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Environmental pollution, resource dwindling, and soil degradation questioned

the sustainability of contemporary agricultural production systems. Organic

farming is advocated as a sustainable solution for ensuring food security without

compromising environmental sustainability. However, poor farm productivity

quizzed the sustainability of organic production systems. Hence, a field study

was carried out in the Sikkim region of the Indian Himalayas to assess the

e�cacy of conservation-e�ective tilling and diversified cropping on system

productivity, profitability, environmental quality, and soil nutrient balance in

organic farming. Three tillage systems, namely, (i) conventional tillage (CT), (ii)

reduced tillage (RT), and (iii) zero tillage (ZT), and four maize based diversified

cropping systems (maize–black gram–toria, maize–black gram–buckwheat,

maize–rajmash–toria, and maize–rajmash–buckwheat) were tested using a three

times replicated split-plot design. The ZT system recorded 13.5 and 3.5% higher

system productivity over CT and RT, respectively. Of the four diversified cropping

systems, the maize–rajmash–buckwheat system recorded the maximum system

productivity (13.99Mg ha−1) and net returns (3,141 US$ ha−1) followed by

the maize–black gram–buckwheat system. Among the tillage practices, ZT

recorded the significantly high eco-e�ciency index (EEI; 1.55 US$ per kg CO2-eq

emission) and the lowest greenhouse gas intensity (GHGI; 0.15 kg CO2-eq per kg

production). Of the diversified cropping systems, the maize-rajmash-buckwheat

registered the lowest GHGI (0.14 CO2-eq per kg production) and the highest

EEI (1.47 US$ per kg CO2-eq emission). Concerning soil nutrient balance, after

three cropping cycles, the soil under ZT recorded significantly higher available

N (340.0 kg ha−1), P (16.6 kg ha−1), and K (337.3 kg ha−1) over the CT system at

0–10cm soil depth. Similarly, the soil under the maize–black gram–buckwheat

system had the maximum bio-available NPK. Thus, the study suggests that
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the cultivation of the maize–black gram/rajmash–buckwheat systems under ZT

and/or RT would increase farm productivity, profitability, and soil fertility with

minimum GHGI in organic farming under the Eastern Himalayan region of India.
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1. Introduction

Environmental crises, poor economic returns, declining factor

productivity, and resource degradation quizzed the sustainability

of contemporary agricultural practices (Yadav et al., 2021b; Ansari

et al., 2022). Although the modern/contemporary agricultural

production system enhances food production by many folds, but

simultaneously creates tremendous pressure on natural resources

(Babu et al., 2022). Hence, sustainable food and nutritional security

without compromising environmental quality is an indispensable

for the planet and population health. After air and water, food

security is a basic human need. Achieving sustainable national and

household-level food and nutritional security is a complicated and

complex target affected bymultiple factors like human competency,

policies, infrastructure, technological invention, and dissemination

(Yadav et al., 2021a; Babu et al., 2022). Under the current scenario

of natural resource depletion, climate change further amplified

the food and nutritional insecurity challenges (Panwar et al.,

2022). The Conference of the Parties of the United Nations

Framework Convention on Climate Change (UNFCCC) (COP 27)

meeting held at Sharm El-Sheikh, Egypt in November 2022 also

emphasized safeguarding the food production system from climate

change vulnerability.

Monocropping, poor residue returns, and intensive tillage

are the leading causes of soil quality degradation and poor

economic returns (Yadav et al., 2021b). Repeated tillage adversely

impacts soil porosity, water movement, and soil compactness,

which result in poor crop growth and productivity (Yadav et al.,

2020). The global cultivated land reached the terrestrial frontier

(Henry et al., 2018), and adverse environmental outcomes are

expected if traversed by this planetary line (Molotoks et al.,

2018). Hence, the main question is how the existing land should

be utilized intelligently to enhance farm productivity without

jeopardizing environmental quality (Avasthe et al., 2020). This calls

for designing and developing improved cropping systems with

sustainable management practices. Sustainable intensification can

be used to potentially increase food production without bringing

additional land under cultivation. However, the selection of an

efficient, economically feasible system for a particular site requires

robust planning (Avasthe et al., 2020). Pulses, a rich source of

dietary protein, capture and fix atmospheric nitrogen into the

soil system. Hence, embedding pulses in diversified cropping can

improve food, nutrition, and environmental security (Babu et al.,

2020b).

Organic farming is widely advocated as a possible solution

for achieving sustainable food and environmental security (Singh

et al., 2021). However, poor crop productivity under organic

agricultural systems as compared to conventional chemical farming

has been reported by several researchers (de Ponti et al.,

2012; Yadav et al., 2014; Knapp and van der Heijden, 2018).

Organically managed farms had ∼19% less crop productivity than

conventionally managed fields (de Ponti et al., 2012). However,

the magnitude of yield reduction varies with soil and crop types

and climatic conditions. Organic production systems may be

crucial for mitigating negative environmental outcomes but poor

crop productivity forces researchers to develop the appropriate

location-specific agronomic management practices to boost overall

farm productivity and profitability of organic production systems.

Adopting farming practices that conserve soil and water through

minimal soil disturbances and residue cover is one of the

best management practices and is being advocated globally for

improving the nutrient status in degraded soils under conventional

chemical-based farming (Yadav et al., 2020).

The Indian Himalayan Region (IHR) occupies a 53.7 Mha

area and a habitat of ∼50 million people. The IHR covers 16.4%

of the geographical area of the country and is spread over 13

Indian states. Agriculture in the IHR is organic by default, and the

productivity of most of the field crops remains low as compared

to the irrigated plain lands of India (Babu et al., 2016; Das et al.,

2019). In hilly ecosystems, especially under organic management

conditions, the impact of tillage practices and cropping diversity

on farm production efficiency and soil fertility is not widely

evaluated. Therefore, it is imperative to evaluate the impact of

diverse conservation tillage practices and diversified cropping on

farm productivity, profitability, environmental outcomes, and soil

fertility to formulate the appropriate management policies for

the long-term sustainability of Indian hill agriculture. The IHR

has vast scopes to increase food production and restore the risk-

prone soils of the region through the adoption of conservation

agricultural (CAs) practices. Farmers of the IHR, especially the

Eastern Himalayan region, generally grow rainy-season crops with

minimal organic inputs and keep their land fallow during the

winter season due to moisture scarcity. The existing cropping

scenarios are the main cause of poor farm productivity in the

mountain ecosystem of India (Avasthe et al., 2020). Hence, the

diversification of the prevailing cropping systems is urgently

required with crops that can potentially improve farm productivity

and profitability. Furthermore, the cultivation of more crops in

a year as against monocrops would extend the soil covering

period, which will help to protect the soil from erosion during

heavy rainfall in sloping lands (Babu et al., 2020b). Hence,

there is an emerging curiosity among researchers to apply the

principle of conservation tillage under organic management to

conserve natural resources and sustain farm productivity. The
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FIGURE 1

A map showing the study site in the Indian Himalayan region (IHR).

comparative effect of diversified cropping and conservation tillage

on system productivity, economic returns, eco-efficiency, and

soil nutrient balance is not adequately addressed under organic

management, especially for Himalayan ecosystems. Hence, it was

hypothesized that the cultivation of diversified cropping along

with conservation tillage practices can potentially improve farm

productivity, profitability, and soil fertility with minimum negative

environmental outcomes under organic farming. To achieve the

above hypothesis, a field study was conducted during 2015–2018

with the following objectives (i) to assess the effect of tillage and

diversified cropping on system productivity and economic returns

and (ii) to assess the effect of diverse tillage and cropping systems

on eco-efficiency, greenhouse gas intensity, and soil nutrient

availability under organic farming. The findings of the current

study will help to achieve India’s commitments to food security and

climate change mitigation and the related sustainable development

goals (SDGs).

2. Materials and methods

2.1. The study site

A 3-year (2015–2018) study was carried out at the research

farm, ICAR Research Complex in the North Eastern Hill region,

Sikkim Center. The research farm was located in the Tadong

area of Gangtok, the capital city of the first certified organic

state of India, and lies between 27◦32′ N latitude and 88◦60′ E

longitude with an altitude of 1,350m above the mean sea level

(Figure 1). The Eastern Himalayan region (EHR) is an inimitable

ecosystem in the world and is counted as a crisis eco-region.

The EH region is extended from Central Nepal to Yunnan in

China, including Bhutan, Arunachal Pradesh, Nagaland, Mizoram,

Manipur, Sikkim, Meghalaya, Tripura, Manipur, and the hills of

West Bengal and Assam, Myanmar, and Southeast Tibet. The soils

are predominantly acidic and prone to degradation. The diverse

ecology and altitudinal gradient range from 300 to 8,000m and

represent great diversity in flora and fauna (Singh et al., 2021). The

Haplumbrept soil of the study area is sandy loam. The mean annual

temperature of the region lies between 4 and 22◦C. The average

rainfall is about 3,000mm annually, of which 75%−80% is received

mainly from June to September.

2.2. Treatment details and crop
management

Soil sampling and analysis were carried out before setting the

experiment and after three cropping cycles. The experimental soil

was high in carbon (17.8 g kg−1), medium in available nitrogen
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(312 kg ha−1), and phosphorus (15.6 kg ha−1), and high in plant-

available potassium (320.2 kg ha−1). Three tillage practices, i.e.,

conventional tillage (CT), reduced tillage (RT), and zero tillage

(ZT) were practiced in the main plots and four diversified cropping

systems, i.e., maize (Zea mays L.)–black gram (Vigna mungo var.

viridis)–toria (Brassica campestris), maize–black gram–buckwheat

(Fagopyrum sp), maize–rajmash (Phaseolus vulgaris)–toria, and

maize–rajmash–buckwheat were practiced in the subplots. All the

treatments were replicated three times in a fixed pattern under a

split plot design. The maize composite cv. DA-61A (20 kg seed

ha−1) was sown at a 50 × 20 cm spacing during March (second

fortnight) every year. Black gram and rajmash were grown as late

post-rainy season crops sown in the second fortnight of August

in each year of experimentation. Black gram (PD-3) and rajmash

(SKR-57A) were dibbled with a seed rate of 25 and 75 kg ha−1 at

a distance of 30 × 10 and 40 × 10 cm geometry, respectively. The

winter crops, namely, toria (M-27) and buckwheat (local Meethey)

were sown in November every year with a seed rate of 4 and 40 kg

ha−1, respectively. Both the winter season crops were seeded at

30 × 10 cm geometry. The recommended doses of nitrogen for

maize, black gram, rajmash, toria, and buckwheat are 60, 20, 60,

40, and 40 kg ha−1, which were supplied through well-decomposed

farmyard manure (FYM); ∼28% moisture) containing 0.59% N,

0.30% P, and 0.52% K. Full quantity of FYM was applied before

1 week of sowing. Four tilling under CT and two tilling under

RT (∼8–12 cm depth) were done with the help of a power tiller.

Whereas in ZT, the soil was not much disturbed and the tillage

operation was restricted to the opening of the furrow by using a

ZT row marker. Under RT and ZT, ∼30% of the maize residues

and the entire residues of the succeeding crops were retained

on the soil surface. Irrespective of the tillage practices, two-hand

weeding was done for 20 days after sowing (DAS) and after 40

DAS in each crop to manage the weeds. To maintain an optimum

plant population, thinning and gap-filling operations were done

along with the first weeding. Maize, black gram, and rajmash were

grown as rainfed crops. Hence, no artificial irrigation was imposed.

However, lifesaving irrigations were given as and when required to

winter crops. Seed treatment was done with Trichoderma spp. (4 g

kg−1) to reduce pathogen infestation. Neem oil (5ml per L of water)

was sprayed after 20 days of sowing (2–3 times at 10-day intervals)

in each crop to avoid/minimize insect and pest infestation.

2.3. Harvesting and yield measurement

At physiological maturity, maize cobs were harvested using

iron sickle in the first week of August. After harvesting, the

maize cobs were sun-dried for a week on the threshing floor, and

thereafter, the grain was removed from the cobs by a manual maize

sheller. After cob harvesting, the maize plants were cut ∼30 cm

above the ground in RT and ZT but at ∼5–10 cm in CT plots.

The short-duration black gram and rajmash were harvested during

the second fortnight of October every year. Similarly, the winter

crops (toria and buckwheat) were harvested during March (first

fortnight) every year. After harvesting late-rainy and winter crops,

the grains of all the crops were threshed manually by beating small

bundles (biomass bundles were made plot-wise after harvesting) on

an iron drum on a threshing floor. The harvested produce of all

the crops was sun-dried. The economic yield of the crops (maize

and buckwheat) was observed at 12% moisture content, while the

black gram, rajmash, and toria economic yields were recorded at

8% moisture in seed and articulated in Mg ha−1.

2.4. Analysis of system productivity and
economic returns

The economic yield of all the crops was converted into the

maize equivalent yield (MEY) and expressed as system productivity

(SP). The SP measured the productive capacity of the different

tillage and diversified systems. The dominant local market rate was

deployed for calculating the SP. MEY was worked out as shown in

the following equation:

MEY = MY +

(

Yi ×
Pi

Pm

)

, (1)

where MEY was Mg ha−1, MY and Y i were the economic yields

of maize and ith crops in Mg ha−1, respectively; Pi and Pm were the

selling/market rate (US$) of the ith crop and maize, respectively.

The effect of tillage and diversified systems were also assessed

on per day farm production capacity by calculating the system

production efficiency (SPE) (Equation 2).

SPE (kg ha−1 day−1) =
System productivity (kg ha−1)

365
. (2)

For economic accounting, the cultivation cost of all the tillage

and diversified systems was estimated based on the diverse inputs

incurred and the activities done. The gross economic return was the

rate of the economic products in the market. The cost–benefit ratio

is the proportional valuation of the treatment in terms of per unit

investment. The monetary spending and earnings attained from all

the treatments were converted into US$. The system net returns

(SNR), and the benefit-to-cost (B:C) ratio were derived with the

following equations.

SNR
(

US ha−1
)

= Gross returns
(

US ha−1
)

− Cost of cultivation (US ha−1) (3)

B :C ratio =
Net returns (US ha−1)

Cost of cultivation (US ha−1)
. (4)

2.5. Estimation of greenhouse gas intensity
and eco-e�ciency index

The total extent of GHG emissions (CO2 and N2O) released

during the entire cropping period was assessed as a CO2 equivalent

(CO2-eq) (Yadav et al., 2017). CO2-eq is also called a carbon

footprint (CF). In the present study, all the crops were grown

under well-drained upland conditions. Therefore, carbon dioxide

(CO2) and nitrous oxide (N2O) gases were taken into account

for CF estimation. Total CO2 and N2O released from a particular

treatment were expressed through CO2-eq. by multiplying the

GWP equivalent of 1 and 265 for CO2 and N2O, respectively,

for 100 years timeframe (Yadav et al., 2017). Standard emission
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coefficients were used to estimate the GHG emission from different

treatments. The emission factor of 0.01 was multiplied by the total

N supplied through organic sources and articulated in N2O kg N

input−1 to quantify the total N2O emission (Tubiello et al., 2015).

N2O emission
(

kg year −1
)

= N supplied by N sources

× 0.01 ×
44

28

Global warming potential (GWP) from all the treatments was

calculated by summing the total CO2-eq released as follows:

GWP = Total N2O emission × 265+ Total CO2 emission.

Greenhouse gas intensity (GHGI) was calculated using the

following expression:

GHGI
(

kg CO2eq kg
−1 economic product

)

=

Total GHG emission (kg CO2eq ha
−1)

System productivity (kg ha−1)
.

Eco-efficiency estimation is imperative to judge the

environmental robustness of the designed technology. Eco-

efficiency indicates the economic returns capacity of a designed

technology concerning environmental destruction. In the current

experimentation, the ecological impact of different tillage and

diversified systems was measured in terms of total GHG emission

(kg CO2-eq per year). Eco-efficiency was calculated using the

following equation:

EEI
(

US per kg CO2eq
)

=

Net economic returns
(

US$ ha−1
)

Total GHG emission
(

kg CO2eq ha−1
) .

2.6. Analysis of available soil nutrients

For the analysis of soil-available NPK, the soil samples were

collected after the completion of three cropping cycles. The

available P and K were estimated using Bray’s P1 (0.03N NH4F in

0.025N HCl) pH 4.65 and 1N NH4OAc extractable K at pH 7.0,

while available N was evaluated using the alkaline KMnO4 method

(Prasad et al., 2006).

2.7. Statistical analysis

The experimental data from different tillage and diversified

cropping were statistically evaluated according to the procedure

described by Gomez and Gomez (1984). Analysis of variance

(ANOVA) and test of significance at p= 0.05 were computed using

the SPSS software version 27.0.

3. Results

3.1. Crop productivity

3.1.1. Productivity of maize
Tillage practices exerted a significant effect on maize

productivity (Table 1). Of the diverse tillage practices, a

considerably higher maize yield (4.02Mg ha−1) was recorded

under RT followed by ZT (3.92Mg ha−1), respectively. However,

the lowest maize grain yield (3.88Mg ha−1) was recorded

under CT. Overall, RT ascribed 3.7 and 2.8% higher economic

productivity of maize over CT and ZT, respectively. Similarly,

the economic productivity of maize was significantly higher

(4.06Mg ha−1) under the maize–black gram–buckwheat system

over the maize–rajmash–toria (3.81Mg ha−1) and maize–rajmash–

buckwheat (3.89Mg ha−1) systems but remained statistically on

par with the maize–black gram–toria (3.99Mg ha−1) system.

Similarly, maize grain yield was also higher under the maize–black

gram–toria system over the maize–rajmash–toria and maize–

rajmash–buckwheat systems. This indicated that the inclusion of

short-duration pulses (black gram) had a beneficial effect on maize

yield in the system mode. Overall, the inclusion of black gram

increases maize yield by 6.6 and 4.6% over themaize–rajmash–toria

and the maize–rajmash–buckwheat systems, respectively.

3.1.2. Productivity of late-rainy-season crops
(black gram/rajmash)

The tillage practices significantly influenced the productivity

of late-rainy-season crops (black gram/rajmash). An expressively

advanced seed yield of rajmash was recorded under ZT (1.10Mg

ha−1) compared to CT (0.94Mg ha−1) and RT (1.04Mg ha−1),

respectively. RT also recorded a significantly higher yield than

CT. Among the diversified cropping systems, the maize–rajmash–

buckwheat system had a significantly higher rajmash yield

compared to the other cropping systems. Similarly, under the

maize–rajmash–toria system, the rajmash yield was higher as

compared to the black gram yield under another cropping

system. Overall, the rajmash yield was higher compared to

the black gram tested in the cropping system. Concerning to

interaction effect of tillage practices and diversified cropping

systems (Figure 2), cultivation of maize–rajmash–buckwheat under

ZT recorded significantly higher economic yields (1.60Mg ha−1)

over other combinations.

3.1.3. Productivity of winter season crops
(toria/buckwheat)

The productivity of winter crops had also been significantly

influenced by different tillage and diversified cropping. Of various

tillage practices, ZT recorded a significantly higher (0.94Mg ha−1)

yield than CT (0.73Mg ha−1) and RT (0.87Mg ha−1). The increase

in the output of winter crops was 29.0% and 8.2% higher under

ZT compared to CT and RT, respectively. Among the diversified

cropping systems, buckwheat yield was significantly higher under

the maize–black gram–buckwheat system over others but endured

statistically on par with the maize–rajmash–buckwheat system

(Table 1). Buckwheat yield was comparatively higher than toria

yield under different cropping systems. The interactive impact of

tillage and diversified cropping was also found to be significant

in respect of the productivity of winter crops (Figure 3). The

cultivation of maize–black gram–buckwheat under ZT recorded

significantly higher (1.01Mg ha−1) seed yields compared to the

other combinations, while the cultivation of maize–black gram–

toria under CT recorded the lowest yield (0.53 Mg ha−1).
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TABLE 1 Impact of di�erent tillage practices and diversified cropping on crop productivity (mean of 3 years).

Treatment Maize yield
(Mg ha−1)

Black gram/rajmash
yield

(Mg ha−1)

Toria/buckwheat
yield

(Mg ha−1)

System
productivity
(Mg ha−1)

SPE
(kg ha−1

day−1)

Tillage practices

CT 3.88 0.94 0.73 11.27 30.9

RT 4.02 1.04 0.87 12.36 33.9

ZT 3.92 1.10 0.94 12.79 35.0

SEm± 0.03 0.02 0.02 0.08 0.2

LSD (p= 0.05) 0.08 0.05 0.05 0.21 0.6

Diversified cropping

Maize-black gram-toria 3.99 0.78 0.75 10.49 28.7

Maize-black gram-buckwheat 4.06 0.95 0.98 12.09 33.1

Maize-rajmash-toria 3.81 1.07 0.74 11.99 32.8

Maize-rajmash-buckwheat 3.89 1.31 0.93 13.99 38.3

SEm± 0.04 0.06 0.04 0.35 1.0

LSD (p= 0.05) 0.08 0.12 0.09 0.71 2.0

CT, conventional tillage; RT, reduced tillage; ZT, zero tillage; SEm, standard error of mean; LSD, least significant difference; SPE, system production efficiency.

FIGURE 2

Interactive e�ect of tillage and diversified cropping on the productivity of late rainy season crops. CT, conventional tillage; RT, reduced tillage; ZT,

zero tillage. Error bar indicates the least significant di�erence (LSD) values at p = 0.05.

3.2. System productivity and economic
returns

The productive capacity of diverse tillage and diversified

cropping was assessed in terms of system productivity (SP)

and system production efficiency (SPE). Both SP and SPE were

significantly affected by the diverse tillage and diversified cropping

systems (Table 1). The SP was considerably higher under ZT

(12.79Mg ha−1) than under RT (12.36Mg ha−1) and CT (11.27Mg

ha−1). The lowest SP was observed under CT. Similarly, the highest

SPE was recorded under ZT and the lowest was under CT. The SPE

was∼13.5 and 3.5% higher under ZT than those under CT and RT,

respectively (Table 1). The production cost analysis revealed that

ZT had a 4.9% lower production cost than CT (Table 2). System
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FIGURE 3

Interactive e�ect of tillage and diversified cropping on the productivity of winter season crops. CT, conventional tillage; RT, reduced tillage; ZT, zero

tillage. Error bar indicates the least significant di�erence (LSD) values at p = 0.05.

gross returns, net returns, and the B:C ratio was significantly higher

under ZT than CT and RT. The ZT system had 13.5, 24.7, and

30.3% higher system gross returns (SGR), system net returns (SNR),

and B:C ratio over CT, respectively (Table 2). Similarly, RT also

had a 9.6, 16.7, and 18.98% higher SGR, SNR, and B: C ratio

over CT, respectively. Among the diversified cropping, the lowest

production cost (1,299 US$ ha−1) was incurred upon cultivation

using the maize–black gram–toria system. At the same time, the

maximum cost was incurred (1,500 US$ ha−1) for production

upon using the maize–rajmash–buckwheat system. Similarly, the

maximum SGR was observed for the maize–rajmash–buckwheat

system (4,643 US$ ha−1) followed by the maize–black gram–

buckwheat system (4,014 US$ ha−1). Similarly, this particular

system registered the highest SNR and B: C ratio, while the lowest

was under the maize–black gram–toria system (SNR −2,181 US$

ha−1 and B:C ratio−1.68).

3.3. Greenhouse gas intensity and
eco-e�ciency index

The GHGI is the quantity of GHG in terms of CO2-eq

released for a unit of economic production. Tillage practices have

a significant impact on GHGI under an organic production system.

The CT system had the highest GHGI (0.21 kg CO2-eq per kg

production), while the ZT recorded the lowest GHGI (0.15 kg CO2-

eq per kg production). ZT had 28% and 11.76% less GHGI over CT

and RT, respectively (Figure 4). Concerning diversified cropping,

the substitution of toria with buckwheat during the winter season

and black gram with rajmash during the late rainy season had a

significant impact on GHGI. Among the tested diversified cropping

systems, the maize–rajmash–buckwheat system had the lowest

GHGI (0.14 kg CO2-eq per kg production), while the maize–

black gram–toria system had the highest GHGI (0.20 kg CO2-

eq per kg production; Figure 5). The eco-efficiency indicates the

net economic gain per unit of ecological destruction concerning

GHG emission. In the current study, the eco-efficiency index (EEI)

was articulated in terms of monetary gain per unit of CO2-eq

emission (US$ per kg CO2-eq). Among the tilling practices, CT

had the lowest eco-efficiency (1.0 US$ kg−1 CO2-eq emission;

Figure 4), whereas ZT had the highest EEI (1.55 US$ per kg

CO2-eq emission). It implied that the CT in Eastern Himalayas

may be replaced/substituted with conservation effective tillage for

improving economic gain and environmental quality. Diversified

cropping also exerted a significant impact on EEI. The maize–

rajmash–buckwheat system recorded the highest EEI (1.57 US$

per kg CO2-eq emission) followed by the maize–black gram–

buckwheat system. The maize–black gram–toria system had the

least EEI (1.06 US$ per kg CO2-eq emission; Figure 5).

3.4. Soil NPK status

Tillage practices showed significant variations in the soil

nutrient status (N, P, and K; Table 3). Soil-available N was the

highest in ZT at all the soil depths (340.0, 316.5, and 295.8 kg

ha−1 for soil depths of 0–10, 10–20, and 20–30 cm, respectively)

than RT and CT. The ZT practice also recorded significantly

higher soil-available P (16.6 kg ha−1) than RT and CT at 0–10 cm

soil depth. Whereas, at lower soil depths, 10–20 and 20–30 cm,

soil-available P status was not affected due to tillage practices.

Significantly higher soil-available K at the 0–10 cm soil depth was
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TABLE 2 Impact of di�erent tillage practices and diversified cropping on economic returns (mean of 3 years).

Treatment Production cost
(US $ ha−1)

System gross return
(US $ ha−1)

System net return
(US $ ha−1)

B:C ratio

Tillage practices

CT 1,430 3,741 2,311 1.61

RT 1,404 4,101 2,697 1.92

ZT 1,364 4,245 2,881 2.10

SEm± – 28 28 0.02

LSD (p= 0.05) – 69 69 0.05

Diversified cropping

Maize-black gram-toria 1,299 3,480 2,181 1.68

Maize-black gram-buckwheat 1,322 4,014 2,691 2.04

Maize-rajmash-toria 1,476 3,979 2,503 1.70

Maize-rajmash-buckwheat 1,500 4,643 3,143 2.10

SEm± – 116 116 0.08

LSD (p= 0.05) – 237 237 0.16

CT, conventional tillage; RT, reduced tillage; ZT, zero tillage; SEm, standard error of mean; LSD, least significant difference; SPE, system production efficiency; B:C ratio, benefit cost ratio.

FIGURE 4

E�ect of tillage practices on eco-e�ciency index (EEI) and greenhouse gas intensity (GHGI). CT, conventional tillage; RT, reduced tillage; ZT, zero

tillage. Error bar indicates the least significant di�erence (LSD) values at p = 0.05.

found under ZT practice (337.3 kg ha−1) followed by RT. However,

CT had the lowest available K (327.5 kg ha−1). However, at lower

soil depths (10–20 and 20–30 cm), the effect of tillage on soil-

available K content was found to be non-significant. Diversified

cropping also brings a significant change in plant-available N at

soil depths 0–10 and 10–20, and P and K at only surface soil

(0–10 cm depth). Among the diversified systems, the soil under

the maize–black gram–buckwheat system had significantly higher

plant-available N (336.8 kg ha−1 at 0–10 cm and 312.5 kg ha−1 at

10–20 cm). Concerning P and K, the soil under the maize–black

gram–buckwheat system had higher plant-available P and K.

4. Discussion

Besides the microclimates, comprehensive crop and soil

management under conservative agricultural systems regulate the

productive capacity of the crops and cropping systems (Das et al.,
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FIGURE 5

E�ect of diversified cropping on eco-e�ciency index (EEI) and greenhouse gas intensity (GHGI). Error bar indicates the least significant di�erence

(LSD) values at p = 0.05.

TABLE 3 Impact of di�erent tillage practices and diversified cropping on available N, P, and K after three cropping cycles.

Available N Available P Available K
(kg ha−1) (kg ha−1) (kg ha−1)

0–10
cm

10–20
cm

20–30
cm

0–10
cm

10–20
cm

20–30
cm

0–10
cm

10–20
cm

20-30
cm

Tilling practices

CT 313.8 296.6 281.5 16.0 14.8 13.9 327.5 313.6 301.8

RT 322.3 306.6 289.8 16.2 14.5 13.7 330.9 314.3 303.8

ZT 340.0 316.5 295.8 16.6 14.8 13.6 337.3 317.1 297.8

SEm± 2.3 1.9 2.6 0.02 0.3 0.5 1.9 2.7 1.8

LSD (p= 0.05) 5.5 4.7 6.4 0.04 NS NS 4.7 NS NS

Diversified cropping

Maize-black gram-toria 319.9 299.4 289.0 16.2 14.2 13.5 329.1 311.3 297.8

Maize-black gram-buckwheat 336.8 312.5 295.0 16.8 15.4 14.3 339.3 320.4 304.4

Maize-rajmash-toria 318.0 310.6 287.2 16.0 14.5 13.7 332.0 317.4 305.5

Maize-rajmash-buckwheat 326.7 303.8 284.9 16.1 14.6 13.3 327.2 311.1 296.8

SEm± 2.5 2.2 4.8 0.2 0.5 0.4 2.1 3.8 4.7

LSD (p= 0.05) 5.2 4.6 NS 0.5 NS NS 4.2 NS NS

CT, conventional tillage; RT, reduced tillage; ZT, zero tillage; SEm, standard error of mean; LSD, least significant difference; NS, non-significant.

2020; Raj et al., 2022). The adoption of ZT/RT along with legumes

as a component in diversified cropping is an economically feasible

and environmentally sustainable production option in many agro-

ecoregions (Das et al., 2020; Sayed et al., 2020; Kumar et al., 2021).

A positive effect of ZT and RT on crop productivity was reported in

the current investigation. The tillage effect was more pronounced

in late-rainy season and winter-season crops. ZT increased the

productivity of the late-rainy season and winter season crops by

9.6 and 22.3% over the CT system, respectively. The superiority

of RT over the ZT and CT systems in terms of maize yield gain

might be due to the higher accumulation of SOC and plant-

available nutrients in the soil which favored maize growth (Zhang
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et al., 2015). Under CT, repeated tillage exposed the soil, which

may accelerate soil and nutrient erosion during the splendid crop

growth stage and result in poor crop productivity (Lal, 2015; Raj

et al., 2022). The poor yield of maize under ZT may also be

attributed to poor crop establishment during the early-growth stage

as compared to RT (Yadav et al., 2018). Furthermore, RT provides a

congenial microclimate for the stand establishment of maize crops,

which may result in a higher maize yield. Approximately 7%−12%

higher maize productivity in coarse loamy soil under RT over ZT

and CT was also reported by Das et al. (2020) and Fiorini et al.

(2020). Conservation tillage practices like RT and ZT enhance soil

microflora and faunal diversity, SOC, and associated soil properties,

besides minimizing soil and nutrient erosion (Das et al., 2019; Raj

et al., 2022). Higher crop productivity under the ZT/RT system over

CT has been reported by several investigators (Islam et al., 2015;

Yadav et al., 2020, 2021b). Cropping system diversification also

extruded a significant effect on the grain yield of maize and other

component crops in the system mode. In the current investigation,

maize yield was higher when rajmash was replaced with black

gram during the late-rainy season and toria was replaced with

buckwheat during the winter season. Rajmash yield was 18.3%

higher under the maize–rajmash–buckwheat system as compared

to the maize–rajmash–toria system. Similarly, black gram yield

was 17.9% higher under the maize–black gram–buckwheat system

than the maize–black gram–toria system. The winter crop yield

was higher when rajmash was substituted with black gram. These

findings suggested that the selection of crops plays a crucial role

in determining the system productivity and yield of component

crops in the system mode. Crop selection determines the system’s

economic productivity and yield of different crops accommodated

in a year on the same piece of land (Babu et al., 2020b).

Higher crop yield under conservation tillage over the CT

system considerably improves the system’s production efficiency

and economic returns. In the present investigation, ZT and RT

saved 26 and 66 US$ ha−1 over the CT system, respectively.

Furthermore, the RT and ZT systems registered additional gains of

386 and 570 US$ ha−1 over the CT system, respectively. Similarly,

ZT registered a 1.3 times higher B:C ratio over the CT system.

This type of trend was due to the higher economic yield of almost

all the crops and lesser investment under conservation-effective

tillage practices over the CT system. Higher economic returns from

different crops under conservation tillage over conventional tillage

were also testified by Yadav et al. (2020) and Yadav et al. (2021a).

Hence, it can be inferred that the tillage elimination under organic

management can be an economically feasible agronomic option.

Crop diversification also had a significant impact on overall farm

productivity and economic returns. Despite higher production

costs, the replacement of toria with buckwheat under the maize–

black gram and maize–rajmash systems during the winter season

recorded considerably more system yield and economic returns.

The replacement of toria with buckwheat under the maize–rajmash

system registered 20.36% and 58.8% higher net returns and B:C

ratio. Similarly, the replacement of toria with buckwheat had

a considerable effect on the crop yield and economic returns

of the maize–black gram system. A 10% yield gain under the

diversified system over the existing cropping system was also

reported by Bennett et al. (2012). Hence, our finding suggested

that the inclusion of buckwheat is a more promising option under

an intensified maize-based system in the place of toria during the

winter season under organic farming in the Eastern Himalayan

region of India.

In the current study, the environmental performance of diverse

tillage and cropping systems were estimated in terms of GHGI and

EEI. The current study inferred that the CT system had 40 and

23.5% higher GHGI over the ZT and RT systems, respectively. The

higher GHGI under the CT system may be attributed to the higher

energy involvement and fossil fuel combustion during the repeated

plowing operations as compared to RT and ZT. The higher GHGI

of the CT system over the conservation effective method under

similar ecology was also reported by Yadav et al. (2021b). Cropping

diversity also had a significant effect on GHGI in the current

study. The replacement of toria with buckwheat during the winter

season significantly reduced the GHGI. Similarly, the replacement

of black gram with rajmash during the late-rainy season under

the maize–buckwheat system reduces the GHGI considerably. This

inferred that cropping diversity plays a significant role in climate

change mitigation. The lower GHGI under the maize–rajmash–

buckwheat and maize–black gram–buckwheat systems over the

maize–black gram–toria system is primarily due to higher system

productivity. Hence, crops must be selected very wisely when

designing cropping systems under organic farming. Therefore, low-

input demanding and high-productivity crops which contribute

less to GHG emissions and have high resource conversion efficiency

should be selected. System productivity and GHGI have an inverse

relationship (Rathore et al., 2022). The results of this study have

the common view that diversified production systems have lower

GHGI over the monocropping system. EEI estimation is imperative

when evaluating the environmental performance of a designed

system. The EEI considers both the financial and ecological

dimensions of the production technology (Babu et al., 2020a). CT

had the lowest EEI, which indicates that the existing tillage system

under the organic farming system of the Indian Himalayan region

needs to be shifted toward conservation-effective tilling practices

for improving the environmental robustness of the organic farming

system. Cropping diversity had a significant impact on EEI. In the

present study, the maize–rajmash–buckwheat system had 48.11%

higher eco-efficiency than the maize–black gram–toria system.

Crops that increase eco-efficiency and reduce GHG emissions

can effectively achieve environmentally robust and economically

feasible production systems. Thus, it can be emphasized that the

adoption of conservation effective tillage with diverse cropping can

increase the environmental and economic robustness of organic

production systems.

Conservation-effective tillage practices favored the

accumulation of SOC which may hasten nutrient accumulation

and mobilization. In the present study, ZT registered 4.8%−7.7%

higher plant-available N over CT in the entire soil profile up to the

30-cm depth. ZT favors the slow decomposition of organic matter

and facilitates the regular supply of plant-available N (Paul et al.,

2013; Das et al., 2018). Hence, ZT enhances the N availability in

soil over CT and RT. Conservation-effective tillage improves the

soil properties (Lal et al., 2018; Sadiq et al., 2021) and enhances soil

microbial diversity and activity, thus fueling mineralization and

conversion of organic N into plant-available N (López-Garrido
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et al., 2011; Lal et al., 2018). Furthermore, even a short period

of adoption of ZT/RT improved soil health by improving soil

biochemical reactions and soil structure. The combined effect of

tillage and diversified cropping was also found to be significant in

the present investigation at the 0–10 cm soil depth. The significant

effect may be attributed due to the higher soil organic matter which

increases the soil N status (Feng et al., 2013; Lal et al., 2018). On

the contrary, repeated/intensive plowing under CT increases soil

compaction and bulk density and reduces SOC, thereby resulting

in poor soil conditions (Orzech et al., 2021; Sadiq et al., 2021).

The ZT also improved P availability in soil marginally at a soil

depth of 0–10 cm over CT. However, the effect of tillage practice

was not significant below the soil depth of 10 cm. An increment

in soil-available P after three cropping cycles in sandy clay loam

soil was also reported by Lal et al. (2018). ZT promoted SOC

accumulation in the surface soil which might alter the immobilized

P into the available form (López-Garrido et al., 2011; Yadav et al.,

2021a). Of the different systems, higher plant-available P was

noticed under the maize–black gram–buckwheat followed by the

maize–rajmash–buckwheat system in surface soil (0–10 cm depth).

Buckwheat can extract soil P from subsurface soil and accumulate

it on the upper surface and thereby increase plant-available P in

the soil surface. Higher soil-available P after buckwheat harvest

was also recorded by Babu et al. (2018). Furthermore, the constant

supply of organic amendments accelerates microbial functions,

which reduces occluded P and increases mineralized P (Wang et al.,

2012; Das et al., 2018).

In the present study, ZT increases ∼2.9% plant-available K in

soil over CT after 3 years. Comparatively, ZT increases C input and

reduces soil compactness besides improving other soil properties,

which in turn increases soil K status (Prasad, 2010; Das et al.,

2019). Similarly, among the different cropping systems, cultivation

of maize–black gram–buckwheat added more K in the soil through

the addition of a different type of residue. An increment in soil K

status in response to the addition of a different type of biomass

was previously reported by Das et al. (2018). Legumes pumped

atmospheric N which may fuel the soil microbial diversity and

activities and alleviate the soil nutrients status (Latati et al., 2017).

It indicated that legumes, especially black gram and pseudo-cereal-

buckwheat, are more justifiable substitutes for rajmash and toria

for inclusion in intensified cropping during late-rainy and winter

seasons in the Sikkim region of Indian Himalayas, respectively.

5. Policy implications of the study

Agricultural land can store ∼1.2 billion tons of C which

can reinforce the policy and plans to achieve the goal and

targets of the Paris Agreement (Henderson et al., 2022). India

announced a five-fold approach to fight climate change during

CoP-26 and committed to reducing 1 billion tons of carbon

by 2030 and achieving zero-emission targets by 2070. Organic

production systems rely upon ecological principles of farming,

and the use of synthetic fertilizers and pesticides is prohibited.

Hence, it has significantly lower global warming potential than

conventional farming. The production of synthetic fertilizers and

pesticides are energy-intensive processes. The organic production

system requires ∼45% less energy and emits ∼40% less carbon

as compared to conventional farming (Zimmerman, 2020).

However, some researchers have reported poor crop yield under

organic farming compared to conventional production systems.

Conservative agricultural practices can offset GHG emissions

besides improving crop productivity and soil quality to meet the

growing food demand with minimum environmental footprints

(Yadav et al., 2021b; Zhang et al., 2022). Conservation tillage

had 26%−31% less global warming potential (Mangalassery et al.,

2014) and stored more carbon in the soil than conventional

tillage (Yadav et al., 2020). Furthermore, conservational tillage

practices have considerably less water footprint than conventional

tillage systems (Rahman et al., 2021). The crop diversification

portfolio has numerous positive outlooks over monocropping.

Crop diversification has a positive impact on farm productivity,

profitability, household-level livelihood and nutritional security,

and ecosystem services (Mortensen and Smith, 2020). Overall

crop diversification can be proposed as a potential risk-coping

strategy under current and futuristic climatic scenarios. The

findings of the current study suggested that ZT has the potential

to reduce the cost of cultivation by 4.9% and increase net

income by 24.7% over the CT system under organic management

conditions. Furthermore, ZT had 28% less GHGI than CT.

Crop selection also played a crucial role in mitigating GHG

emissions and increasing farm productivity and profitability

under the current study. Hence, we propose that conservation

tillage and diversified cropping in organic farming systems can

potentially increase soil carbon content, crop productivity, and

profitability and curtail GHG emission, which can potentially

enhance the economic and environmental benefits of organic

production systems. However, the development of cost-effective

and practically feasible conservation tillage methods is a great

challenge in adopting the ZT and/or RT practices, especially for

the organic production scenarios in hill and mountain ecosystems.

Diversified cropping is a multiproduct-oriented production system

that needs multi specialties and marketing. Capacity building and

infrastructure development are also great challenges in practicing

crop diversification. Moreover, the development of realistic organic

production models is highly individualistic, and location-specific

need a proper understanding of available resources. Hence,

joint efforts of farmers, researchers, policy planners, and other

stakeholders are needed for the wider adoption of conservation

agricultural practices under organic farming.

6. Conclusion

Conventional chemical-based farming practices increase food

production by many folds to feed the global population but at

the same time have a negative impact on natural resources, which

amplifies the environmental problems. Organic farming is globally

advocated as an environmentally robust agricultural production

practice to produce quality food. However, the poor crop yields

of organically managed fields over the inorganically managed

fields force researchers to devise technologies to improve the

productivity of organic agricultural systems without compromising

environmental robustness. The findings of the current study proved

the hypothesis that conservation-effective tillage and pulses-

based diversified cropping will increase productivity, profitability,
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and eco-efficiency besides improving soil fertility. The study

concluded that ZT had significantly higher system net returns

(2,881 US$ ha−1) over the CT system besides curtailing the

28% GHGI over the CT system. Furthermore, ZT had 55%

higher EEI than the CT system. Concerning crop diversity, the

replacement of toria with buckwheat and rajmash with black

gram in a maize-based cropping system during winter and late-

rainy season in organic farming was found as an economically

feasible option to improve the profitability and environmental

robustness of organic farming in the Eastern Himalayan region.

Furthermore, the maize–rajmash–buckwheat and the maize–black

gram–buckwheat systems have higher EEI and lesser GHGI

over other diversified systems. Hence, the findings recommended

that the implementation of ZT/RT under diversified maize-

based systems is a productive, environmentally robust, and soil-

supportive practice for obtaining higher economic returns under

the organic farming condition of the Indian Himalayas and other

similar ecoregions.
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