01 to 0.09. The crop residue 
effect was significant, possibly caused by residue-based soil fertility 
enhancement and increased moisture availability. Hence, residue 
retention is an important and integral practice of zero tillage systems. 
The effects of residue retention (residue removal treatments of 0, 25, 
50, 75, and 100%) under long-term no-till continuous corn on SOC 
sequestration. They found a higher SOC with a greater residue 
retention rate in silt loam soils (Blanco-Canqui and Lal, 2007). The 
magnitude of the residue impacts depends on the soil type and 
topographic factors. Another study observed that the rise in SOC was 
attributed to crop residue retention on the soil surface, where 
microorganisms break down the residues and store higher C. Legume 
residues with a low C: N ratio increased the SOC due to the quick 
degradability of residues. At deeper soil layers, leguminous taproot 
residues increased the SOC content (Yadav et al., 2017). Thierfelder 

et al. (2012) discovered that adding cowpea and sun hemp to corn-
based crop rotations increased soil carbon by 31%. Saha and Ghosh 
(2013) have found that applying organic manures to grain-growing 
systems positively influenced SOC content. The study conducted in 
China reported that, following the addition of wheat straw, the NH4

+ 
concentration increased by 40 to 80% due to the quick mineralization 
of the straw and soil organic matter (SOM).

In the precision N management treatments, in the topsoil layer 
(0–15 cm), the highest SOC was observed in 50%BN + GS treatment 
with 5.40 g/kg of soil, and in the second year (2019), the highest SOC 
was observed in 50%BN + GS with 5.65 g/kg of soil. This increase in 
the SOC is due to the precision application of nitrogen based on the 
requirements. A study conducted in North China plains reported that 
the precision application of nitrogenous fertilizers increased SOC and 
SOM (Li et al., 2019).

In the sub-surface soil layer (15–30 cm) in 2018, the highest SOC 
was observed in 50%BN + GS with 4.05 g/kg, and in 2019, the highest 
SOC was observed in 50%BN + GS with 4.54 g/kg. The increase in the 
SOC at subsurface soil layers may be attributed to the proper and 
required quantity of fertilizer application through green seeker-based 
precision techniques. A global meta-analysis to quantify the 
relationship between SOM and crop yields revealed that the yields of 
maize and wheat crops are greater with higher SOC. Increasing the 
SOC levels will potentially reduce reliance on N fertilizers and also 
reduce the global yield gaps (Oldfield et al., 2019).

SOC levels in the subplot treatments showed an observable trend. 
SOC was highest at 50%BN + GS, followed by 33%BN + GS, RDN, and 
70%BN + GS. However, in some cases, especially in the rooting zone 
soil layer (15–30 cm), RDN and 33%BN + GS values were closely 
related and significantly at par. Pooled analysis between subplot 
treatments revealed a significant difference between the two study 
years. Furthermore, statistical analysis between the subplot treatments 
also revealed a significant difference, with the critical difference values 
ranging from 0.03 to 0.09. Interaction analysis between crop residue 
and N management was non-significant in the 2018–19 topsoil layer 
(0-15 cm) and the 2018–19 and 2019–20 bottom (15-30 cm) soil 
layers. A significant difference was observed only in the 2019 topsoil 
layer. Pooled analysis in both study years also revealed a 
significant difference.

3.2 Bulk density

In the topsoil layer (0–15 cm), the BD was 1.32 Mg/m3 in the 
ZT + R plots in 2018, and it was further reduced to 1.28 Mg/m3 in 
2019 (Table 4). The very meager reduction in the BD in ZT-R 
plots could be attributed to the soil’s decomposition of crop roots 
(belowground biomass; Labelle and Kammermeier, 2019). In the 
ZT-R plots, the bulk density was 1.40 Mg/m3 in 2018 and slightly 
reduced to 1.39 Mg/m3 in 2019. In the bottom soil layer 
(15–30 cm), the bulk density was 1.50 Mg/m3 in both years of 
ZT-R plots and ZT + R plots, having 1.36 Mg/m3 in 2018 and 
1.32 in 2019. There was a significant difference in BD between 
ZT + R and ZT-R main plot treatments in both years at 0–15 cm 
and 15–30 cm soil layer (p = 0.02), and pooled analysis also 
showed a significant difference (p ≤ 0.05) in both years and both 
soil layers. There was a slight variation between N management 
subplot treatments in both study years. However, there was a 
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TABLE 4 Soil Organic Carbon (SOC), Bulk Density (BD) and Penetration Resistance (PR) across the treatments over the years.

Treatments Soil organic carbon Soil bulk density Soil penetration resistance

0–15  cm 15–30  cm 0–15  cm 15–30  cm 10  cm 20  cm 30  cm 40  cm 50  cm

2018–19 5.21 3.87 1.36 1.43 452.91 744.89 988.02 1174.08 1215.99

2019–20 5.46 4.34 1.33 1.40 447.82 739.77 982.44 1169.36 1210.50

SEm± 0.0054 0.0045 0.0025 0.0031 1.13 0.85 0.55 1.57 1.09

CD 0.01 <0.01 0.009 0.01 4.44 3.37 2.17 6.18 4.30

Main plot: crop residue management (CRM)

Treatments
2018–

19

2019–

20

Pooled 

mean
2018–19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

2018–

19

2019–

20

Pooled 

mean

ZT-R 5.10 5.20 5.15 3.52 4.23 3.88 1.40 1.39 1.39 1.496 1.496 1.496 463.44 461.72 462.6 756.80 755.09 755.9 1058.56 1055.85 1057.2 1228.27 1227.38 1227.8 1310.63 1308.24 1309.4

ZT + R 5.33 5.73 5.53 4.23 4.46 4.34 1.32 1.28 1.30 1.362 1.322 1.342 442.39 433.93 438.2 733.00 724.46 728.7 917.49 909.05 913.3 1119.90 1111.35 1115.6 1121.37 1112.76 1117.1

SEm± 0.01 0.01 0.00 0.02 0.00 0.002 0.00 0.00 0.00 0.005 0.003 0.001 1.92 1.21 0.23 0.72 1.56 0.18 0.71 0.85 0.11 3.09 0.59 0.32 1.83 1.20 0.22

CD 0.04 0.04 0.02 0.05 0.01 0.01 0.02 0.01 0.009 0.03 0.01 0.01 11.66 7.33 4.44 4.40 9.47 3.37 4.30 5.20 2.17 18.81 3.61 6.18 11.15 7.32 4.30

Subplot: precision nutrient management (PNM)

RDN 5.15 5.40 5.28 3.85 4.30 4.08 1.36 1.33 1.34 1.439 1.409 1.424 436.55 431.89 434.22 749.03 744.36 746.69 990.35 984.01 987.18 1176.76 1172.08 1174.42 1218.20 1213.64 1215.92

33%BN + GS 5.30 5.50 5.40 3.85 4.30 4.08 1.36 1.34 1.35 1.410 1.404 1.407 468.61 463.48 466.04 742.06 736.84 739.45 986.17 979.35 982.76 1170.31 1166.74 1168.52 1214.65 1209.47 1212.06

50%BN + GS 5.40 5.65 5.53 4.05 4.54 4.29 1.36 1.34 1.35 1.432 1.414 1.423 430.28 423.84 427.06 713.50 707.05 710.27 979.04 974.21 976.63 1164.43 1157.97 1161.20 1208.75 1202.36 1205.55

70%BN + GS 5.00 5.30 5.15 3.75 4.24 3.99 1.35 1.32 1.34 1.436 1.407 1.421 476.23 472.10 474.16 775.00 770.86 772.93 996.54 992.23 994.38 1184.84 1180.66 1182.75 1222.39 1216.54 1219.46

SEm± 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.01 0.01 0.007 0.007 0.017 2.02 3.03 6.30 2.13 1.74 4.77 2.06 2.11 5.11 2.70 2.40 6.26 2.47 2.40 5.97

CD 0.05 0.03 0.04 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 6.21 9.32 11.84 6.57 5.36 5.40 6.35 6.51 5.79 8.31 7.39 7.09 7.62 7.40 6.77

CRM×PNM NS S * NS NS * NS NS * NS NS * S S * S S * NS NS * NS NS * NS NS *

Y × CRM ** ** ** ** NS NS NS NS NS

Y × PNM NS NS ** ** NS NS NS NS NS

Y × CRM× 

PNM

NS NS NS NS NS NS NS NS NS

SPR, Soil Penetration Resistance; CRM, Crop Residue Management; PNM, Precision Nutrient Management; ZT-R, Zero Tillage Without Residue; ZT + R, Zero Tillage with Residue; CD, Critical Difference; RDN, Recommended Dose of Nitrogen; 33%N + GS, 33% basal RDN followed by Green Seeker N application; 50%N + GS, 50% basal RDN 
followed by Green Seeker N application; 70%N + GS, 70% basal RDN followed by Green Seeker N application; S, significance; NS, non-significance. *Within a column, the means followed by different lowercase letters are significantly different at P ≤ 0.05 as per least significant test.

https://doi.org/10.3389/fsufs.2024.1259607
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Dinesh et al. 10.3389/fsufs.2024.1259607

Frontiers in Sustainable Food Systems 11 frontiersin.org

notable year-to-year variation between the subplot treatments. In 
a study conducted by (Butterly et al., 2013), it was observed that 
forest litter amendment and soil compaction influenced the 
microbial biomass carbon, nitrogen, and SOC. Soil compaction 
reduced the soil aeration due to a 13–36% reduction in porosity. 
Soil compaction changes soil structure and reduces water 
infiltration and root penetration into the soil. Proper N 
management reduced the soil bulk density due to higher root 
biomass production (Nawaz et al., 2013). Chalise et al. (2019) in 
their study on the effect of cover crops and residue retention, 
found that residue returned (residue retained) and cover crops 
are beneficial for improving the physical environment of soil and 
reduced bulk density compared to residue not returned (Chalise 
et al., 2019).

The lowest BD (1.32 Mg/m3) was observed in the topsoil layer 
(0–15 cm), in 70%N + GS subplot treatment, and the highest was 
observed in RDN (1.36 Mg/m3), 33%BN + GS and 50%BN + GS. On 
the other hand, in the bottom soil layer (15–30 cm), the lowest bulk 
density (1.40 Mg/m3) was observed in 33%BN + GS, and the highest 
was observed in RDN (1.44 Mg/m3). A statistically significant 
difference (p = 0.01) existed between the subplot treatments. 
Furthermore, pooled analysis between the subplot treatments was also 
statistically significant (p = 0.04). The interaction effects between the 
residue and nutrient management were statistically non-significant in 
both study years. However, pooled analysis reveals that there was a 
significant difference between them.

Compared to ZT + R plots, the ZT-R plots had 8% more BD, 
possibly due to residue retention in the field (Parihar et al., 2016b). 
Similar results have been reported by Chalise et al. (2019) from the 
three-year-old experiment (2014, 2015, and 2016), which showed 
that residue retained plots (1.30 Mg/m3) had a 7% lower bulk 
density (BD) compared to the residue removed plots (1.40 Mg/m3) 
(Chalise et al., 2019). The highest variation was seen in the 50 cm 
soil layer. Hence, the residue retention significantly affects the ZT-R 
and ZT + R plots, especially in the 50 cm soil layer. In the long run, 
the BD of the conventional tilled soil may increase, which might 
cause restriction to root penetration to crops and create much more 
complex, ultimately resulting in the reduction of crop yields 
(Orzech et  al., 2021). Furthermore, the increase in the BD also 
caused a drastic reduction in crop growth (Parlak and Parlak, 2011). 
But in this current zero tillage with residue retention study, the bulk 
density will decrease over the long run. Higher SOC content, 
improved aggregation, enhanced root development, and increased 
biomass might decrease BD under CA (Unger and Jones, 1998). 
Some studies reported similar findings of lower BD values under 
ZT (Salem et al., 2015). However, in clay/silty loam soils, several 
researchers observed greater BD values under ZT (Wilkins et al., 
2002). Crop rotation impacts do not substantially influence oil BD 
(Unger and Jones, 1998). Long-term investigations by Parihar et al. 
(2016b) and Parihar et al. (2016a) reported that BD of sandy loam 
soil (Inceptisols; Typic Haplustept) increases with depth but reduces 
with crop residues retained and no-tillage practices. Research in 
Minnesota and Iowa found that high residue removal rates resulted 
in a 7% greater BD than no residue harvest (Tormena et al., 2017). 
Chalise et al. (2019) reported that reduced BD at both soil depths 
was attributable to root contributions. Residue retention was found 
to lower BD by 7 and 3.7% for depths of 0–5 and 5–15 cm, 
respectively, compared to residue non-retained treatments.

3.3 Soil penetration resistance

Soil Penetration Resistance (PR) in the topsoil layer (10 cm) of 
ZT-R plots was 463.4 kPa in 2018 and 461.7 kPa in 2019 (Table 4). 
Meanwhile, in the ZT + R plots, the PR was 442.4 kPa in 2018 and 
433.9 kPa in 2019, showing that the residue retention had reduced 
the PR. Similar trends were observed at 20 cm, 30 cm, 40 cm, and 
50 cm soil depth levels. In a study conducted by Acuña and Villamil 
(2014) in Illinois, similar results were observed. In another study by 
Chalise et al., residue retained with crop cover increased the SOC 
and lowered the PR (Chalise et al., 2019). In the deeper soil depths, 
the variation in PR between ZT-R and ZT + R plots was clear and 
robust, which again confirmed that the effect of residue retention 
positively influences the soil penetration resistance in the 
experimental site. Research in Ames, Iowa, found that the PR value 
was lowered at a depth of 5 cm, and high residue removal boosted 
penetration resistance by 39 percent compared to no shrub residue 
removal (Tormena et al., 2017). Similar findings were seen in long-
term research on silt-loam soil in Ohio, where the PR value 
improved by 17 to 24 percent when more than half of the residues 
were removed, compared to no residue removal (Blanco-Canqui 
and Lal, 2007). The difference in soil penetration resistance between 
the ZT-R and ZT + R plots ranged between 3 to 18%. The statistical 
analysis showed a significant difference between ZT + R and ZT-R 
plots. In addition, the pooled analysis also revealed a significant 
difference between the two study years.

The subplot treatments showed a significant difference 
between the precision N management in the top few soil layers. 
In the topsoil layer, the highest soil penetration resistance was 
observed in 70%BN + GS (476.23 kPa), and the lowest was 
observed in 50%BN + GS (423.84 kPa). In the 50 cm soil layer, the 
soil PR was lowest in the 50%BN + GS subplot treatment 
(1202.36 kPa), and the highest PR was observed in the 
70%BN + GS subplot (1222.39 kPa). From the results, it was clear 
and visible that the 50%BN + GS subplot treatment had the lowest 
PR values in all the five soil depths, and in contrast, the 
70%BN + GS subplot had the highest PR values in all the five soil 
depths. A residue retention study by Dolan et al. (2006) revealed 
that Pisum sativum plant residues reduced the penetration 
resistance value more than the Brassica napus or Triticum 
aestivum plant residues (Doan et al., 2005). In addition, using 
long and robust root crops in crop rotation has been shown to 
overcome soil compaction limitation (Liu et al., 2021). Because 
deeper soil layers had a greater intrinsic BD, the PR increased 
with depth (up to 40 cm). The compaction created by plow pan 
under conventional tillage methods increased soil resistance, 
resulting in greater PR in repeatedly tilled soil (Parihar et al., 
2016b). Hence, from the perspective of soil penetration 
resistance, 50%BN + GS was the best treatment among the four 
subplot treatments, followed by RDN or 33%BN + GS subplot 
treatments. However, 70%BN + GS is the least-performing 
treatment among all the soil depths. The variation among the 
subplot treatments was reduced in the deeper soil depths, which 
implied the effect of residue retention in the topsoil depths till up 
to 30 cm was enormously prominent. If the residue were 
incorporated into deeper soil depths using any minor manually 
hand-operated drilling, the PR might also decrease in deeper soil 
depths (Parihar et al., 2016b).
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Interaction analysis revealed a significant difference between year-
residue management and year-precision N management. There was a 
significant difference between year, residue management, and 
precision N management in the three-way interaction analysis but not 
in the pooled analysis between them. In other studies, CA methods 
reduced soil PR (Saha et al., 2010). A higher BD could be another 
reason for an increased PR in conventional tillage techniques. Parihar 
et al. (2016b) reported that BD could account for 84% of the variation 
in PR; hence, PR and BD had a strong relationship in soil. Sharma and 
De Datta (1986) also found a significant positive relationship between 
PR and BD.

3.4 Crop yields and system productivity

Table  5 presents the effect of residue and precision nitrogen 
management on maize, wheat, and mungbean crop yields. The yield 
of kharif sown maize (5.73 t/ha), rabi sown wheat (5.80 t/ha), and 
summer mungbean (1.07 t/ha) are higher in the residue retained fields 
rather than residue non-retained fields, which is statistically significant 
(p ≤ 0.05). The grain yields of maize, wheat, and mungbean were 9, 9, 
and 15%, respectively, higher in the residue-retained fields. Among 
the subplot treatments, the higher yields were observed in the 
50%BN + GS treatments in maize (5.90 t/ha), 33%BN + GS in wheat 
(5.84 t/ha), and 70%BN + GS in mungbean (1.02 t/ha) (Table  6). 
However, ANOVA showed significant differences only in the case of 
maize and wheat but not in mungbean. ANOVA showed no significant 
interaction effects of crop residue management and precision nitrogen 
management on maize, wheat, and mungbean yield during the 
study period.

The maize equivalent yield under the ZT + R treatment is found 
to be higher (6.05) in the 50%BN + GS plot, which is 15% higher 
than the recommended dose of nitrogen treatment (5.26) and 20% 
higher than the 70%BN + GS treatment (5.04) (Table 6). It signifies 
the importance of precision N management using green seeker. 
Compared to non-residue plots, residue retention plots 
outperformed well with 7% more system productivity; this outcome 
signifies the prominence and need for residue retention in 
conservation agriculture. The utilization of green seeker highlights 
the significance of precision nitrogen management. The results 
indicate that residue retention plots exhibit superior performance 
compared to non-residue plots, with a 10% increase in system 
productivity. This underscores the significance and necessity of crop 
residue retention in the context of conservation agriculture 
(Table 6).

The outcomes of our study align with prior research conducted 
in South Asia, which demonstrated that zero tillage with residue 
retention resulted in greater crop yields in rice-wheat and maize-
wheat systems (Parihar et al., 2017, 2018; Sapkota et al., 2020; Jat 
H. S. et  al., 2021). The increased yield of maize, wheat, and 
mungbean in the zero tillage (ZT) system may be attributed to the 
combined effects of supplementary nutrients, reduced weed 
population, enhanced soil physical health, improved water 
regimes, and increased nutrient use efficiency (Parihar et  al., 
2016). The increased grain yield and grain equivalent yield (GEY) 
are ascribed to the legumes’ inclusion in the cropping system, as 
it will increase soil fertility and soil nitrogen (Lipper, 2010; 
Congreves et  al., 2015). The ZT plots with residue retention 

exhibited a marked increase in grain and GEY compared to the ZT 
non-residue retained plots. This outcome may be ascribed to the 
greater spike density, number of grains per spike, and 1,000-grain 
weight (Parihar et al., 2016).

3.5 Pearson’s correlation and principal 
component analysis

From Pearson’s correlation analysis, SOC has a highly 
negative correlation with soil BD and PR; it agreed with the 
previous studies (Yu et  al., 2014) and had a weak positive 
correlation with maize and wheat yield. However, it had a high 
positive correlation with mungbean yields. Hence, increased SOC 
might improve crop yields (Somasundaram et  al., 2020; Jat 
R. A. et al., 2021). On the other hand, BD had a highly negative 
correlation with SOC and mungbean yields (Figure 3). It also had 
a weak negative correlation with maize and wheat yield but a very 
high positive correlation with PR. Previous studies also reported 
that increased soil BD would reduce crop yields (Liu et al., 2021; 
Obour et al., 2021).

Soil penetration resistance negatively correlated with SOC 
and mungbean yields. It had a weak negative correlation with 
maize and mungbean yields Arruda et al. (2021) also reported 
that increasing soil penetration resistance would reduce crop 
yields. SOC had a very strong level of significance with soil bulk 
density (p ≤ 0.01) and an extreme level of significance with soil 
penetration resistance (p ≤ 0.001). Mungbean yields had a very 
strong level of significance with soil bulk density (p ≤ 0.01) and 
an extreme level of significance with soil penetration resistance 
(p ≤ 0.001). Soil penetration resistance was extremely significant 
with soil bulk density (p ≤ 0.001). Soil organic carbon has a very 
strong significance level with mungbean yields (p ≤ 0.01).

The PCA analysis clustered all observations into six Principal 
Components (PC). PC 1 and PC 2 contributed 83.08% of the 
percentage variance, and PC 1 and PC2 had an Eigenvalue of 3.97 
and 1.01 respectively, which was considered the best components. 
The scree plot also revealed that over 80% of the Eigenvalues 
were observed in PC 1 and PC 2. Hence, PC 1 and 2 were taken 
for further biplot analysis. The Biplot analysis between PC 1 and 
PC 2 revealed that ZT + R 33%BN + GS are observed with negative 
dispersions, and ZT + R 50%BN + GS, ZT + R 70%BN + GS, and 
ZT + R RDN are observed with positive dispersions (Figure 4). 
Soil organic carbon, Maize and mungbean yields are toward 
positive dispersions, PR, and BD toward negative dispersions. 
Hence, it may be concluded that from the PCA analysis, crop 
yields increased when PR and BD decreased. Previous research 
also revealed increasing crop yields and plant and root growth 
when BD and soil PR decreased (Colombi et al., 2018; Getahun 
et al., 2018).

4 Conclusion

The two-year study in a six-year-old long-term conservation 
agriculture experiment demonstrated that maize-based crop 
rotations with ZT-based systems coupled with precise nitrogen 
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TABLE 5 Effect of residue and precision nitrogen management on maize, wheat, and mungbean crop yields (t/ha).

Treatments Maize yield Wheat yield Mungbean yield

2018–19 2019–20 Pooled 2018–19 2019–20 Pooled 2018–19 2019–20 Pooled

Year (Y)

Year 1 (2018–19) 5.60a 5.12b 0.90b

Year 2 (2019–20) 5.73a 5.96a 0.96a

SEm± 0.05 0.06 0.009

CD 0.20 0.40 0.03

Main plot: crop residue management (CRM)

ZT-R 5.35b 5.57a 5.46b 4.95b 5.72a 5.33b 0.79b 0.85b 0.82b

ZT + R 5.86a 5.90a 5.88a 5.30a 6.21a 5.76a 1.01a 1.06a 1.04a

SEm± 0.04 0.09 0.05 0.05 0.11 0.06 0.01 0.01 0.009

CD 0.29 0.33 0.20 0.32 0.30 0.40 0.08 0.04 0.03

Subplot: precision nutrient management (PNM)

RDN 5.58b 5.87ab 5.72b 5.07ab 5.99a 5.53a 0.87b 0.93b 0.90b

33%BN + GS 5.52b 5.74b 5.63b 5.36a 6.21a 5.78a 0.91ab 0.95ab 0.93ab

50%BN + GS 6.01a 6.24a 6.13a 5.28a 6.20a 5.74a 0.92a 0.96ab 0.94a

70%BN + GS 5.31b 5.07c 5.19c 4.78b 5.45b 5.12b 0.91ab 0.99a 0.95a

SEm± 0.10 0.15 0.09 0.09 0.12 0.08 0.01 001 0.01

CD 0.55 0.49 0.37 0.69 0.39 0.52 0.08 0.04 0.04

CRM × PNM NS NS NS NS NS NS NS NS NS

Y × CRM NS NS NS

Y × PNM NS NS NS

Y × CRM × PNM NS NS NS

CRM, Crop Residue Management; PNM, Precision Nutrient Management; ZT-R, Zero Tillage Without Residue; ZT + R, Zero Tillage with Residue; CD, Critical Difference; RDN, Recommended Dose of Nitrogen; 33%N + GS, 33% basal RDN followed by Green Seeker 
N application; 50%N + GS, 50% basal RDN followed by Green Seeker N application; 70%N + GS, 70% basal RDN followed by Green Seeker N application.
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management/crop residue retention not only improved the soil 
organic carbon (SOC) but also significantly impact physical 
attributes of sandy loam soil. In comparison to non-residue 

retained plots, we found a decreased bulk density (by 6 to 8%), 
soil penetration resistance (by 5 to 18%), and an increased SOC 
(by 4 to 20%) in residue retained plots, which are statistically 
significant. Among the precision nitrogen management practices, 
50% basal nitrogen, followed by green seeker, proved to be the 
most promising treatment in improving SOC and physical 
properties. The maize equivalent yield under the ZT + R 
treatment was found to be higher (6.05 t/ha) in the 50%BN + GS 
plot, which is 15% higher than the recommended dose of nitrogen 
treatment (5.26 t/ha) and 20% higher than the 70%BN + GS 
treatment (5.04 t/ha). Compared to non-residue retention plots, 
residue retention plots outperformed well, with 7% more system 
productivity. Study findings indicated that long–term ZT coupled 
with residue retention and precision N management in maize-
wheat-mungbean rotations could enhance soil health and 
resilience, which ultimately results in sustainable crop production 
in sandy loam soil (Typic Haplustept; Inceptisols) of the north-
west Indo-Gangetic plains. Farmers and policymakers can 
consider implementing these sustainable practices to enhance 
soil health, increase crop yields, and ultimately improve food 
security. Further research could explore the long-term effects of 
these practices and their potential to reduce greenhouse gas 
emissions and mitigate the negative impacts of climate change on 
agriculture. Additionally, precision nitrogen management 
practices could be further optimized to achieve even better soil 
health and system productivity.

TABLE 6 Effect of residue and precision nitrogen management on system productivity.

Treatments 2018–19 2019–20 Pooled

Year (Y)

Year 1 (2018–19) 5.55b

Year 2 (2019–20) 6.46a

SEm± 0.02

CD 0.10

Main Plot: Crop Residue Management (CRM)

ZT-R 5.35b 6.19b 5.77b

ZT + R 5.74a 6.73a 6.23a

SEm± 0.0051 0.052 0.02

CD 0.031 0.31 0.10

Subplot: Precision Nutrient Management (PNM)

RDN 5.48b 6.50a 5.99b

33%BN + GS 5.81a 6.72b 6.27a

50%BN + GS 5.72a 6.72a 6.22a

70%BN + GS 5.17c 5.91c 5.54c

SEm± 0.0576 0.0539 0.03

CD 0.17 0.16 **

CRM × PNM * NS *

Y × CRM NS

Y × PNM NS

Y × CRM × PNM NS

CRM, Crop Residue Management; PNM, Precision Nutrient Management; ZT-R, Zero Tillage Without Residue; ZT + R, Zero Tillage with Residue; CD, Critical Difference; RDN, 
Recommended Dose of Nitrogen; 33%N + GS, 33% basal RDN followed by Green Seeker N application; 50%N + GS, 50% basal RDN followed by Green Seeker N application; 70%N + GS, 70% 
basal RDN followed by Green Seeker N application.

FIGURE 3

Relationship of various soil parameters with crop yields by Pearson’s 
correlation analysis.
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FIGURE 4

Biplot analysis of various soil parameters with crop yields by PCA methods.
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