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Abstract: Achieving an economically feasible and environmentally robust model in agriculture while
satisfying the expanding population’s food demands is a global challenge. Hence, a three-year (2014–2017)
study was conducted at Punjab Agricultural University, Ludhiana to design environmentally clean,
energy-efficient, and profitable cropping systems. Twelve cropping systems viz., rice-wheat (CS1),
basmati rice-hayola (transplanted)-mung bean (CS2), basmati rice-radish-maize (CS3), maize-potato-
maize (CS4), maize + turmeric-barley + linseed (CS5), maize + turmeric-wheat + linseed (CS6),
maize + radish-wheat + linseed-mung bean (CS7), groundnut + pigeon pea (5:1)-wheat + sarson
(9:1) (CS8), maize + black gram-pea (bed) + celery (furrows) (CS9),: maize + pigeon pea-chickpea
(bed) + gobhi sarson (furrows) (CS10), maize (green cobs) + vegetable cowpea + dhaincha (Sesbania
spp.)-chickpea + gobhi sarson (CS11) and sorghum + cowpea (fodder)-wheat + gobhi sarson (9:1)
(CS12) were tested in a four-times-replicated randomized block design. CS11 had the maximum
system productivity (28.57 Mg ha−1), production efficiency (78.27 Kg Day−1 ha−1), irrigation water
use efficiency (2.38 kg m−3), system net returns (4413.3 US$ ha−1), and benefit to cost (B:C) ratio (2.83)
over others. In comparison to the CS1 system, this cropping system required ~78% less irrigation
water for a unit economic production. However, the cultivation of CS12 registered the highest energy
use efficiency (49.06%), net energy returns (6.46 × 103 MJ ha−1), and global warming potential
(GWP) (Mg CO2 e ha−1) at spatial scale. Among all the intensified systems, CS11 had the lowest
GHGI (0.29 kg CO2 e kg−1). Furthermore, cultivation of CS6 resulted in the maximum bacterial and
actinomycetes population in the soil, while CS5 yielded the highest fungal count (23.8 × 103 cfu g−1

dry soil) in soil. Our study suggests that the cultivation of CS11 is a resource-efficient, economically
viable, and environmentally clean production system and could be a potential alternative to rice-wheat
systems for developing a green economy policy for agricultural development in the Indo-Gangetic
Plains (IGP) of India.
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1. Introduction

Food production and climate change are global concerns that need to be addressed
properly in order to satisfy the calorie demand of the growing population and mitigate
climate change [1]. Globally, millions of members of the populace are deprived of food
accessibility and suffer from hunger [1–3]. Hence, global humanity is at a critical juncture
and needs immediate technological interventions and policy support. To meet global food
security needs while harmonizing the dwindling natural resources, agricultural production
systems must become more productive and adaptable [2,3]. Ensuring maximum resource
use efficiency is an important approach to mitigating climate adversities and to backstop-
ping the sustainable development goals (SDGs) agenda envisioned by the United Nations
(UN). In developing nations like India, agricultural production systems face the quadruple
challenges of energy intensiveness, unemployment, declining factor productivity, and soil
health deterioration [4]. Therefore, conventional linear economy-based crop production is
not a profitable and environmentally safe business. Despite the dependence of ~70% of In-
dian families on agriculture, the contribution of agriculture to the Indian economy has
gradually decreased (<15%). This indicates that agriculture in the country is at a cross-
roads [5]. India’s food and nutritional security depend on producing cereal crops along
with pulses, oilseeds, spices, and vegetables. As a result, encouraging farmers to diversify
the cereal production system with higher-value pulses, oilseeds, and spices will be a key
factor in boosting agricultural growth. Crop diversification and intensification are essen-
tial for successful agricultural production [1]. Fertilizers and pesticide-dependent cereal
cultivation deteriorated soil fertility, ramified groundwater pollution, and reduced farm
profitability. On the contrary, induction of pulses in a cereal-based cropping system can
potentially restore the degraded soil [3]. Inefficient input management and persistent pesti-
cide use have resulted in a long-term decline in groundwater levels and soil fertility [1,2].
The agricultural production system must be redesigned as eco-friendly and profitable
rather than profit-oriented alone. Furthermore, ever-increasing CO2 levels also impose a se-
rious yield penalty on the agricultural system. Hence, the implementation of an ambitious
climate mitigation program is dire in order to achieve environmental sustainability. Several
researchers have suggested that, to control the rising temperature and total GHG emis-
sion, futuristic agricultural production systems must be carbon neutral or negative [3,4].
Global food and nutritional security can potentially be achieved through the adoption
of conservation and effective cropping intensification practices [4]. However, increasing
the number of crops can substantially increase input use, which might further accelerate
energy consumption and GHG emissions. Therefore, besides economic returns and social
acceptability, environmental indicators like energy dynamics and GHG emissions must be
included while designing efficient production systems [3]. Intensive cropping along with
the conservation of effective soil and crop management practices can be an environmen-
tally friendly approach for achieving food security and zero hunger targets [4]. Increased
cropping frequency accelerates the use of energy, labor, and other critical inputs, [5] hence
the selection of crops is indispensable when determining the eco-efficiency of the designed
system. Several researchers reported that GHGs emission is directly related to energy con-
sumption in agricultural production systems [5,6]. From an environmental point of view,
researchers and policy planners need low C emissions and an energy-efficient production
system, but a system that needs lesser energy does not need to be always profitable and so-
cially acceptable. Therefore, a relative assessment of different cropping systems in terms of
energy use, soil health buildup, economic returns, and GHG emission is highly warranted
for designing environmentally clean, economically efficient, and soil-supportive production
systems. Globally, agricultural production systems accounted for ~10–12% of total GHGs
emissions [7]. Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are the
major GHGs emitted by agricultural systems [8–10]. Agricultural operations such as land
clearing, crop cultivation, irrigation, animal husbandry, fisheries, and aquaculture all have
a significant impact on GHG emissions and climate change [11]. Rice fields that have been
flooded with water could potentially be a source of CH4 emission. The natural processes of
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nitrification and denitrification produce nitrous oxide in soils [8]. Plant residue burning,
organic matter oxidation, and microbial decomposition are the major CO2 emitters [12,13].
However, puddled paddy cultivation and livestock rearing are the major CH4 emitters in
agroecosystems [14,15]. Excess nitrogen use and wetland paddy cultivation are the major
N2O emitters [16,17]. Earth radiative forcing is largely regulated by the concentration of
these major gasses [18]. Hence there is a dire need for a systematic analysis of the carbon
footprint (C equivalent of CH4, N2O, and CO2) involved in agricultural crop production
systems for developing eco-friendly and carbon-neutral production systems [19–21]. Many
researchers assessed the energy, economic, and carbon performance of designed cropping
systems under different ecosystems [2,5,7], but very few or none of the studies assessed
the performance of designed bio-intensive cropping systems in terms of energy dynamics,
water use, GHG emission, and soil health buildup, especially in the Indo-Gangetic plains
of India. Hence, we hypothesized that the intensification/diversification of existing pro-
duction systems with the induction of resource-efficient crops will increase the economic
returns and soil health besides reducing GHG emissions and water use. To prove this
hypothesis, the present investigation was conducted with the objectives to (1) assess the
productive capacity and economic competency of the designed cropping system with the
existing rice-wheat system, (2) assess the energy dynamics and water use efficiency of the
designed cropping systems, and (3) evaluate the effect of designed cropping systems on soil
health. The findings of the present study will help policy planners to design eco-efficient
agricultural planning for backstopping the SDGs and India’s COP-26 commitments.

2. Materials and Methods
2.1. Experimental Site and Treatments

A three-year (2014–2017) field study was conducted at the research farm of Punjab
Agricultural University (PAU), Ludhiana Center of All India Coordinated Research Project
on Integrated Farming System (AICRP-IFS). The experimental site lies between 30◦–32◦56′ N
and 75◦–76◦52′ E with 247 m amsl (Figure 1). The soil of the experimental field was sandy
loam in texture. Ludhiana experiences a monsoon-influenced humid subtropical climate
(cwa) with an average temperature of 23.5 ◦C. June was the hottest month, while January
remains the coldest month in the years. The site received an average rainfall of 876 mm per
annum. November was the driest month, while July was the wettest month during all the
years of experimentation.

The word “cropping system” refers to the crops, crop rotations, and management
strategies applied over many years to a specific agricultural field. Twelve cropping systems
(Table 1) were evaluated with four replications in randomized block design (Figure 2). The
standard growing techniques were adopted for the different crops under the experiment
(Table 2). The recommended dose of nitrogen (N), phosphorus (P), and potassium (K) was
applied by using urea, single super phosphate, and muriate of potash, respectively.

Table 1. Cropping systems-wise details.

Code Cropping Systems

CS1 Rice-wheat
CS2 Basmati rice-hayola (transplanted)-mungbean
CS3 Basmati rice-radish-maize
CS4 Maize-potato-maize
CS5 Maize (furrow) + turmeric (bed)-barley (bed) + linseed (furrow)
CS6 Maize (furrow) + turmeric (bed)-wheat (bed) + linseed (furrow)
CS7 Maize (furrow) + radish (bed)-wheat (bed) + linseed (furrow)-mungbean
CS8 Groundnut + pigeon pea (5:1)-wheat + sarson (9:1)
CS9 Maize + black gram-pea (bed) + celery (furrows)
CS10 Maize + pigeon pea-chickpea (bed) + gobhi sarson (furrows)
CS11 Maize (green cobs) + vegetable cowpea + dhaincha (Sesbania spp.)-chickpea + gobhi sarson
CS12 sorghum + cowpeas (fodder)-wheat + gobhi sarson (9:1)
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Figure 1. Location of the study site.

Figure 2. The layout of field experimentation.
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Table 2. The improved package and practices of experimental crops.

Crop Variety Herbicide/Insecticide
N

(Kg
ha−1)

P
(Kg

ha−1)

K
(Kg

ha−1)

Basmati rice Punjab
Basmati 5 41.4 37.5 -

Maize PMH 1 Pre-emergence application of Afrataf 50 WP at therate of
@ 2 kg ha−1 in 625 litre (L) of water 125 60 30

Groundnut SG 99
Pre-emergence application of stomp 30 EC @ 2.5 L ha−1 in
500 L of water each followed by one hand weeding at 45

days after sowing
15 20 25

Wheat PBW 373 Application Clodinafop 15 WP @ 1 kg ha−1 in 1250 L of
water, 30–35 days after sowing

125 60 30

Summer
moong SML 668 Pre-emergence application of Stomp 30 EC @ 2.5 L ha−1 13 40 -

Radish Punjab Safed
Mooli -2 One weeding about 2–3 weeks after sowing is sufficient 63 30 -

Turmeric Punjab Haldi
2

Two hoeing may be given. Uniform spreading of paddy
straw mulch @ 90 q ha−1 over the entire field can also be

used.

28 tonnes
(FYM) 25 25

Linseed LC 2063 Two hoeing’s with improved wheel hand at three and six
weeks after sowing 63 40 -

Arhar AL 882 Spray 2.5 L per ha stomp 30 EC within 2 days of sowing 15 40 30

Mash Mash 114 Give one hoeing at one month after sowing 13 25 -

Peas Punjab 89 Use Stomp 30 EC (pendimethalin) @ 1.0 L per acre within
2 days of sowing 50 63 -

Celery Punjab
Celery 1 Two or three hoeing’s preferable with a wheel hand hoe 100 40 -

Gram GPF 2 One or two hoeing’s preferable with wheel hand hoe at 30
and 60 days after sowing 15 20 -

Gobhi sarson GSC 7 One or two hoeing’s preferable with a wheel hand hoe 100 30 -

Cowpea CL 367 19 55 -

@: at the rate of.

2.2. Crop Yields, System Productivity, and Economic Assessment

Above-ground biomass (AGB) was recorded as harvest. Stover/straw samples from a
1 m2 area were obtained from every plot during the harvesting of every crop and oven-dried
at 60 ± 1◦ C. For a comparative assessment of diverse cropping systems, an economic prod-
uct from all the systems was converted into the common unit (rice equivalent yield-REY) on
the price scale. The system productivity was calculated with the following expression [22].

REY = RY +

(
Yi × Pi

Rm

)
(1)

where REY is the rice equivalent yield (Mg ha−1); RY is the rice economic yield (Mg ha−1);
Yi is the economic yield of ith crop (Mg ha−1); Pi is the market monetary value of ith crop
(US$); and Rm is the rice market value (US$).
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The production efficiency (PE) (productive capacity of crops/cropping system over a
day) of different cropping systems was also estimated for an overall estimation of cropping
performance. Production efficiency was estimated by the following expression [22].

PE
(

kg day−1 ha−1
)
=

System productivity
(

kg ha−1
)

365
(2)

The irrigation water use efficiency was estimated by the following expression [3].

IWUE
(

kg m−3
)
=

System productivity
(

kg ha−1
)

Total quantity of irrigation water applied (m3)
(3)

For financial auditing, the cost incurred by the cultivation of each crop (sowing to
harvesting) and the economic value of all the outputs was calculated. The monetary
expenditure and financial gain were converted into the US$ for better understanding. The
monetary value of the total output was expressed as system gross returns (SGR-US$ ha−1),
and the system net returns (SNR) and benefit-cost (B:C) ratio were calculated by the
following equations [23,24].

SNR
(

US$ ha−1
)
= Gross returns (US$)−Cost incurred in cultivation (US$) (4)

B : C ratio =
Net returns

(
US$ ha−1

)
Cost of cultivation

(
US$ ha−1

) (5)

2.3. Calculation of Energy Use Efficiencies

Energy coefficients [25] for the various inputs used and outputs generated were used
for energy auditing in diverse cropping systems. The energy input and output were
computed as mega joule (MJ). Input energy was the summation of energy incurred for
raising the crops. Similarly, the energy output is the energy value of the main and by-
products in each cropping system. The energy use efficiency (EUE), energy output efficiency
(EOE) (MJ ha−1 day−1), and energy productivity (EP) (kg REY MJ−1) were calculated by
using the following formulas [10,26].

Energy use efficiency =
Energy output

(
MJ ha−1

)
Energy input

(
MJ ha−1

) (6)

Energy output efficiency =
Energy output

(
MJ ha−1

)
Duration of the system (days)

(7)

Energy productivity =
Systm productivity

(
Kg ha−1

)
Energy input

(
MJ ha−1

) (8)

2.4. Soil and Plant Analysis

After the completion of three cropping cycles, soil samples were collected from each
plot (0−15 cm) to assess the effect of different cropping systems on SOC and available
N, P, and K status. Collected soil samples were air-dried, grounded, and passed through
0.5 mm sieves. The SOC content was estimated by the oxidation method [27]. The 0.5 g
sieved soil was employed in a 500 mL Erlenmeyer flask. Thereafter, 10 mL 0.167 K2Cr2O7
and 20 mL of concentrated H2SO4 were added and stirred well. The solution was cooled
for 30 min on an asbestos sheet. After cooling, 200 mL distilled water, 10 ml concentrated
H3PO4, and 1 mL of 0.16% diphenylamine were added. The solution was titrated by using
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Fe(NH4)2(SO4)2(H2O)6 (Mohr’s salt). The available nitrogen in the soil was measured
by the alkaline potassium permanganate method [28]. The available phosphorus was
estimated by the 0.5 M sodium bicarbonate method [29]. The determination of available
potassium was estimated as per the procedure of Merwin and Peech [30]. Nutrient removal
by different cropping systems was worked out by estimating the N, P, and K content in the
grain and straw of crops. The N, P, and K contents in grain and straw/stover of different
crops were done with standard procedures. Thereafter, N, P, and K uptake by different
crops was estimated by multiplying the N, P, and K contents with grain and stover yields
and was expressed in kg ha−1 [31].

Soil microbial populations were estimated using the serial-dilution-pour-plate method.
In each case, three replicates were kept. The following formula was used for counting and
the determination of populations in the colonies growing on the plates [32].

Viable count (cfu per g dry soil) =
Av. number of colonies × dilution factor

weight of soil (g)
(9)

Isolation of soil bacteria (CFU per g of soil) was conducted on the nutrient agar using
a dilution plate technique with 106 dilutions at 28 ± 1 ◦C for 3 days. Potato dextrose agar
(PDA) was used for the isolation of soil fungi (CFU per g of soil) using the dilution plate
technique with 105 dilutions at 27 ± 1 ◦C for 6 days. To prevent bacterial growth, the media
were supplemented with 50 pg ml−1 of streptomycin sulfate. The actinomycetes populations
were enumerated by growing them in an actinomycetes agar with 105 dilutions at 26 ± 1 ◦C for
7 days’ incubation period. To avoid the development of fungal and bacterial contaminants, the
media were treated with cycloheximide and streptomycin (1 mg ml−1), respectively.

2.5. Greenhouse Gas Emission Estimation

The environmental performance of the designed systems was estimated by estimating
the global warming potential (GWP) and greenhouse gas intensity (GHGI). The GWP is
the estimated total quantity of major GHGs, i.e., methane (CH4), carbon dioxide (CO2),
and nitrous oxide (N2O), emitted during the entire duration of crops/cropping systems in
terms of CO2 equivalents (Mg CO2 e ha−1) [33]. The total quantity of CH4, N2O, and CO2
released from different crops/systems was transformed into CO2 equivalent by multiplying
the GWP equivalent by 24, 265, and 1 for CH4, N2O, and CO2, respectively, for a 100 years’
time span [34]. The standard emission coefficient was used for the estimation of GHGs
emissions [26,35–38]. The CH4 from the rice field and N2O emissions from applied nitrogen
sources were calculated by the formula given by Tubiello et al. [39] with slight alterations [1].
To estimate the total N2O emission 0.01 (emission factor) was multiplied by the total amount
of applied N [39].

CH4 emission (kg ha−1 yr−1) = EF × SFo × (Aij + [Aij × SFj]) / 10 (10)

Whereas:

EF: Seasonal CH4 emission factor for India (10 g m−2 year−1)
Aij: Rice area (ha year−1)
SFo: Correction factor for organic sources (1.4)
SFj: 0.7 scaling factor for Aj

N2O emission
(

kg year−1
)
= Quantity of N supplied by N inputs× 0.01× 44

28
(11)

GHGI
(

kg CO2 e Mg−1
)
=

CFs
(

kg CO2 e ha−1
)

System productivity
(

Mg ha−1
) (12)
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2.6. Statistical Analysis

All the obtained data were statistically analyzed for the variance of the cropping
system effect by employing an SAS 9.4 model. The correlation coefficients were also
computed using SPSS software version 27.0 (IBM, New York, NY, USA). The correlation
analysis was carried out among five variables viz. rice equivalent yield and soil fertility
status for OC, N, P, and K by using the SAS software.

3. Results
3.1. System Productivity and Production Efficiency

Total above-ground biomass (ABG) production varied across the designed cropping
systems. The fodder-based cropping system viz. CS12 registered the maximum ABG pro-
duction, which was significantly better than all other cropping systems, followed by CS11.
The CS11 recorded 65.6% higher AGB production over CS1 (business as usual). Among
the tested cropping systems, cultivation of CS11 provided significantly higher system pro-
ductivity (28.57 Mg ha−1) (Table 3). This was closely followed by CS4 (23.21 g ha−1), CS3
(21.07 Mg ha−1), CS5 (20.89 Mg ha−1), CS6 (20.68 Mg ha−1), CS9 (18.92 Mg ha−1), and
CS2 (17.05 Mg ha−1). Conversely, the CS1 system had the lowest system productivity
(12.94 Mg ha−1). Concerning production efficiency, CS12 outperformed other cropping
systems, followed by CS11. CS12 registered 7.6 times higher production efficiency over the
R-W system.

Table 3. System productivity and economic returns of different cropping systems (3-year mean).

Cropping
Systems

Total AGB
Production
(Mg ha−1)

System
Productivity
(Mg ha−1)

Production
Efficiency

(kg day−1 ha−1)

IWUE
(kg Grain Per m3

Irrigation Water)

SGR
(US$ ha−1)

SNR
(US$ ha−1)

B:C
Ratio

CS1 30.89 12.94 42.72 0.523 2704.9 1586.0 1.42
CS2 28.42 17.05 34.84 0.947 3554.9 2051.4 1.36
CS3 52.59 21.07 107.77 0.795 4399.8 2167.6 0.97
CS4 58.61 23.21 98.78 1.934 4848.7 1965.1 0.68
CS5 50.79 20.89 92.62 1.709 4361.9 3011.3 2.23
CS6 51.8 20.68 89.50 1.656 4321.6 3032.4 2.35
CS7 37.77 16.14 49.55 1.025 3371.6 1981.5 1.43
CS8 25.47 13.62 21.62 1.651 2844.5 1585.7 1.26
CS9 45.99 18.92 74.98 1.802 3947.1 1906.1 0.93
CS10 24.17 13.63 25.56 1.397 2846.1 1565.5 1.22
CS11 58.37 28.57 113.52 2.381 5974.3 4413.3 2.83
CS12 89.9 13.95 322.74 1.329 2912.5 1892.9 1.86

SEm ± 9.16 0.16 1.90 0.106 36.6 37.3 0.25
LSD (p = 0.05) 27.48 0.47 5.71 0.320 109.6 111.8 0.76

IWUE: Irrigation water use efficiency; SGR: System gross returns; SNR: System net returns; B:C ratio: Benefit-cost
ratio; SEm ±: Standard Error of Mean; LSD: Least Significant Difference.

3.2. Irrigation Water Use Efficiency

The maize-based cropping system viz. CS11 showed significantly higher irrigation
water use efficiency (2.381 kg grain per m3 irrigation water), with the requirement of 120 cm
of irrigation water, followed by CS4 (1.934 kg grain per m3 irrigation water), CS9 (1.802 kg
grain per m3 irrigation water), CS5 (1.709 kg grain per m3 irrigation water), and CS6
(1.656 kg grain per m3 irrigation water) (Table 3). CS8 proved to be another water efficient
cropping system with a requirement of 82.50 cm for irrigation water and an irrigation
water-use efficiency of 1.651 kg grain per m3 irrigation water. The lowest irrigation water
use efficiency was recorded with the CS1 system (Table 4).
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Table 4. Energy dynamics of diverse cropping systems (3 year mean).

Cropping
Systems

Energy Input
(×103 MJ ha−1)

Energy Output
(×103 MJ ha−1)

Energy Use
Efficiency

Energy Output
Efficiency

(×103 MJ ha−1 day−1)

Energy
Productivity

(kg MJ−1)

CS1 28.66 411.01 14.34 1.55 4.52
CS2 23.05 457.32 19.84 2.36 7.39
CS3 39.08 475.76 12.17 1.53 5.39
CS4 48.80 690.08 14.14 2.08 4.76
CS5 44.55 472.65 10.61 1.86 4.69
CS6 50.30 509.41 10.13 1.89 4.11
CS7 46.33 449.02 9.69 1.29 3.48
CS8 27.06 361.82 13.37 1.11 5.03
CS9 42.36 589.08 13.91 3.05 4.47
CS10 32.24 404.88 12.56 1.50 4.23
CS11 35.14 871.33 24.80 3.63 8.13
CS12 26.58 1304.02 49.06 6.46 5.25

SEm ± - 11.35 0.41 0.05 0.05
LSD (p = 0.05) - 34.05 1.23 0.16 0.16

SEm ±: Standard Error of Mean; LSD: Least Significant Difference.

3.3. Economics Returns

The net returns was observed to be higher in maize-based cropping systems in com-
parison to the prevailing CS1 (Table 3). CS11 recorded significantly higher system gross
returns (5974.4 US$ ha−1) and net returns (4413.29 US$ ha−1) over other tested cropping
systems, followed by CS6 and CS5 (Table 3). Cultivation of CS4, CS7, and CS9 resulted in
1.23, 1.24, and 1.20 times higher net returns over conventional R−W systems, respectively.
Similarly, CS11 registered a 49.8% higher B:C ratio over CS1, which was significantly higher
compared to other tested systems. The lowest B:C ratio was recorded with CS4. This trend
indicates the importance of the selection of crops in the cropping system while designing
an economically efficient system over the prevailing production system.

3.4. Energy Dynamics

The total energy incurred in various systems varied from 23.05× 103 to 50.30× 103 MJ ha−1

(Table 4). The highest energy input was incurred in CS6 (50.30 × 103 MJ ha−1) followed by
the CS4 (48.80 × 103 MJ ha−1), CS7 (46.33 × 103 MJ ha−1), and CS5 systems (44.55 × 103 MJ
ha−1), respectively. CS2 had the lowest energy consumption.

However, the total energy requirement of the rice-wheat system was 28.66× 103 MJ ha−1.
Similarly, the total energy output of different cropping systems as estimated from the total
output ranged from 361.82 × 103 to 1304.02 ×103 MJ ha−1 (Table 4). The maximum energy
output was attained from the fodder-based cropping system viz. sorghum + cow-pea
(fodder)-wheat + gobhi sarson (1304×103 MJ ha−1) followed by maize (cobs) + vegetable
cowpea + sesbania-gram + gobhi sarson (871.33×103 MJ ha−1) and maize-potato-spring
maize (690.08×103 MJ ha−1). The lowest energy output was recorded in maize + pi-
geon pea-chickpea (bed) + gobhi sarson (furrows) (404.88×103 MJ ha−1) and rice-wheat
(411.01×103 MJ ha−1) systems. Fodder-based cropping systems, namely CS11 and CS12,
registered 2-3 times higher gross energy output over the prevailing rice-wheat system.
The fodder-based cropping system viz. sorghum + cowpea (fodder)-wheat + gobhi sarson
showed the highest energy-use efficiency (49.06). Sorghum + cowpea (fodder)-wheat + gobhi
sarson showed significantly higher energy output, energy use efficiency, and energy output
efficiency over the other cropping systems, but significantly higher energy productivity was
obtained in maize (cobs) + vegetable cowpea + sesbania-gram + gobhi sarson measured at
8.13 kg MJ−1, and this was mainly due to its higher system productivity. The other systems
having significantly high energy productivity were CS2, CS3, and CS12.
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3.5. Global Warming Potential (GWP) and Greenhouse Gases Intensity (GHGI)

Wide variation in GWP (1.09 to 3.25 Mg CO2 eq ha−1 year-1) was noted among the
tested cropping systems (Figure 3). Designed cropping systems had 31.8 to 69.1% higher
GWP on spatial scale, but ~80% less GHGI over business as usual (CS1). Among the
designed systems, the CS6 system had the highest GWPs (3.25 Mg CO2 e ha−1) followed
by CS7 (2.69 Mg CO2 e ha−1). Although, all the designed systems had lower GHGI over
prevailing CS1 (Figure 2). The induction of legumes like black gram and chickpea in maize-
based cropping systems reduced the GHGI by 40.8% and 77.8%, respectively. However,
the traditional rice-wheat system had the highest GHGI (0.643 kg CO2e kg−1 production).
Among all the intensified cropping systems, maize (cobs) + vegetable cowpea + sesbania-
gram + gobhi sarson, CS11 had the lowest GHGI (0.29 kg CO2 e kg−1).

Figure 3. Global warming potential (GWP) and greenhouse gasses intensity (GHGI) of different
cropping systems.

3.6. Nutrients Acquisition (Uptake), Soil Fertility Status, and Microbial Count

Among the tested systems, the nitrogen (523.29 kg ha−1 and potassium (522.63 kg ha−1)
was the highest under CS4, while phosphorus uptake was the highest (171.98 kg ha−1)
under CS9 (Figure 4). On the contrary, CS12 removed the lowest N (99.42 kg ha−1), P
(43.03 kg ha−1), and K (82.16 kg ha−1). A diverse cropping system caused significant
variation in the available nitrogen and phosphorus content at 0–15 cm soil depth after
three years. The designed cropping system had failed to affect the SOC content after three
years of cultivation. Although SOC content varied between 0.41–0.50%. Soils under the
rice-wheat system had the lowest SOC content concerning the soil nitrogen availability
during cultivation of the CS8 system (224.23 kg ha−1), while phosphorus availability was
at its maximum (49.10 kg ha−1) in maize + black gram-peas + celery system and potassium
availability was the highest under maize (cobs) + vegetable cowpea + sesbania-chickpea
+ gobhi sarson cropping system (Figure 5). The soil microbial count varied greatly between
the different cropping systems (Figure 6). CS6 gave the maximum viable actinomycetes
counts (33.1 × 104 cfu g−1 dry soil) and bacteria (40.2 × 106 cfu g−1 dry soil), whereas CS5
gave the highest count for fungi (23.8 × 103 cfu g−1 dry soil) over fungi (16.1 × 103 cfu g−1

dry soil), actinomycetes (28.8 × 104 cfu g−1 dry soil) and bacteria (25.5 × 106 cfu g−1 dry
soil) in the CS1 system at 0–15 cm soil depth.
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Figure 4. Nutrients (NPK) acquisition by the different cropping systems. The error bar indicates the
least significant difference (LSD) at p = 0.05.

Figure 5. Soil fertility status (0–15 cm depth) after three cropping cycles. (OC: organic carbon;
N: nitrogen; P: phosphorus; K: potassium).

Figure 6. Soil microbial dynamics under different cropping systems after three cropping cycles.

3.7. Correlation Analysis

The correlation matrix of important characters viz. system productivity and soil fertility
status after the rabi season 2017–2018 (OC, N, P, and K) was calculated (Table 5). The system
productivity was positively correlated with N, P, and OC but negatively correlated with K,
indicating that with an increase in system productivity, the soil becomes deficient in K and
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requires the application of potassium fertilizer. Additionally, N revealed a significant and
positive correlation with OC and a negative correlation with P. In contrast to this, P had a
negative correlation with K and OC, indicating that with an increase in P in the soil pool,
OC and K content decreased. However, K showed a positive correlation with OC.

Table 5. Correlation matrix among the variables (REY and soil fertility status after rabi season for N,
P, K, and OC).

Variables REY N P K OC

REY 1.00 - - - -

N 0.400
(0.197) 1.00 - - -

P 0.031
(0.923)

−0.181
(0.571) 1.00 - -

K −0.389
(0.210)

0.022
(0.943)

−0.085
(0.792) 1.00 -

OC 0.247
(0.437)

0.568 *
(0.053)

−0.113
(0.725)

0.042
(0.896) 1.00

Note: Figures in parenthesis represent p-values, and * means significant at 5% level of significance. REY: rice
equivalent yield; N: nitrogen; P: phosphorus; K: potassium; OC: organic carbon.

4. Discussion

Diversification and intensification of prevailing cropping systems is crucial for re-
source rationing, profitability maximization, and environmental sustainability. In the
northwestern region of India, crop by-products, mainly stover/straw, are generally used
as dry fodder, but rice straw is mostly disposed of by open-field burning [40]. The crop
residue removal and intensive tillage practices have led to SOC depletion and soil fertility
degradation [41,42]. Hence, the productivity of the prevailing rice-wheat system shows de-
clining trends [43]. Therefore, the existing system must be replaced by more remunerative
systems. Gill and Ahlawat [44] reported that soybean, maize, basmati rice, cotton, and sum-
mer groundnut in the rainy season and potato, Indian mustard, vegetable pea, grain pea,
sunflower, and onion during the winter season are viable and remunerative alternatives to
the nutrient- and water-exhaustive CS1 system. In the present study, the productivity of
maize-based systems is significantly higher than traditional R-W systems. This was mainly
due to the legume effect of the chickpea, pea, groundnut, and as well as green manuring
(cowpea) in succeeding crops [45–47]. Legume induction in cereal-based systems increases
the nutrients in the soil pool which facilitates the growth and development of succeeding
crops. Singh and Sharma [48] also reported a beneficial effect of legumes on the succeeding
crops. The improvement in productivity in non-legume crops in system mode can be
described as nitrogen pumping in soil by legume crops. The price and higher productivity
of inducted crops further augmented the land productivity and economic returns of the
designed cropping systems over the traditional rice-wheat system. In contrast to R-W
systems, the irrigation water productivity of maize-based cropping systems was almost
doubled [49]. Diversification of the R-W system substantially increases water productivity
over traditional systems [50]. Choudhary et al. [51] suggested that the substitution of wheat
with potato and radish in the R-W system is a profitable and resource-saving venture.

The excessive water uses in prevailing cropping systems is a major reason for the im-
plementation of an adequate cropping strategy in IGP. The continual rotation of rice-wheat
systems is the major culprit raising concern. Intensified/diversified cropping substantially
reduced water use and improved use efficiency [52,53]. The present study indicated that the
induction of high-value low water requiring crops in existing systems has huge potential for
reducing water and fertilizer use while achieving groundwater usage parity and economic
and sustainable agricultural development targets [54]. Therefore, it is very pertinent to
pursue the gradual shifting of the R-W system to diversified production systems in order
to conserve natural resources while keeping productivity levels intact [23].
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Diversification of existing cropping systems substantially increases economic output
and profitability [23,48]. The present study revealed that the cultivation of maize (cobs)
+ vegetable cowpea + sesbania (broad bed furrow) recorded 2.78 times higher system net
returns and 56.2% higher benefit-cost ratio over the conventional R-W system. Higher net
returns in diversified systems over existing cropping systems were attributed due to higher
system productivity [24]. Walia et al. [55] reported the increase in the number of crops
substantially increases the cost of cultivation due to an increase in the total variable cost
due to more fertilization and human labor requirements. However, the gross returns were
also higher in diversified systems because of the higher value of produce. The inclusion
of vegetables in crop sequences can boost the profitability of the sequences. These results
confirm the findings of Samui et al. [56]. Rao and Willey [57] and Yadav et al. [46] also
concluded that the intensification of the existing cereal based systems by inducting green
gram/cowpea (fodder) is a profitable and environmentally safe practice.

In the present study, fodder-based cropping systems namely CS11 and CS12, registered
2–3 times higher gross energy output over the prevailing R-W system. This indicated
that the induction of more productive crops in intensive cropping generated more energy.
The higher bio-conversion efficiency of the intensified system was attributed to the higher
energy returns over other systems in the study [58]. Significantly higher energy output
under intensified cropping over conventional production systems was also reported by
Babu et al. [22]. Differences in system productivity among the cropping systems caused
significant variation in energy output [59]. The system energy returns from diverse cropping
systems was regulated by the quality and quantity of the harvestable products [60,61]. The
higher energy incurred in the cultivation of maize-based cropping systems may be due to
the intensive use of energy-rich inputs like seed and fertilizer.

Crop productive capacity, GWP, and GHGI were mostly determined by the plant’s
ability to transform ingested nutrients into the grain. Our findings support the notion
that the GHGI of existing systems can be reduced through conservation and effective
crop management practices [62]. Fertilizer use was the major GWPs contributor in all the
designed systems, followed by diesel and machines [13]. Hence, greater focus must be
given to crop selection while designing intensified cropping systems. The selected crop
must require less tilling and less nitrogen fertilizer and have a higher conversion efficiency.
Energy consumption increases corresponding to an increase in GWP was reported by many
workers [26,63]. As GWP and energy input were positively associated, this was attributable
to variations in input and management approaches [64]. An increase in cropping frequency
corresponds to an increase in the GWP [65] and energy intensiveness [22]. Higher energy
demand amplified the GWP under intensified systems over conventional production
systems [66]. Zhang et al. [64] reported the wide variations in GWP (1.25 to 2.14 Mg CO2 eq
ha−1 yr−1) among the tested cropping systems, and this was mainly attributed to variations
in the agronomic practices adopted and input use. Similarly, in our study, intensified
systems had a higher GWP than less-diversified systems like the R-W system. On the
contrary, diversified systems substantially reduce GHGI and increase energy production.
Huang et al. [67] also reported that the GWP and GHGI are associated with economic
output and have an inverse relationship [59]. The intensified system reduces the GHGI
by 75% over exiting non-intensive systems in China [68]. Thus, the results indicated that
the induction of legumes substantially curtails the GHGI of the traditional R-W system.
Intensive crop cultivation removed more soil nutrients as compared to less intensive
cropping. Hence, selected crops must store more nutrients in the soil than they remove,
which helps in nutrient conservation and soil fertility restoration. Legume induction in
the existing cereal-based system recycled more nitrogen in the soil and improved soil N-
supplying capacity [69]. Under intensified systems, inclusion of chickpea and other legumes
substantially improves the soil N availability after three cropping cycles. Furthermore,
the incorporation of green manure also accelerates the soil N supply capacity over cereal–
cereal systems. Higher available N in legume plots may also be attributed to more residue
recycling and N fixation. Roots of legume crops secrete the organic acid, which facilitates
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the P availability in the active soil pool and increases the P intensity in soil. Furthermore,
the extensive and deep root system of legumes can potentially break down the soil’s
hardpan and alter the soil’s physical properties. Organic acid secretion from legume roots
might dissolve the native potassium in soil and thereby increase K availability [70]. These
results aligned with the study by Bhunia et al. [71] and revealed that OC concentration
was positively correlated with N. Mahapatra et al. [72] also reported beneficial effects
of legumes in the rice-wheat system on soil organic carbon and available N, P, and K.
Kumari et al. [73] also reported that Bacillus thuringiensis (Bt) cotton + green gram (1:3)
system removed slightly more nitrogen than the legume–legume system. Pal [74] also
found that the legume-based crop rotations increase the SOC content, nitrogen, phosphorus,
and potassium availability in soil over non-legume-based systems. Crop rotations and
plant genotype selection can thus be utilized to increase soil biodiversity and encourage
beneficial soil fungus [75]. It may also be inferred that factor like the type of crop, the
cropping system, the soil, and nutrients contribute differently to the development of
microflora [76]. Hence, the alternate cropping system therefore clearly demonstrates the
supremacy of diversified/intensified systems over rice-wheat, as it also serves to improve
the soil’s microbial state, encouraging greater soil health.

5. Conclusions

The rice-wheat system (RWS) is a life-supporting production model that covers
~13.5 Mha in Asia [77], out of which 57% of the area is spread over South Asia. More
interestingly, out of the total RWS area in South Asia, IGP accounted for 85% of total
coverage [78]. In India, RWS is cultivated in a ~9.2 Mha area. The statistics clearly indicate
the importance of this particular model in food security [79]. However, the sustainability of
RWS is often questioned due high nutrients, water, and energy demand per unit produc-
tion. In India, agriculture contributed ~16% of total GHG emissions, out of which methane
accounted for 74% of total GHG emissions (38.9%through livestock and 36.9% through
rice) [80]. Furthermore, leftover rice residue burning increases the pollution load in the
atmosphere, which causes several human health-related problems. Therefore, there is a
dire need to design and develop an alternative energy-efficient, economically feasible, and
environmentally robust productive production system, especially for the IGP of India to
overcome and/or minimize these issues.

The findings of the present study suggested that alternative cropping systems have a
strong and positive impact on system productivity, water use efficiency, net returns, energy
use efficiency, energy output efficiency, energy productivity, and soil fertility status over
the RWS in IGP of India. The maize (green cobs) + vegetable cowpea + sesbania-chickpea
+ gobhi sarson recorded significantly higher system productivity (28.57 Mg ha−1) and
water use efficiency (2.381 kg grain per m3 irrigation water), followed by maize-potato-maize
(23.21 Mg ha−1), basmati rice-radish-spring maize (21.07 Mg ha−1), CS5 20.89 Mg ha−1), CS6
(20.68 Mg ha−1), respectively. Besides that, the maize-based cropping system viz. maize + pigeon
pea-chickpea (bed) + gobhi sarson (furrows) and maize-potato-maize system saved 150 cm
and 127.5 cm of irrigation water, respectively. Cultivation of maize (cobs) + vegetable
cowpea + sesbania-chickpea + gobhi sarson system registered 64.4% higher system net
returns over RWS (business as usual). However, the sorghum + cowpea (fodder)-wheat +
gobhi sarson cropping system had 3.42 times higher energy use efficiency and 4.16 times
higher energy output efficiency than the RWS. The maximum average energy productivity
was obtained in maize (cobs) + vegetable cowpea + sesbania-chickpea + gobhi sarson
(8.13 kg MJ−1), therefore, it is concluded that diversified/intensified systems can potentially
reduce the water use and energy use for unit production and improve soil fertility status
over traditional RWS of IGP of India. Thus, the cultivation of intensified systems as an
alternative to the RWS can be promoted in a phased manner to fetch maximum profit,
resource use, and environmental sustainability in IGP of India.
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