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ABSTRACT

The rice‒wheat farming system is considered as the greatest energy-intensive agricultural practice in South‒East
Asia. In light of declining system production and profitability, burning of residues, soil erosion, depletion of
renewable resources, and environmental degradation, the sustainability of the rice‒wheat cropping system is being
questioned. As a result, energy and money efficient conservation agricultural methods are becoming more and
more necessary to accomplish sustainable output. A field experiment was carried out in this regard to evaluate
the effects of varying degrees of rice residue retention and nutrient management options on zero-tillage grown
wheat growth, yield, phenology, economics, energy budgeting, and CO2 emissions. In the experiment, there were
five different nutrient management options (recommended dose and Nutrient Expert based dose with and with-
out seed inoculating biofertilizer Azotobacter and Phosphate Solubilizing Bacteria, PSB in short along with a con-
trol) and four different rice residue load treatments (rice residues retained at 0, 15, 30, and 45 cm from the ground
level). The treatments that managed nutrients using Nutrient Expert (NE) and kept residues at a height of 15 and
30 cm above ground, both with and without biofertilizer inoculation, showed better growth and yield in both
years. Higher net energy, energy productivity and energy use efficiency were achieved with the treatment combi-
nation that kept residues at a height of 30 cm and suggested nutrients using NE software or recommended fer-
tilizer doses (RDF), which included inoculating seeds with biofertilizers. Under the treatments where fertilizers
were given more often, there was a larger release of CO2. The treatment that kept residues at a height of
30 cm and used NE software to recommend nutrients along with seed inoculation of biofertilizers (R2N5) resulted
in higher gross returns (₹111,315 ha−1 and ₹109,342 ha−1), net returns (₹60,957 ha−1 and ₹61,797 ha−1), and B:C
(2.21 and 2.30) during 2021–2022 and 2022–2023, respectively. Therefore, maintaining residues at their ideal
level, managing nutrients through NE, and incorporating biofertilizers into the seeds could be advantageous
for wheat production and result in an energy-efficient and lucrative cropping system.
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1 Introduction

In the present era of ecological degradation, depleted resources and inadequate food supplies, energy
consumption and greenhouse gas (GHG) emissions are associated with the long-term viability of farming
systems. Energy assessment in agricultural systems could develop and improve eco-friendly and energy
efficient agro-technologies [1,2]. Agricultural mechanization, increased use of fertilizers, and increased
use of irrigation have all contributed to a notable increase in energy consumption in Indian agriculture
[3]. Approximately 18% of India’s total GHG emissions are attributed to agriculture, primarily to the
burning of crop residues, the conventional puddled transplanted rice system, the increased use of nitrogen
fertilizers, and the raising of animals [4]. In the context of increasing uncertainty over scarce resources as
well as changing climates, ensuring food security to feed an increasing population is essential. The
current agricultural production system has to prioritize energy-efficient technology with a lower carbon
footprint [5].

The rice (Oryza sativa L.)–wheat (Triticum aestivum L.) cropping system is India’s most prevalent
agricultural and nutritional production system [6,7]. In India, the majority of rice is planted via wet
tillage, which involves repeatedly puddled fields, whereas the succeeding wheat crop is sown on
conventionally ploughed soils [8]. The conventional methods of growing rice and wheat over time have
led to decreased rice and wheat productivity with increasing cultivation costs, thus resulting in decreasing
profit margins, decreasing factor productivity and overall soil health [9]. The current rice-wheat
production system ultimately jeopardizes the overall sustainability of the soil [10].

A site-specific approach known as conservation agriculture (CA) seeks to address problems with
conventional agricultural systems by optimizing resource use efficiency and conserving resources [11,12].
Although one of the fundamental tenets of CA is to retain at least 30% of residues, it is yet unknown
what would happen to soil and crop yields if residues are retained to a greater or lesser extent.
Furthermore, accurate nutritional management of wheat needs to be considered from energetic, economic,
and environmental perspectives. The static fertilizer advice in wheat on the basis of the average response
has led to both excessive and insufficient fertilizer application with greater N losses [13]. The 4Rs (right
method, right time, right source, right rate) of nutrient stewardship are employed by decision support
systems such as Nutrient Expert [14] and may be employed precisely for balanced fertilization in the
eastern sub-Himalayan plains of India. In this location, wheat nutrient management under both
conventional and zero tillage systems has already demonstrated the benefits of using such easy-to-use
nutrient decision support tools [15,16]. In addition to the fertilizer recommendation through decision
support systems, using biofertilizers such as phosphate-solubilizing bacteria and Azotobacter may further
improve plant nutrient availability because of the rapid growth of bacteria [17].

Keeping these factors in mind, the present research was conducted in ZTwheat, which was grown after
transplanted rice had puddled, using various loads of rice residue and nutrient management strategies. The
main goal of this study was to evaluate how different residue loads and nutrient management strategies affect
the overall growth and yield performance of wheat crops. This study also investigated how these factors
might affect the energetics, CO2 emissions, and production economics of the ZT-wheat production system
in the eastern subHimalayan plains.

2 Materials and Methods

2.1 Experimental Site
The research study was carried out during two consecutive rabi (winter) seasons, 2021–2022 and 2022–

2023, at the Research Field, Uttar Banga Krishi Viswavidyalaya, Coochbehar, West Bengal, India, which is
located at 26°24′02.2″ N latitude and 89°23′21.7″ E longitude. The soil of the experimental field had a sandy
loam texture, with a soil pH of 5.53. The fertilizer conditions of the experimental soil before the start of the
first year of wheat cultivation were estimated as follows: an organic carbon content of 0.71%, an available
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nitrogen content of 134.58 kg ha−1, an available phosphorous content of 39.90 kg ha−1 and an available
potassium content of 129.46 kg ha−1.

2.2 Agroclimatic Conditions
The average annual precipitation of the region is 3000 mm, 70%–90% (2100–2700 mm) of which is

received from June to September (southwest monsoon). The winter months tend to remain dry,
irrespective of occasional and minimal rainfall (Fig. 1).

The temperature began to decrease in November, whereas the lowest temperature occurred in January.
Thereafter, the temperature showed an increasing trend from mid-February and reached its peak from April–
May. Even in the winter, the relative humidity remained relatively high during the crop growing period. The
prevailing weather conditions throughout the growing phases during both seasons reflected a favourable
climate for wheat (Fig. 1).

Figure 1: Meteorological data prevailing during the experimental years (a) 2021–2022 and (b) 2022–2023;
RH-relative humidity
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2.3 Treatment Details
A split-plot design comprising 4 different rice residue load treatments (main plot) and 5 different nutrient

management strategies (subplot) was employed to establish the experiment. There were twenty (20)
treatment combinations, each with three replicates. The specifics of the treatments are outlined in detail in
Table 1.

2.4 Crop Management
The previous rice crop was harvested manually at the optimum heights (0, 15, 30 and 45 cm). After the

rice crop was harvested at different heights, the residue load was determined on a dry weight basis. As the
crop stand varied during both years, the residue load also varied considerably even under the same treatment.
The rice variety used in this study was MTU 1153, a short maturing variety (115–120 days) with a potential
yield of 6.5 t ha−1. Table 2 illustrates the residual load attained during the two experimental years. The
preceding rice produced aerial biomasses of 10.7 and 13.6 t ha−1 from 2021–2022 and 2022–2023,
respectively. Owing to the variation in biomass production in the two different experimental years, the
residue load also varied widely over the two years. The herbicide glyphosate 41% SL was applied
at 3.5 lit ha−1 one week prior to wheat sowing to suppress the preexisting weed flora in the
experimental plot. To control broad-leaf weeds at later stages, the ready-mix postemergence herbicide
metribuzin 42% + clodinofop propagyl 12% at 0.75 kg ha−1 was applied at 4 weeks after sowing. One
day prior to seeding, the seeds were treated with biofertilizers (Azotobacter and PSB) as per the
treatments. Considering the variable amount of retained rice residue load, the sowing operation was
performed with the help of a happy seeder with seed rates of 135 and 120 kg ha−1 from 2021–2022 and
2022–2023, respectively, in 20 cm rows. The application of fertilizers was carried out in accordance with
the treatments. The wheat variety used for this experiment was DBW 187, developed by the Indian

Table 1: Treatment details

Sl. No. Treatments Notation

1. Main plot treatments (Varying rice residue load)

i. Harvested preceding rice crop to ground level R0

ii. Harvested preceding rice crop at 15 cm above from the ground level R1

iii. Harvested preceding rice crop at 30 cm above from the ground level R2

iv. Harvested preceding rice crop at 45 cm above from the ground level R3

2. Subplot treatments (Nutrient management options)

i. Control (No fertilizer application) N1

ii. Recommended dose of fertilizer (RDF) (150, 60, 40 kg ha−1 of N, P2O5 and K2O,
respectively)

N2

iii. Nutrient Expert (NE) based fertilizer recommendation (155, 76, 85 and 144, 72,
72 kg ha−1 of N, P2O5 and K2O in year 1 and year 2, respectively)

N3

iv. RDF + Seed treated with Biofertilizer (Azotobactor and Phosphate Solubilizing
Bacteria) (RDF + Bio)

N4

v. NE + Seed treated with Biofertilizer (Azotobactor and Phosphate Solubilizing
Bacteria) (NE + Bio)

N5
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Council of Agricultural Research (ICAR)-Indian Institute of Wheat & Barley Research (IIWBR), Karnal,
Haryana. This variety is suitable for timely sowing under irrigated conditions and matures in
115–120 days, with a potential yield of 6.4 t ha−1. Given micronutrient deficiency, particularly B and Zn
deficiencies, in this region, B was foliar applied twice in the form of Solubor (20% B) at 0.20% at 35 and
55 DAS. A foliar spray of 0.10% zinc-EDTA (Chelamin) was applied at 55 DAS. During both years, the
crop received 3 irrigations at crown root initiation (CRI), active tillering and milking stages through the
check basin method at a depth of 5 cm.

2.5 Soil Analysis
The soil bulk density was determined by using soil samples collected at depths of 0–15 cm via a core

sampler with a known volume, as suggested by Blake et al. [18]. A Sorensen pH meter (1909) with a
2.5:1 ratio of water:soil was used to measure the soil pH via a potentiometric method. The wet digestion
method was used to determine the organic carbon content in the soil samples [19]. The amount of
mineralizable nitrogen was determined via the hot alkaline potassium permanganate method [20]. For
available phosphorus (P), the soil was extracted with 0.5 M NaHCO3, pH 8.5 [21], and the P content was
determined via a UV–VIS spectrophotometer. Using 1 N neutral normal ammonium acetate, the available
potassium (K) in the soil was estimated, and a flame photometer was then used to estimate the final K
content in the soil [22].

2.6 Measurements of Growth, Yield and Phenological Traits
The tiller number was recorded periodically at 15-day intervals from one running meter over five marked

places in each plot and converted into square meters accordingly. The leaf surface area (cm2) was measured,
and through an area–weight relationship, the leaf area index (LAI) was recorded periodically as the ratio of
the total green leaf surface area (cm2) to the total ground area of the plant (cm2), as suggested byWatson [23],
at 15-day intervals. For estimation of grain yield, a 34.4 m2 (18 m long and 1.8 m wide) net plot area was
selected, excluding border rows. After the plants were threshed, the grains were sun dried and weighed
separately, and the obtained value was converted to t ha−1. The total biological yield of wheat was
calculated by summing the grain yield and straw yield of the corresponding treatments. Phenological
parameters such as days to reach maximum tillering, 80% booting, heading, flowering and days to reach
physiological maturity were recorded on the basis of visual observations.

2.7 Studies on Crop Energetics
Both direct (labour) and indirect (chemical fertilizers, biofertilizers, seeds, herbicides, herbicides) forms

of energy were considered for calculating energy inputs. The energy input was then computed via the energy
equivalent for each input. The output energy was estimated by multiplying the amount of produce (grain and
straw yield) with the corresponding energy equivalent. The energy equivalents were taken into consideration
by employing primary data [24–26]. The conversion units for the energy inputs and outputs are listed in
Table 3.

Table 2: Residue load under different treatments

Year Residue load (t ha−1)

R1 (15 cm) R2 (30 cm) R3 (45 cm)

2021–2022 1.35 2.56 3.63

2022–2023 1.83 3.57 4.78
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Various energy indices (net energy, energy use efficiency, energy productivity and specific energy) were
calculated via the following formulae [27].

Net Energy MJ ha�1
� � ¼ Energy output MJ ha�1

� �� Energy input MJ ha�1
� �

Energy Use Efficiency ¼ Energy output=Energy input

Energy Productivity ¼ Grain yield kg ha�1
� �

=Energy input MJ ha�1
� �

Specific Energy MJ kg�1
� � ¼ Energy input MJ ha�1

� �
=Total energy output grain þ strawð Þ kg ha�1

� �

Table 3: Energy and CO2-equivalent conversion units used to calculate inputs and outputs

Particulars Unit Energy equivalent (MJ unit−1) Reference

A. Energy-equivalent conversion units

1. Inputs

1. Human labour Person-h 1.96 [28,29]

2. Diesel fuel litre 56.31 [28,29]

3. Chemical fertilizers

Nitrogen (N) kg 66.14 [29,30]

Phosphorus (P2O5) kg 12.44 [29,30]

Potassium (K2O) kg 11.15 [29,30]

Zinc sulphate kg 20.90 [31]

Gypsum/boric acid kg 10.00 [31]

4. Herbicides and pesticides kg 120.00 [29,30]

5. Biofertilizers kg 10.00 [29]

6. Seed kg 15.20 [32,33]

7. Irrigation mm ha–1 1430.56 [29,30]

2. Outputs

a. Grain yield kg 14.70 [28,29]

b. Straw yield kg 18.00 [28]

B. CO2-equivalent conversion units

Sources of energy Units CO2 emission (kg CO2 –e kg
−1)

a. Diesel kg 3.45 [24]

b. Herbicide kg 23.12 [34]

c. Fertilizer

N kg 4.96 [35]

P kg 1.35 [35]

K kg 0.58 [35]

d. Seed kg 0.58 [34]

e. Labour Person−1 0.71 [36]
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2.8 Studies on CO2 Emission (kg CO2 –e kg
−1)

The CO2 emission was computed by multiplying various inputs (seed, labour, fuel, herbicide and
fertilizers) with their respective conversion coefficients, as given in Table 3.

2.9 Production Economics
To determine the most profitable treatment, various economic analyses, including cultivation cost

(₹ ha−1), gross return (₹ ha−1), net return (₹ ha−1) and the benefit–cost ratio (B:C), were computed for
wheat under varying rice residue loads and different nutrient management options during both years. The
cost of cultivation for wheat was estimated by taking into consideration the prevailing costs in local
markets for various inputs, viz., fertilizers, seeds, labour, herbicides, biofertilizers and other expenses
associated with crop growth. To calculate gross and net income, the minimum support price (MSP) of
wheat for each year was considered.

2.10 Statistical Analyses
Statistical evaluation of the recorded data for the split plot design (SPD) was performed via analysis of

variance (ANOVA) for each year separately. Using MS Excel, the significance of different residues and
nutrient and interaction effects was evaluated at the 5% probability level utilizing the mean square error
(MSe). To compare F tables and calculate critical differences (CDs), the Fisher and Yates table was used
[37]. In addition, the mean values were adjusted via Duncan’s multiple range test (DMRT) via SPSS
version 20.0.3.

3 Results

3.1 Tillers, LAIs, Yields and Phenologies under Varying Rice Residue Loads and Nutrient Management
Options
When determining the effectiveness of a treatment, the quantity of tillers per unit area is a major

consideration. The average number of tillers per square meter tended to increase linearly up to 60 DAS;
after that, intraplant competition, a lack of resources, and self-thinning, which resulted in tiller mortality,
caused the number of tillers to drastically decrease (Fig. 2a,b). Owing to variations in the amount of rice
residue applied and fertilizer management strategies, the number of wheat tillers per m−2 changed during
the course of the two-year trial. In general, the treatments in which residues were retained at an optimal
level (R1 and R2) yielded more tillers per m−2 in comparison with treatments without residue retention
(R0) and treatments with a relatively high residue load (R3) at different growth stages.

Amongst different nutrient management options, treatment N3 produced noticeably more tillers (317,
359, 348, and 330 m−2 at 45, 60, 75, and 90 DAS, respectively) than the other nutrient management
options during the first year (2021–2022). However, in the second year (2022–2023), excepting at
45 DAS, treatment N5 produced more tillers (336, 322, and 300 m–2 at 60,75 and 90 DAS, respectively).
The control plot (N1) for both years presented the lowest number of tillers over the whole growth period.
The mean separation test-based variation in tiller number in relation to residue load and nutrient
management options is also presented in Tables S1 and S2 for better understanding.

The physiological measure known as the leaf area index (LAI) has a major impact on agricultural output
because it affects crop canopy light absorption. The photosynthetic surface of a crop is represented by the leaf
area index. Up to 75 DAS, the leaf area index increased linearly. After that, the index began to decrease at
90 DAS, irrespective of the treatment (Fig. 3a,b).

The LAI is affected by nutrient management options as well as the amount of rice residue retained on
land. During the early phases, residues kept at a height of 30 cm above ground level (R2) produced a
noticeably greater leaf area index (1.12 and 0.93 during 2021–2022 and 2022–2023, respectively)
(Fig. 3a,b). The LAI values were similar to various residue loads during the overall crop growth period.
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However, the NE-based approach plus biofertilizer seed inoculation (N5) outperformed the other nutrient
management options proportionately and resulted in higher LAIs (1.01 and 0.94, 1.99 and 1.54, 4.36 and
4.25, 2.98 and 2.63 at 30, 45, 75, and 90 DAS, respectively, during 2021–2022 and 2022–2023)
(Fig. 3a,b). Throughout both years, the control treatment (N1) had the lowest leaf area index. Only in the
early stages (30 DAS) of the second year there was a significant relationship between rice residue and
nutritional methods. The interaction effect between residue maintenance and fertilizer application on the
basis of the NE combined with biofertilizer seed inoculation resulted in a greater leaf surface area;
thereafter, the LAI remained unaffected by the interaction effect. The mean separation test-based variation
in the LAI in relation to residue load and nutrient management options is also presented in Tables S3 and
S4 for a better understanding.

Figure 2: Tiller number of wheat at different growth stages as influenced by (a) various rice residue load
treatments and (b) different nutrient management options. Note: R0: Harvested preceding rice crop to
ground level; R1: Harvested preceding rice crop at 15 cm above ground level; R2: Harvested preceding
rice crop at 30 cm above ground level; R3: Harvested preceding rice crop at 45 cm above ground level.
N1: Control (no fertilizer application); N2: Recommended dose of fertilizer (RDF) (150, 60, 40 kg ha−1 of
N, P2O5 and K2O, respectively); N3: Nutrient Expert (NE)-based fertilizer recommendation (155, 76,
85 and 144, 72, 72 kg ha−1 of N, P2O5 and K2O in year 1 and year 2, respectively); N4: RDF + Seed
treated with biofertilizer (Azotobactor and Phosphate Solubilizing Bacteria) (RDF + Bio); N5: NE + Seed
treated with biofertilizer (Azotobactor and Phosphate Solubilizing Bacteria) (NE + Bio)
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In the second year (2022–2023), rice residue management strategies had a considerable effect on wheat
grain yield (Table 4). Significantly higher grain yields (4.48 and 4.16 t ha−1 during 2021–2022 and 2022–
2023, respectively) were obtained with residue loads of approximately 2.5–3.5 t ha−1 (R2) than those of
the other residue load treatments (R0, R1, and R2) during both experimental years. Except for the N4

treatment, where the grain yields (5.12 and 4.45 t ha−1) produced were statistically similar to those of the
N5 treatment, the grain yield under the N5 treatment (5.27 and 4.64 t ha−1) exceeded those under the
other nutrient management options.

During the two research trial years, the N2 and N3 treatments also resulted in good yields. The biological
yield in the first year (2021–2022) was not impacted by the load of rice residue. However, in the 2021–
2022 and 2022–2023 seasons, greater biological yields (10.72 and 9.51 t ha–1, respectively) were attained
in the treatment where rice residues were kept at 30 cm above the ground. In the first year of testing, the

Figure 3: Leaf area indices of wheat at different growth stages as influenced by (a) various rice residue load
treatments and (b) different nutrient management options. Note: R0: Harvested preceding rice crop to ground
level; R1: Harvested preceding rice crop at 15 cm above ground level; R2: Harvested preceding rice crop at
30 cm above ground level; R3: Harvested preceding rice crop at 45 cm above ground level. N1: Control (no
fertilizer application); N2: Recommended dose of fertilizer (RDF) (150, 60, 40 kg ha−1 of N, P2O5 and K2O,
respectively); N3: Nutrient Expert (NE)-based fertilizer recommendation (155, 76, 85 and 144, 72, 72 kg ha−1

of N, P2O5 and K2O in year 1 and year 2, respectively); N4: RDF + Seed treated with biofertilizer
(Azotobactor and Phosphate Solubilizing Bacteria) (RDF + Bio); N5: NE + Seed treated with biofertilizer
(Azotobactor and Phosphate Solubilizing Bacteria) (NE + Bio)

Phyton, 2024, vol.93, no.12 3517



biological yield of the R0 treatment was the lowest (9.75 t ha−1). On the other hand, from 2022–2023, the
treatment in which residues were kept at a height of 45 cm (R3) resulted in the lowest biological yield
(8.83 t ha−1). Overall, over the two years of testing, the biological yield of wheat was impacted by
various nutrient management strategies. Compared with the other nutrient management techniques, the N5

treatment produced noticeably more biomass (12.27 and 10.57 t ha−1 from 2021–2022 and 2022–2023,
respectively). The control treatment (N1) yielded the lowest biological yield (4.58 and 4.73 t ha−1 from
2021–2022 and 2022–2023, respectively) during the two experimental years. The total biomass obtained
via the N2, N3, and N4 nutrient management systems was statistically equivalent to that obtained via the
other methods (Table 4).

During both years, the phenological stages (maximal tillering, 80% booting, 80% heading, 80%
flowering, and physiological maturity) associated with different rice residue loads and nutrition
management choices were recorded (Table 5). During the years 2021–2022 and 2022–2023, the variety
employed in this experiment (DBW 187) took an average of 56–68, 70–79, 76–87, 84–97, and 114–
127 days to reach maximum tillering, 80% booting, 80% heading, 80% flowering, and physiological
maturity, respectively. The phenological characteristics of wheat are somewhat impacted by rice residue
management. Each phenological stage was reached earlier in the treatments where residues were entirely
eliminated above the ground (R0). However, the phenological dates were similar under the R1 and R2

treatments, where residues were held at 15 and 30 cm above ground level; in contrast, the crop took
longer to reach different growth stages under the R1 and R2 treatments, where residues were retained at
greater heights, i.e., 45 cm from ground level. When considering the various possibilities for managing

Table 4: Grain and biological yield (t ha−1) of wheat as influenced by various rice residue loads and nutrient
management options

Treatments 2021–2022 2022–2023

Grain yield
(t ha−1)

Biological yield
(t ha−1)

Grain yield
(t ha−1)

Biological yield
(t ha−1)

Residue load

R0 4.14b 9.75b 3.77b 8.86b

R1 4.39ab 10.40ab 3.77b 8.93b

R2 4.48a 10.72a 4.16a 9.51a

R3 4.34a 10.41ab 3.75b 8.83b

Nutrient management options

N1 1.58c 4.58c 1.67c 4.73b

N2 4.73b 11.11b 4.17b 9.62a

N3 5.01ab 11.72ab 4.40ab 10.02a

N4 5.12a 11.92a 4.45ab 10.22a

N5 5.27a 12.27a 4.64a 10.57a
Note: The numbers followed by various lower-case letters within a column are significantly different from each other at p ≤ 0.05, and similar letters
indicate statistically significant differences. Note: R0: Harvested preceding rice crop to ground level; R1: Harvested preceding rice crop at 15 cm above
ground level; R2: Harvested preceding rice crop at 30 cm above ground level; R3: Harvested preceding rice crop at 45 cm above ground level. N1:
Control (no fertilizer application); N2: Recommended dose of fertilizer (RDF) (150, 60, 40 kg ha−1 of N, P2O5 and K2O, respectively); N3: Nutrient
Expert (NE)-based fertilizer recommendation (155, 76, 85 and 144, 72, 72 kg ha−1 of N, P2O5 and K2O in year 1 and year 2, respectively); N4: RDF +
Seed treated with biofertilizer (Azotobactor and Phosphate Solubilizing Bacteria) (RDF + Bio); N5: NE + Seed treated with biofertilizer (Azotobactor
and Phosphate Solubilizing Bacteria) (NE + Bio).
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nutrients, the N2, N3, N4 and N5 treatments demonstrated relatively consistent attainment of each
phenological phase at dates that were comparable, with little variation. On the other hand, in both years,
the N1 treatment and the control presented considerably earlier growth stages than did the alternative
nutrient management strategies (Table 5).

3.2 Energetics and CO2 Emissions as Influenced by Rice Residue Loads and Nutrient Management
Options
The energy input was computed and is shown in Table 6, which is based on the sources of inputs used

during the two experimental years. When various inputs were considered for various operations, fertilizers
(50.74% and 42.53%) made the greatest contribution, followed by fuels (19.07% and 26.36%) and seeds
(16.55% and 12.20%). In comparison, the labor component’s energy use was much lower. The greatest

Table 5: Phenological parameters (days) of wheat influenced by varying rice residue loads and nutrient
management options

Treatment 2021–2022 2022–2023

MT 80% B 80% H 80% F Maturity MT 80% B 80% H 80% F Maturity

R0N1 56b 70b 77b 89b 115b 58b 70b 79b 87b 114a

R0N2 64a 73ab 82ab 96a 123a 64a 79a 87a 94a 121a

R0N3 62ab 71b 83a 92a 120a 64a 76a 84a 93a 122a

R0N4 63ab 76a 79ab 90a 119a 66a 79a 86a 94a 120a

R0N5 66a 77a 81ab 91a 120a 66a 79a 87a 95a 119a

R1N1 57b 70b 78ab 86b 114b 58b 70b 79b 87b 114a

R1N2 65a 76a 82ab 95a 117a 64a 77a 83a 93a 121a

R1N3 65a 76a 84a 97a 120a 65a 77a 84a 94a 122a

R1N4 61ab 73ab 83a 94a 121a 64a 76a 85a 93a 119a

R1N5 63ab 76a 83a 91a 118a 65a 77a 84a 94a 121a

R2N1 60ab 72ab 79ab 84b 116b 59b 71b 80b 88b 114a

R2N2 64a 77a 84a 93a 120a 64a 76a 85a 94a 119a

R2N3 67a 76a 81ab 91a 121a 65a 78a 86a 95a 120a

R2N4 63ab 75a 85a 96a 119a 64a 77a 86a 93a 118a

R2N5 64a 77a 87a 97a 117a 66a 78a 85a 93a 118a

R3N1 59ab 70b 76b 87b 114b 60a 72b 80b 88b 115a

R3N2 67a 79a 84a 93a 118a 66a 77a 85a 95a 119a

R3N3 63ab 74ab 82ab 94a 119a 67a 78a 86a 95a 120a

R3N4 68a 79a 81ab 96a 120a 66a 77a 85a 93a 118a

R3N5 64a 76a 80ab 95a 119a 67a 78a 85a 94a 118a
Note: MT: maximum tillering; B: shooting; H: heading; F: flowering; PM: physiological maturity. Numbers followed by various lower-case letters
within a column are significantly different from each other at p ≤ 0.05, and similar letters indicate statistical differences. Note: R0: Harvested preceding
rice crop to ground level; R1: Harvested preceding rice crop at 15 cm above ground level; R2: Harvested preceding rice crop at 30 cm above ground
level; R3: Harvested preceding rice crop at 45 cm above ground level. N1: Control (no fertilizer application); N2: Recommended dose of fertilizer
(RDF) (150, 60, 40 kg ha−1 of N, P2O5 and K2O, respectively); N3: Nutrient Expert (NE)-based fertilizer recommendation (155, 76, 85 and 144,
72, 72 kg ha−1 of N, P2O5 and K2O in year 1 and year 2, respectively); N4: RDF + Seed treated with biofertilizer (Azotobactor and Phosphate
Solubilizing Bacteria) (RDF + Bio); N5: NE + Seed treated with biofertilizer (Azotobactor and Phosphate Solubilizing Bacteria) (NE + Bio).
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contribution to energy inputs under the different nutrient management approaches was NE-based fertilizer
management. Under different rice residue loads and nutrient management strategies, the energy
production of wheat (grain and straw yield) followed a similar trend as the wheat grain yield in both
years. The grain and straw yields varied greatly due to different rice residue loads and nutrient
management methods, reflecting significant variations in energy output.

Table 6: Energy relationships in wheat as influenced by various rice residue and nutrient management options
in both years

Treatment
combinations

Energy
input
(MJ ha−1)

Energy
output
(MJ ha−1)

Net energy
(MJ ha−1)

Energy use
efficiency
(%)

Energy
productivity
(kg MJ−1)

Specific
energy
(MJ kg−1)

2021–2022

R0 Control 6082b 68,910b 62,828c 11.33ab 0.224d 4.47a

RDF 17,242a 174,047ab 156,804ab 10.09b 0.262bc 3.81b

NE 18,274a 182,726a 164453a 10.00b 0.268bc 3.74b

RDF + Bio 17,249a 186,026a 168,777a 10.78ab 0.284ab 3.53bc

NE + Bio 18,281a 203,339a 185,058a 11.12ab 0.277b 3.62bc

R1 Control 6082b 79,038b 72,956c 13.00a 0.275b 3.64bc

RDF 17,242a 181,554a 164,312a 10.53b 0.275b 3.64bc

NE 18,274a 192,172a 173,898a 10.52b 0.271b 3.69bc

RDF + Bio 17,249a 208,090a 190,840a 12.06a 0.303a 3.30d

NE + Bio 18,281a 200,248a 181,968a 10.95ab 0.294ab 3.40cd

R2 Control 6082b 81,074b 74,992c 13.33a 0.281b 3.56c

RDF 17,242a 189,822a 172,580a 11.01b 0.287ab 3.49cd

NE 18,274a 195,945a 177,671a 10.72ab 0.278b 3.59c

RDF + Bio 17,249a 203,497a 186,248a 11.80ab 0.304a 3.29d

NE + Bio 18,281a 208,986a 190,705a 11.43ab 0.297ab 3.37d

R3 Control 6082b 79,065b 72,983c 13.00a 0.258bc 3.88ab

RDF 17,242a 178,968a 161,725a 10.38b 0.273b 3.66bc

NE 18,274a 207,256a 188,982a 11.34ab 0.279b 3.59bc

RDF + Bio 17,249a 191,979a 174,730a 11.13ab 0.298ab 3.36d

NE + Bio 18,281a 207,053a 188,772a 11.33ab 0.284ab 3.52cd

2022–2023

R0 Control 6945b 71,733b 64,788c 10.33b 0.222c 4.50a

RDF 18,105a 151,853a 133,748ab 8.39c 0.224bc 4.46a

NE 17,950a 168,177a 150,227a 9.37bc 0.244ab 4.10b

RDF + Bio 18,112a 159,177a 141,065a 8.79c 0.237b 4.22a

NE + Bio 17,956a 180,834a 162,878a 10.07b 0.256a 3.91c
(Continued)
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The R2N5 treatment combination, where residues were maintained at a height of 30 cm and nutrient
application was based on NE software, including biofertilizer seed inoculation, produced the highest total
energy outputs (208,986 and 183,987 MJ ha−1 from 2021–2022 and 2022–2023, respectively) among the
various treatment combinations. The greatest net energy gain was obtained with the same nutrient
management technique. The energy use efficiency from 2021–2022 and 2022–2023 varied from 10.00–
13.33 and from 8.30–12.17, respectively. The energy usage efficiency attained under the N1 treatment (no
external fertilizer application) was somewhat greater than that of the other treatments, regardless of the
rice residue loading treatment (Table 3a,b). The treatment combinations R2N4 (residues retained at 30 cm
in height and nutrients applied on the basis of the recommended dose of fertilizers along with inoculation
of biofertilizers) and R2N5 (residues retained at 30 cm in height and nutrient application guided by
NE software along with inoculation of biofertilizer) presented the highest energy productivity
(0.304 kg MJ−1). Throughout both years, the specific energy changed in response to different rice residue
loads and nutrient management strategies. The reduced specific energy was reflected in these two
treatment combinations.

Fig. 4 shows the percentage contributions of the various inputs to CO2 emissions. From 2021–2022 and
2022–2023, CO2 emissions varied according to different rice residue and nutrient management methods,
ranging from 343.37 to 1266.20 and 428.43 to 1278.76 kg CO2–eq ha−1, respectively. With respect to the
rice residue treatments, there was no difference in CO2 emissions among the different treatments.

Table 6 (continued)

Treatment
combinations

Energy
input
(MJ ha−1)

Energy
output
(MJ ha−1)

Net energy
(MJ ha−1)

Energy use
efficiency
(%)

Energy
productivity
(kg MJ−1)

Specific
energy
(MJ kg−1)

R1 Control 6945b 73,160b 66,216c 10.53b 0.235b 4.25a

RDF 18,105a 158,901a 140,796a 8.78c 0.232b 4.30a

NE 17,950a 168,225a 150,276a 9.37bc 0.238b 4.20a

RDF + Bio 18,112a 175,143a 157,032a 9.67bc 0.238b 4.20a

NE + Bio 17,956a 164,943a 146,987a 9.19bc 0.247ab 4.04b

R2 Control 6945b 84,542b 77,598c 12.17a 0.255ab 3.92c

RDF 18,105a 166,729a 148,624a 9.21bc 0.242b 4.14b

NE 17,950a 167,977a 150,028a 9.36bc 0.259ab 3.87c

RDF + Bio 18,112a 177,819a 159,707a 9.82bc 0.271a 3.69c

NE + Bio 17,956a 183,987a 166,031a 10.25b 0.283a 3.53c

R3 Control 6945b 83,810b 76,866c 12.07a 0.247ab 4.06b

RDF 18,105a 150,195a 132,090ab 8.30c 0.222c 4.50a

NE 17,950a 158,943a 140,993a 8.85c 0.239b 4.19b

RDF + Bio 18,112a 163,071a 144,959a 9.00bc 0.237b 4.22b

NE + Bio 17,956a 175,509a 157,553a 9.77bc 0.247ab 4.04b
Note: Numbers followed by various lower-case letters within a column are significantly different from each other at p ≤ 0.05, and similar letters
indicate statistical differences. Note: R0: Harvested preceding rice crop to ground level; R1: Harvested preceding rice crop at 15 cm above ground
level; R2: Harvested preceding rice crop at 30 cm above ground level; R3: Harvested preceding rice crop at 45 cm above ground level. N1:
Control (no fertilizer application); N2: Recommended dose of fertilizer (RDF) (150, 60, 40 kg ha−1 of N, P2O5 and K2O, respectively); N3:
Nutrient Expert (NE)-based fertilizer recommendation (155, 76, 85 and 144, 72, 72 kg ha−1 of N, P2O5 and K2O in year 1 and year 2,
respectively); N4: RDF + Seed treated with biofertilizer (Azotobactor and Phosphate Solubilizing Bacteria) (RDF + Bio); N5: NE + Seed treated
with biofertilizer (Azotobactor and Phosphate Solubilizing Bacteria) (NE + Bio).
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Compared with the other nutrient management methods, the NE-based fertilizer treatments (N3 and N5) led to
increased CO2 emissions in both years.

3.3 Production Economics as Influenced by Rice Residue Loads and Nutrient Management Options
The different rice residue load treatments did not significantly affect the overall cost of farming. Among

all the nutrient management alternatives, the treatments that included seed inoculation with biofertilizers and
nutrient application guided by the NE software tool (N5) resulted in a relatively high cultivation cost. During
the two test years, the control treatment, which involved no fertilizer application (N1), had the lowest possible
cultivation costs. Different loads of rice residue and nutrient management practices during both years had
substantial impacts on the gross and net returns achieved with crop cultivation (Fig. 5).

Under the R2N5 treatment, where residues were retained at a height of 30 cm and nutrient management
was based on NE recommendations, including biofertilizers, significant maximum gross returns
(₹111,315 ha−1) and ₹109,342 ha−1 from 2021–2022 and 2022–2023, respectively) and net returns

Figure 4: Percent contributions of various input sources to CO2 emissions from (a) 2021–2022 and (b)
2022–2023
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(₹60,957 ha−1 and ₹61,797 ha−1 from 2021–2022 and 2022–2023, respectively) were obtained. The
treatments with no residue retention and no fertilizer application throughout both years presented the
lowest gross and net returns because of the large fluctuations in production. Similarly, the treatments with
relatively high net and gross returns also markedly registered the highest B:C ratios. The treatment
combinations of R2N4 (residues retained at 30 cm height with nutrient management through RDF +
biofertilizers) and R2N5 (rice residues retained at 30 cm height and nutrient management was based on
NE + biofertilizers) produced the highest B:C ratio (2.21) during the first year, which was statistically
comparable to R1N4 (2.20) and R1N5 (2.18). Under the R2N5 condition (rice residues retained at a height
of 30 cm and nutrient application based on NE + biofertilizers), the highest B:C ratio (2.30) was noted
during the second year (Fig. 5).

4 Discussion

4.1 Impact of Rice Residue Loads on the Growth Parameters and Yields of Wheat
The findings clearly revealed that for both years, there was little change in the number of tillers, with

variation in the retention of residues at different heights. The tiller numbers were positively impacted by
treatments with optimal residue retention and negatively impacted by treatments with no residue and
greater loads of rice residue. Owing to improved soil moisture content near the root zone and nutrient
availability through the residues upon decomposition, treatments R1 and R2 performed better than the
other levels of residue retention did, according to the data. A greater number of tillers in wheat under
ideal residue retention was previously reported [38–40]. The detrimental effects of increasing residue load
on the number of wheat tillers were noted by Sirazuddin et al. [41]. The findings indicated that removing
residues in excess was detrimental to the crop and that maintaining 2.5 to 3.5 t ha−1 residues remained
the most beneficial to the wheat crop. Since the grain yield was much lower with both approaches,
maintaining the optimal residue load was more advantageous than maintaining excessive (R3) or no
residue (R0). The overabundance of residues complicates sowing procedures, which in turn results in
incorrect crop stands and decreased crop productivity [41,42]. Optimal residue load also allowed the crop
for efficient utilization of solar radiation reflected by an increased leaf area index under the appropriate
residue loading treatment. The optimum residue-retained plots reflected a better crop growth and yield

Figure 5: Production economics of wheat as influenced by various rice residue loads and nutrient
management options
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performances due to a number of positive effects such as soil temperature regulation, better nutrient and
moisture availability vis-à-vis greater root proliferation [41]. The biological yield produced with the R2

treatment was superior to that of the other alternative residue management procedures, as demonstrated
by the results of the present study. When the R2 treatment was compared with the R0, R1, and R3

treatments, the percentage increases in biomass yield were 9.95%, 3.08%, and 2.98% (2021–2022) and
7.34%, 6.49%, and 7.70% (2022–2023), respectively. The improved grain and straw yields under ideal
residue retention may be the cause of increased biological productivity under the aforementioned
treatment (R2).

4.2 Impact of Nutrient Management Options on the Growth Parameters and Yields of Wheat
Various nutrient management strategies significantly affect the number of wheat tillers throughout the

entire crop growth cycle. The tiller number m−2 under NE-based fertilizer led to the generation of more
tillers and attained higher LAI values, according to the results. The maximum number of tillers m−2 was
observed when the microbial inoculants (Azotobacter and PSB) were seeded in conjunction with the
application of nutrients as directed by Nutrient Expert. The maximum number of tillers under the
aforementioned treatments may have resulted from providing the crop with the right amount of nutrients,
with a focus on higher rates of potassium and phosphorus delivery. The number of tillers per square meter
was also increased by the combined application of inorganic fertilizer and biofertilizer for seed inoculation,
which also improved nutrient availability, healthier main culm, and overall crop stand establishment [43].
The combination of conventional and biofertilizers may have helped to improving nutrient absorption,
nitrogen availability, and photosynthetic acid accumulation, all of which improved crop growth and
increased leaf area index values under the appropriate treatments. These results are consistent with the
findings of Mohanty et al. [44] and Kumar et al. [45], who reported that NE-based fertilizer
recommendations substantially increased the tiller number and LAI. The results revealed that applying
nutrients in accordance with the advice of nutrient experts in addition to biofertilizer seed inoculation
increased the wheat grain yield (N5). The ability to better address the nutritional needs of the crop and
improved photosynthate transfer to the sink may be the cause of increased grain yields under the previously
described treatments. The greater wheat production was the outcome of balanced nutrient management with
more phosphorus and potassium application carried out under the guidance of NE [15,16]. Furthermore,
our findings demonstrated that biofertilizers, particularly PSB, contributed to the increase in wheat grain
productivity. This was likely due to the improved activity of various beneficial microbes that solubilize
insoluble phosphorous by producing various organic acids [46]. When the NE-based approach was used
instead of the recommended fertilizer doses, the biological yield was considerably greater [45,47].

The phenological development of a crop is the most important biological indicator of changes in the
climate and the consequences of rising temperatures. Since the crop was sown during the optimal sowing
time for both the study years, the phenological stages in our experiment were quite comparable,
notwithstanding the possibility of variations depending on meteorological circumstances. The crop
required approximately 10 to 15 days to reach booting from the active tillering phase, 6 to 8 days to
reach heading from the booting phase, 5 to 7 days to reach flowering from the heading phase, and 15 to
20 days to reach the physiological maturity stage, according to the study’s results. However, complete
residue removal plots (R0) and plots without any fertilizer application (N1) reached each growth stage
7 to 10 days earlier. This could be due to nutritional pressure under residue removal and without nutrient
application, which allows the crop to reduce its vegetative and reproductive phases to acquire each
phenological phase more quickly and finish its life cycle. Furthermore, the crop reached phenological
phases slightly later under greater loads of residue (R3), which may have been caused by increased
residual moisture, which improved crop succulence and hence prolonged the vegetative phase. An
additional explanation for the delayed phenological attainment observed with larger residue treatments
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would be the longer time it took for the seeds to surface, which resulted in a delayed start to each
phenological phase. Previous studies [15,38,48] have indicated that while nutrient management strategies
have a considerable effect on wheat phenological phases, residue management does not influence wheat
phenology.

4.3 Crop Energetics and CO2 Emissions under Varying Rice Residue Loads and Nutrient Management
Options
The fertilizers accounted for approximately 50.74% and 42.53% of the input energy during first and

second year of experimentation, respectively. Among the three key nutritional elements, nitrogen was the
major contributor, and phosphorous and potassium made up the next two largest proportions. As the
fertilizer application was carried out at higher rates in accordance with the NE’s guidance in first year,
the first-year trial’s fertilizer energy consumption was greater than that of the second-year trials. Fuel was
the second largest input provider contributing 19.07% and 26.36% during first and second year,
respectively. Using diesel oil for various tractor-drawn agricultural tasks has become the primary source
of energy from fuel-based inputs. Our research clearly revealed that there was an increase in fuel energy
use in the second year when the crop was harvested via a combine harvester. The seeds contributed
approximately 16.55% and 12.20% of input energy; while the energy inputs of human labor for 2021–
2022 and 2022–2023 were approximately 8.55% and 3.85%, respectively. A higher seeding rate and
more labor requirement during the first year of harvest (since it was harvested by hand) contributed
higher share in input energy. From 2021–2022 and 2022–2023, herbicides, biofertilizers, and
micronutrients made up approximately 3.87% and 3.21%, 1.21% and 1.00% and 0.02% and 0.02%,
respectively. Previous studies [49,50] have also pointed to fuel, fertilizers, and seeds as the main sources
of energy input in wheat. When several fertilizer approaches were combined, the N5 treatment led to
higher energy consumption in the first year because of a higher rate of potassium and phosphorus
delivery through use of NE. Higher input energy with greater application of nutrient elements were
reported previously [51,52].

Our research findings revealed that the output energy recorded in the first year was greater than the
output energy attained in the second year. This could be due to attainment of higher yields in the first
year and crop productivity and energy output are directly correlated [53–55]. The residue retention plots
revealed better yields, which eventually led to the maximum total output energy [56]. The increased
productivity of grains and straw may result in increased energy production with higher net energy gains.
Compared with alternative nutrient management strategies, the greater energy use efficiency of the control
(N1) treatment is related to its minimal input energy use; however, the proposal is meaningless due to
attainment of very poor grain output. The R1N4 treatment combination was the most energy-efficient
treatment when considering the other alternatives for managing residues and nutrients. Using less
phosphorous and potassium fertilizers and generating significantly higher yields resulted in greater energy
use efficiency for the stated treatment combination. According to previous findings [53,57], crop
productivity and the fertilizer usage rate are directly related to energy use efficiency. Energy productivity
indicates a lower energy consumption per unit of grain production. The results of our two-year study
revealed that, with the R2N4 treatment combination, we were able to achieve better grain production with
reduced energy input during the first year. Again, R2N5 treatment combination was registered as an
efficient energy productivity therapy in the second year for the same reason. According to previous
findings [2,58], residue retention under CA-based techniques may increase the output energy by lowering
the input energy, which ultimately results in increased energy productivity and lower specific energy.
Research [59] has also shown that, in a rice–wheat cropping system, site-specific nutrient management
techniques led to increased energy production with decreased specific energy.

Data on CO2 emissions revealed that, compared with that in the first year (2021–2022), the CO2

equivalent during the second year of the experiment (2022–2023) was somewhat greater. This was mostly
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because greater rates of fuel energy usage during the second year. Among all the nutritional management
options available, N3 and N5 presented the highest CO2 equivalent values from 2021–2022. The greater
CO2 equivalent in both years may have been caused by higher rates of fertilizer application (phosphorus
and potassium in particular) under the aforementioned treatments. When residues were retained and
fertilizer application rates were relatively high, CO2 emissions were noticeably greater than when there
was no residue and lower fertilizer application rates [35,60]. The maximum overall carbon input under
the different nutrient management options came from fertilizers (N, P, and K), which contributed
approximately 57% of the CO2 emissions. Fuel (18% and 26%), herbicides (11% and 10%), seeds (10%
and 8%), and labour (4% and 3%) followed (Fig. 4b). Increasing rates of fuel and fertilizer application
are supposed to be the two main causes of CO2 emissions [61].

4.4 Production Economics of Wheat under Varying Rice Residue Loads and Nutrient Management
Options
Compared with residue removal and no fertilizer application, production economics data revealed that

residue retention combined with balanced nutrient management, including biofertilizers, was economically
advantageous. The main reason for the lower cultivation costs in the second year was crop harvest through
the combine harvester, and fertilizers, especially phosphorous and potassium, were applied at lower rates. In
the first year, on the other hand, more man-days were required for manual harvesting, and higher rates of
phosphorous and potassium application as suggested by NE were used. The higher application rates of
phosphorous and potassic fertilizers were the main cause of the increased cultivation costs experienced
under NE-based advice [15,16].

The options available for managing nutrient load and rice residue load had considerable impacts on the
profitability of the crops. Compared with the other treatment combinations, the R2N5 treatment produced
significantly greater gross and net returns over both the years. This was achieved by maintaining residues
at a height of 30 cm and managing nutrients via guidelines from the NE, which included the use of
biofertilizers. The wide variation in returns and benefits among the different treatment combinations may
be attributed to the beneficial effects of residue retention and balanced nutrient management using NE,
including the use of biofertilizers as seed inoculants, leading to improved growth, yield attributes, and
yield. Under residue retention and balanced nutrient management, higher returns and profits were
observed [53,62,63]. Higher profitability with the NE-based fertilizer recommendation under the eastern
sub-Himalayan plains of India was also reported in previous studies [15,16].

5 Conclusion

Based on two-year field trials results, it was determined that crop growth, productivity, and profitability
were better when the residue load was between 2.5 and 3.5 t ha−1, and the NE-based suggestions were
combined with Azotobacter and PSB seed inoculation. Under NE-based recommendations, lower specific
energy, higher net energy, and energy use efficiency are noted. Our results also revealed that higher rates
of fertilizer application were associated with increased CO2 emissions. These findings unequivocally
demonstrated that the region’s zero-tillage wheat crop growth, productivity, and profitability were
negatively impacted by removal as well as excessive residue burden.
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