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Abstract

Cotton, a valuable cash crop from the Gossypium genus, significantly
contributes to the national economy. A primary challenge in cotton
cultivation is the high labor demand for sowing. As labor shortages grow,
sowing machinery has emerged as a viable alternative, decreasing labor
expenses and operating duration. However, machine sowing requires wider
inter-row spacing and cotton's slow initial vegetative growth presents an
opportunity to incorporate suitable intercrops. This technique optimizes
resource utilization and offers potential supplementary income from
intercropping in the event of primary cotton crop failure due to natural
disasters. This study aims to identify suitable intercropping systems under
mechanized sowing conditions to enhance yield, competitive indices, energy
efficiency and economic viability, supporting sustainable farmer incomes. The
experiment employed a split-plot design with two main plots, five subplots
and three replications. Results showed that machine sowing was more
profitable than manual sowing, reducing cultivation costs by 19.6% and
increasing net returns by 22.7%, with a per-day return of 22.6%. Among
intercropping systems, cotton + maize demonstrated superior performance,
achieving significantly higher cotton-equivalent yield (22.2%), land equivalent
ratio (32.0%), area-time equivalent ratio (21.0%), energy use efficiency
(57.4%), energy productivity (63.5%) and net return (29.6%) compared to sole
cotton. The study concluded that cotton + maize intercropping under
mechanized sowing conditions improves yield, competitive indices, energy
and economic efficiency, enhancing overall farm productivity.
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Introduction

Cotton (Gossypium hirsutum L.), commonly known as the ‘King of Fibre’ and
‘White Gold’, is a vital crop in agriculture. It supports employment and
significantly contributes to economic growth (1). The Indian textile industry, a
cornerstone of the national economy, includes nearly 1,500 mills, 1.7 million
power looms, 4 million handlooms and numerous garment processing units
(2).

Global cotton production is primarily concentrated in five countries:
China, India, the United States, Brazil and Pakistan. These nations contribute
78% of the world's total cotton production and account for 72% of the global
cotton-cultivable area (3). India had the largest cotton cultivation area globally,
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representing 39% of the world's cotton acreage, with 12.5
million hectares under cultivation. However, India
contributes only 22% to global cotton production due to its
low productivity of 316.76 kg/ha. In contrast, productivity
levels are much higher in Australia and China, reaching 2,239
kg/ha and 1,949 kg/ha, respectively (4).

Cotton farming is labor-intensive, with 15% of labor
devoted to sowing, second only to harvesting, which
accounts for 44% (5, 6). Manual sowing remains prevalent in
India but presents several challenges, including uneven seed
depth, inconsistent seed distribution, increased seed
requirements, labor shortages, worker fatigue and higher
costs. These issues have impeded cotton production (7).
Transitioning to modern machinery can help address these
obstacles by providing a more cost-effective and time-
efficient solution. Machinery provides consistent seed flow,
reduces waste, preserves soil texture, maintains uniform inter
- and intra-row spacing and ensures precise seed placement
(8,9).

Agriculture acts as both an energy producer and
a consumer. Over the past century, it has transitioned from
being a primary energy source to one of the largest energy
consumers, accounting for 30-40% of total energy usage (10,
11). This high energy consumption in agriculture is driven by
factors such as mechanized farming, the cultivation of high-
yielding seeds, the use of chemical fertilizers and the
application of synthetic pesticides, all aimed at maximizing
yields and reducing labor-intensive processes (12, 13).
Efficient energy use improves economic outcomes by
enhancing profitability, productivity and competitiveness,
supporting sustainable agricultural development (14, 15).

In India, cotton cultivation is primarily rainfed, with
around 62% of the crop reliant on rainfall, while the
remaining 38% depends on irrigation. Farmers are often
reluctant to grow cotton under rainfed conditions due to the
risk of substantial yield reductions from water stress.
Common intercrops in rainfed cotton cultivation include
pulses like cowpea, millets (prosomillet), oilseeds
(groundnut) and maize. These crops are well-suited to rainfed
because of their drought tolerance. They help mitigate yield
risks by enhancing soil fertility through nitrogen fixation
(pulses) and optimizing water and nutrient use through
complementary root systems (millets and oilseeds), thus
improving drought resilience and overall resource efficiency
(16).

Adopting suitable intercropping systems effectively
mitigates yield reduction by providing additional income
during the growing season and optimizing resource use.
Intercropping involves cultivating multiple crops together in
the same field for part or all of their growth period or growing
a secondary crop alongside the main crop within the same
system (17). This method maximizes the use of inter-row
space in cotton fields, enhancing the use of natural resources.
The main crop and intercrops differ in their abilities to utilize
resources like light, nutrients and water due to variations in
growth habits and root characteristics, such as root length
and density (18). Mechanized sowing further improves
intercropping effectiveness by promoting conservation
practices like reduced tillage, which helps improve soil health
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by minimizing soil disturbance. With precise seed placement,
mechanized sowing enables better integration of intercrops,
which cover and protect the soil surface, reducing the risk of
erosion and nutrient loss. These issues are more familiar with
traditional sowing methods, where uneven seed distribution
can leave soil vulnerable to erosion and nutrient leaching
(7,8).

Designing efficient planting arrangements and
incorporating intercropping techniques are crucial strategies
for promoting sustainable agricultural systems (17, 19). With
its long growth duration and wider spacing, cotton is well-
suited for machine sowing and intercropping. Its slow initial
growth phase allows for cultivating short-duration intercrops,
providing additional income per unit area (16, 20). The wider
inter-row spacing of cotton, typically ranging from 60 to 120
cm, allows for the optimal spatial arrangement of cotton’s
sympodial branches, reduces leaf overlap, enhances canopy
photosynthetic efficiency and supports the formation of more
bolls per plant, ultimately increasing yield (21, 22).

While extensive knowledge exists on intercropping
systems, limited information on mechanized sowing in cotton
cultivation is available. This research aims to encourage the
adoption of mechanized sowing by highlighting its numerous
benefits. Mechanized sowing can enhance soil health through
conservation practices like reduced tillage, which helps
preserve soil structure, minimize erosion and improve
resource-use efficiency. Nonetheless, apprehensions persist
over the long-term viability of mechanized sowing,
encompassing dangers of soil compaction due to heavy
machinery, possible disturbances to soil microbial
ecosystems, and heightened dependence on fossil fuels,
which may adversely affect the environment. To mitigate
these effects, proper management strategies, such as using
lighter equipment and optimizing machinery practices, are
essential for balancing productivity with ecological
sustainability.

Modern sowing machinery, designed to perform
multiple operations in a single pass (such as soil opening,
accurate seed placement and covering), can significantly
reduce the need for additional field operations. This reduces
soil compaction and erosion and also enhances seed
placement consistency, hence improving crop establishment.
Overall, mechanized sowing systems offer increased
operational efficiency, labor savings and sustainability,
especially within intercropping systems. This research aims to
identify effective intercropping systems under mechanized
sowing conditions to improve cotton productivity. The
findings have the potential to benefit farmers, the textile
industry and the scientific community by advancing cotton
cultivation methods.

Materials and Methods
Experimental site description

The research was conducted at the Eastern Block farm of
Tamil Nadu Agricultural University in Coimbatore during
the summer season of 2024. The research field is situated
in the Western agro-climatic zone of Tamil Nadu, at an 11’
N latitude and a longitude of 77°E, with an altitude of
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426.7 meters above mean sea level. The soil in the
experimental area has a sandy clay loam texture. The
physical and chemical properties of the soil in the
experimental field are provided in Table 1, while the
weather conditions during the growing season are
outlined in Table 2.

Table 1. Physical and chemical properties of the experimental soil

Soil characteristics Values (at 30 cm soil depth)

Clay (%) 30.29

Silt (%) 22.78
Coarse sand (%) 28.60
Fine sand (%) 18.30

Textural class Sandy clay loam

pH 8.28

EC (dS/m) 0.45

Organic carbon (%) 0.38
Available nitrogen (kg/ha) 196
Available phosphorus (kg/ha) 18
Available potassium (kg/ha) 580

Table 2. Weather data at the location during the crop growing season (2024)

Minimum  Maximum Relative

Experimental design

The experiment was conducted using a split-plot design,
which included two main plots, five subplots and three
replications. The main plots represent the sowing methods:
machine sowing (M;) and manual sowing (M.). The subplots
represented the intercropping systems: sole cotton (Si),
cotton + groundnut (1:1) (S,), cotton + maize (1:1) (Ss),
cotton + cowpea (1:1) (Ss) and cotton + prosomillet (1:1) (Ss).
A schematic and field representation of the intercropping
system is presented in Fig. 1 and Fig. 2.

The split-plot design allows for the simultaneous
assessment of both factors, such as sowing methods (main
plots) and intercropping systems (sub plots), while
accounting for variability among replicates. The selected
intercrops, groundnut, maize, cowpea and prosomillet,
were chosen for their complementary growth habits,
resource utilization and potential to enhance overall
productivity. These crops vary in root structure, nutrient
requirements and growth cycles, enabling them to
efficiently share resources such as water, nutrients and
sunlight with cotton.

Plant Species and Agronomic Management

Sowing operations for both cotton and intercrops were
conducted in the first week of February. A pneumatic

Month temperature temperature humidity s(l:,':,s:ri;')e R(arin":‘a)“ precision planter was used for machine sowing, while
(C) (%) laborer performed manual sowing at a spacing of 120 x 10
February 22.0 32.9 81 8.9 0.0 c¢m and a depth of 3 cm. The specifications of the pneumatic
precision planter are detailed in Table 3. One row of
March 236 35.6 73 8.8 0.0 intercrop was sown after each row of cotton (1:1) at a
) distance of 60 cm from the cotton row (Fig. 1), with an intra-
April 251 318 I8 %3 0.0 row spacing of 10 cm. For this experiment, cotton (CO 17)
May 216 344 84 5o 175.8 served as the base 'crop, while jche mtgrcrops included
groundnut (CO 7), maize (TNAU Maize Hybrid CO 6), cowpea
June 243 21 82 5.6 27.0 (VBN 3) and prosomillet (ATL 1).
s e 7\
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S4- Cotton + cowpea (1:1)

Fig. 1. Schematic representation of intercropping system

Ss- Cotton + prosomillet (1:1)
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S:- Sole cotton (1:1)

Ss- Cotton + maize (1:1)

Ss- Cotton + prosomiillet (1:1)

Fig. 2. Experimental field of machine sown plots

Table 3. Specifications of the Pneumatic Precision Planter

Particulars Specifications

Model name Multi-crop vacuum planter

Source of power 50 - 75 HP Tractor

Number of rows Four
Seed capacity 34x%x2L
Weight 604 kg
Operating speed 6-8km hrt
Overall width 3250 mm
Row spacing 450 - 850 mm (Adjustable)

Plant spacing 3-47 mm (Adjustable)

The first irrigation was applied immediately after
sowing, followed by a life irrigation at 3 DAS. Subsequent
irrigations were carried out according to soil and plant
conditions at 7 to 10- day intervals using furrow irrigation. A
pre-emergence herbicide, pendimethalin 30% EC @ 1 kg
a.i./ha, was applied on 3 DAS to manage weeds. Hand
weeding was performed at 40 DAS after assessing weed
parameters. The recommended dose of fertilizer (80:40:40
kg/ha NPK) was applied using conventional fertilizers: urea

(46% N), single super phosphate (16% P,05) and muriate of
potash (60% K,0). The entire dose of P, and 50% of N, and
50% of K was applied as a basal dose, while the remaining
50% of N and 50% of K were applied at 40 DAS. TNAU Cotton
Plus was also sprayed at the stages of flowering (2.5 kg/ha)
and boll formation (2.5 kg/ha). For groundnut, gypsum (400
kg/ha) was applied at 40 DAS and ferrous sulfate (0.5%) was
applied at 60 DAS (23).

Necessary plant protection measures were
implemented at appropriate times to control sucking pests,
stem weevils and fall armyworms. The fully opened bolls
were harvested in two pickings from the net plot area, while
the intercrops were harvested before the cotton, with yields
expressed in kg/ha.

Measurements and calculations
Assessment of cotton equivalent yield (CEY)

The overall productivity of the intercropping system was
assessed by considering the yields of both cotton and
intercrops. The results were expressed in terms of CEY,
where the yield of each intercrop was converted to a cotton
yield basis using their market prices (24). The CEY was
calculated using the following formula (Eqn. 1):

Intercrop Yield (kg/ha) x Price of intercrop (Z/kg)

CEY =Yield of cotton +
Price of cotton (3/kg)

Eqn.01
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Assessment of competitive indices

Evaluating competitive indices such as land equivalent
ratio (LER), area time equivalent ratio (ATER), aggressivity,
competition ratio (CR) and relative crowding coefficient
(RCC) is crucial in intercropping systems.

Land equivalent ratio (LER): The LER, introduced by
(25), assesses the effectiveness of intercropping in utilizing
environmental resources compared to monocropping (26).
An LER greater than 1 indicates that intercropping is
beneficial, whereas an LER is less than 1 suggests that
intercropping does not provide any advantage (27). LER is
calculated as follows (Eqn. 2):
Yci Yii
L =
Yc Yi

Eqn.02

LER= LERcotton + LERintercrop

Where Yc and Yi are the sole crop yields of the
component species ¢ and i, respectively and Yci and Yii
represent the intercrop yield.

Area time equivalent ratio (ATER): The ATER provides
a more accurate assessment of the yield advantages of
intercropping over monocropping by accounting for the
time taken by each crop within the intercropping system
(28). ATER is calculated using the following formula (Eqn. 3):

(LERcotton x Tc) + (LERintercrop x Ti)
Eqn.03

ATER=
T

Where T. is the duration of cotton, T; is the duration
of intercrop and T is the total duration of the longer crop.

Aggressivity (A): Aggressivity measures the extent to
which the relative yield of one component crop exceeds
that of another (29). It is calculated using the following
formula (Egn. 4 and 5):

Yci Yii
Acotton = S T Eqn.o4
Yc x Pci Yi x Pii
Yii Yci
Aintercrop = - Eqn.05
Yi x Pii Yc x Pci

Where Pci and Pii are the planting proportions of
cotton and intercrop in the mixture, respectively.

If either Acotton OF Aintercrop IS €qual to zero, both species
are equally competitive. A positive ActonValue signifies that
cotton is the dominant species, while a negative value
indicates that the intercrop is more dominant than cotton.

Competition ratio (CR): The CR, a concept proposed
by (30), measures the competitive abilities of various
species in the mixture. We evaluated the competitive
dynamics between cotton and intercrops such as
groundnut, maize, cowpea and prosomillet using the
following formula, which indicates how often one species
outcompetes another (31). CRis calculated as formula (Egn.
6and7):

LERcotton Pii
X -

CRcotton= ——————
LERintercrop Pci

Eqn.06

LERintercrop Pci
Eqn.07

CRintercrop= ————————— X
LERcotton Pii

Where Pgis the proportion of cotton in the
association and Piis the proportion of intercrop. If the CR
value of cotton exceeds 1, it indicates that cotton is more
competitive than the intercrop. Conversely, a value less
than 1 suggests that the intercrop is more competitive
(28-32).

Relative crowding coefficient (RCC or K): The concept
of the RCC or K in plant competition theory was introduced
by (33). It enables the assessment and comparison of the
competitive strength of one species against another within
a mixture (27). The Kproduet is calculated by multiplying Keotton
and Kintercrop. (EQN. 8-10):

Yci x Pii
Kcotton = Eqn.08
(Yc - Yci) x Pci
Yii x Pci
Kintercrop = Eqn.09
(Yi - Yii) xPci
Kproduct = Kcotton x Kintercrop Eqn.10

Where Keton is the yield of cotton when grown in
combination, and Kintercrop is the yield of the intercrop when
grown in combination. If the value of Keoon is higher than
Kintercrop, it indicates that cotton is more competitive than the
intercrop. Additionally, when the Kprodaut (the product of
Keotton aNnd Kintercrop) €Xceeds 1, it suggests a yield advantage. A
Kproduet €qual to 1 indicates no yield advantage, while a value
less than 1 suggests a yield disadvantage.

Assessment of energy indices

The energy performance of the agricultural system was
evaluated based on the energy equivalents of inputs and
outputs, following the study by (12). The mechanical energy
sources considered included tractors, implements and fuel.
Energy consumption was determined using established
conversion factors (e.g., 1 kg of cotton seed =25 MJ; 1 L of
diesel = 56.31 MJ), as suggested by (34). Various energy
indices were calculated using these energy equivalents,
including net energy, energy use efficiency (energy ratio),
energy productivity, specific energy, energy intensity and
energy profitability (12, 14). The energy indices were
calculated using the following formulas (Eqn. 11-16):

Net energy = Energy output (MJ/ha) - Energy input (MJ/ha) Eqn.11
Energy output (MJ/ha)
Energy use efficiency = Eqn.12
Energy input (MJ/ha)
Output (grain + byproduct) (kg/ha)
Energy productivity =
Energy input (MJ/ha) Eqn.13
Energy input (MJ/ha)
Specific energy = Eqn.14

Yield (MJ/ha)

Plant Science Today, ISSN 2348-1900 (online)
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Energy output (MJ/ha)

Energy intensity = Eqn.15

Cost of cultivation (Z/ha)

Net energy (MJ/ha)

Energy Profitability = Eqn.16

Energy input(MJ/ha)

Assessment of economic efficiency

The net income for cotton and intercrops was estimated
using the average yields obtained from each treatment. The
net income was determined using the average market
prices in Tamil Nadu's local markets (Source by Uzhavan
app).

Benefit-cost ratio (BCR): The BCR is a key economic
indicator used to evaluate the efficiency and profitability of
an investment. A BCR greater than 1 indicates that the
benefits of an investment exceed the costs, making it a
profitable venture. Conversely, a BCR of less than 1 suggests
that the investment is not profitable (35). The BCR was
calculated using the following (Eqn. 17):

Gross return (3/ha)

Benefit - cost ratio = Eqn.17

Cost of cultivation (Z/ha)

Per-day return: In economics, per-day return refers to the
income or profit earned daily from an investment in
agricultural operations. It serves as a measure of efficiency,
indicating the amount of income generated each day, thus
providing a clear picture of the short-term profitability of an
activity. The per-day was calculated using the following
formula (Egn. 18):

Net return (Z/ha)

Per - day return = Eqn.18

Cropping period (%/ha)

Statistical analysis

The statistical analysis was conducted following the
procedures outlined by Gomez and Gomez (36) for split-plot
design. The analysis was performed using R Studio (version
4.4.1), employing critical difference values at a 5% level of

3500

woow
5 3
S S
=] (=]
—
—
—
—n

2000 T

1500

1000

Cotton equivalent yield (kg/ha)
2
3

M: M S1 Sz Ss Ss Ss
Intercropping systems

Fig. 3. Effect of sowing methods and intercropping systems on cotton
equivalent yield (kg/ha)

significance to determine the best treatment among various
options. Conclusions were drawn based on the statistical
significance of the results.

Results
Effect on cotton equivalent yield

The different sowing methods did not have a significant
effect on the CEY (Fig. 3). However, the various
intercropping systems did significantly influence the CEY (P
< 0.05). Among the intercropping systems, cotton + maize
yielded the highest CEY at 2,977 kg/ha, followed by cotton +
groundnut at 2,683 kg/ha. The lowest CEY was recorded for
cotton + prosomillet at 1,800 kg/ha. The cotton + maize
intercropping system significantly outperformed the other
treatments, demonstrating its superior effectiveness in
enhancing productivity. Additionally, there was no
significant interaction effect between the sowing methods
and intercropping systems, indicating that the impact of
sowing methods was consistent across all intercropping
systems.

Effect on competitive indices

The data were not subjected to statistical analysis because
sole cotton was included as one of the treatments.
However, the various intercropping systems influenced
competitive indices such as the LER, ATER, A, CR and K in
the intercropping systems (Table 4).

Table 4. Competitive indices of cotton-based intercropping systems under different sowing methods

Treatments Aggressivity Competition ratio Relative crowding coefficient
LER ATER
cotton Aintercrop CRcotton CRintercrop Keotton Kintercrop Product of K
Sowing
methods
M 1.23 1.08 0.36 -0.36 1.76 0.78 2.85 1.74 3.60
M2 1.21 1.06 0.37 -0.37 1.57 0.80 3.41 1.43 3.60
Intercropping
Systems
S1 - - - - - - - - -
Sz 1.32 1.21 0.79 -0.79 1.85 0.54 6.27 0.87 5.51
Ss 1.32 1.15 -0.51 0.51 0.67 1.48 1.16 3.73 4.45
Sa 1.30 1.09 0.29 -0.29 1.27 0.80 2.78 1.40 3.69
Ss 0.94 0.83 0.89 -0.89 2.86 0.36 2.31 0.33 0.75

Values are means of three replicates. M1: Machine sowing; M2: Manual sowing; S1: Sole cotton; S;: Cotton + groundnut (1:1); Ss: Cotton + maize (1:1); Sa: Cotton +
cowpea (1:1); Ss: Cotton + prosomillet (1:1). LER: land equivalent ratio, ATER: area time equivalent ratio. A: Aggressivity, CR: Competition ratio, K: Relative

crowding coefficient
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In LER, both the cotton + groundnut and cotton +
maize intercropping systems recorded an LER of 1.32,
indicating a 32% yield advantage over sole cotton cultivation
and demonstrating more efficient land use in these
intercropping systems. In contrast, the cotton + prosomillet
system had a LER of less than one (0.94), suggesting less
efficient land use. The highest ATER values were observed in
the cotton + groundnut (1.21) and cotton + maize (1.15)
systems, while the cotton + prosomillet system recorded the
lowest value at 0.83.

The aggressivity values of cotton were positive (Acotton >
0) against certain intercrops, including groundnut (0.79),
cowpea (0.29) and prosomillet (0.89). However, the
aggressivity value of cotton when associated with maize was
negative (Amaize > 0) at -0.51, indicating that maize was more
dominant over cotton. This dominance is attributed to the
shading effect of maize, which reduces light interception for
cotton and leads to suppressed growth and development.

The competition ratio for cotton was greater than one
(CReotton > 1) in all intercropping systems except for cotton +
maize. This high CR value indicates that cotton exhibited
superior competitive ability compared to the intercrops. The
competition ratios for cotton intercropped with groundnut,
cowpea and prosomillet were 1.85, 127 and 2.86,
respectively. This implies that cotton dominated these
intercrops, with lower CR values of 0.54 for groundnut, 0.80
for cowpea and 0.36 for prosomillet. However, the CRcton Was
less than one (0.67) when intercropped with maize (1.48),
indicating that cotton was a poor competitor in
the association.

The trend observed for K was similar to that of A and
CR, confirming that cotton was the most competitive among
the tested intercrops, except when intercropped with maize.
The product of coefficients was high (K > 1) in all
intercropping systems except for cotton + prosomillet (0.75),
indicating a yield disadvantage in this system. Among the
intercropping systems, cotton + groundnut recorded the
highest K value at 5.51. High K values in the cotton +
groundnut intercropping system indicate yield advantages
driven by several agronomic factors. Resource
complementarity is a crucial factor, as cotton's deep root
system accesses nutrients from lower soil layers while
groundnut's shallow roots capture nutrients closer to the
surface. Additionally, groundnut fixes atmospheric nitrogen,
enhancing soil fertility for both crops. Their different growth
habits also facilitate efficient light capture, minimizing
shading effects.

Effect on energy indices

Energy analysis concluded that both sowing methods and
intercropping  systems  positively impacted energy
parameters, including input, output and net energy (Table 5).

The energy inputs for mechanical operations were
calculated based on the energy equivalents of the tractor
(62.7 MJ/unit) and fuel (56.31 MJ/unit), considering the
operational time spent during sowing. For example, the
energy associated with the tractor was determined by
evaluating its weight, lifespan (in hours), energy equivalents
and the amount of fuel consumed based on the time required

for the sowing operation (in hours), as suggested by (34).

Manual sowing was found to have higher energy input,
energy output and net energy compared to machine sowing.
Manual sowing consumed more energy input (10,939 MJ/ha)
than machine sowing (10,769 MJ/ha). The energy output was
also greater for manual sowing, measuring 173,053 MJ/ha,
compared to 171,296 MJ/ha for machine sowing. A similar
trend was observed for net energy, calculated as the
difference between output and input energy. Manual sowing
reported a higher net energy of 162,114 MJ/ha, while machine
sowing noted 160,527 MJ/ha.

Regarding intercropping systems, the highest energy
input was recorded for the cotton + groundnut system
(11,486 MJ/ha), followed by cotton + maize (10,993 MJ/ha).
The lowest energy input was observed in sole cotton, which
required 10,323 MJ/ha. Regarding energy output, the cotton +
maize system has the highest energy, averaging 325,298 MJ/
ha, followed by cotton + groundnut (151,902 MJ/ha).
Conversely, the cotton + prosomillet system had the lowest
energy output, averaging 109,135 MJ/ha. This trend
continued with net energy, where the cotton + maize system
exhibited the highest net energy at 314,305 MJ/ha, followed
by cotton + groundnut at 140,416 MJ/ha. In contrast, cotton +
prosomillet had the lowest net energy, recorded at 98,478
MJ/ha. The superior performance of the cotton + maize
system in terms of energy can be attributed to its higher grain
and stalk yield (biomass) compared to the other treatments.

Energy indices, including energy consumption
efficiency, productivity, specific energy, intensity and
profitability, showed no significant variations across sowing
methods. Significant disparities were observed among the
intercropping systems (Table 5).

The energy use efficiency for machine and manual
sowing methods was reported as 15.8 and 15.7, respectively,
indicating similar performance in energy utilization.

Among the evaluated intercropping systems, the
cotton + maize combination demonstrated superior
performance with a mean energy use efficiency of 29.6,
significantly higher than the other systems. In contrast, the
cotton + prosomillet intercropping system exhibited the
lowest energy use efficiency, with a mean value 10.2.

Regarding energy productivity, which measures yield
produced per unit of energy consumed, the cotton + maize
intercropping system again excelled, recording energy
productivity of 1.79 kg/MJ. This was followed by the cotton
+ cowpea system, with an energy productivity of 0.70 kg/MJ.
The cotton + prosomillet system observed the lowest energy
productivity, with a mean value of 0.55 kg/MJ.

Specific energy, defined as the amount of energy
required to produce one kilogram of yield, varied among the
intercropping systems. The cotton + prosomillet system
registered the highest specific energy at 5.92 MJ/kg,
indicating that 5.92 MJ/kg energy was required to produce
one kilogram yield. In contrast, the cotton + maize system
recorded the lowest specific energy at 1.80 MJ/kg,
suggesting that less energy was needed to produce one
kilogram yield.
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Table 5. Energy indices of cotton-based intercropping systems under different sowing methods
Input energy Output energy Netenergy Energy use Energ.y. Specific : Energy Energy
Treatments (MJ/ha) (MJ/ha) (MJ/ha) efficiency P"(’Ifg“/‘h:'j’)'ty s MMz)  profitability
Sowing methods
M 10,769 171,296 160,527 15.8 0.87 4.30 1.98 14.8
M. 10,939 173,053 162,114 15.7 0.86 4.21 1.61 14.7
Intercropping
Systems
Si 10,323 130,535 120,212 12.6 0.62 4.46 1.54 11.6
S: 11,486 151,902 140,416 13.2 0.65 4.20 1.48 12.2
S3 10,993 325,298 314,305 29.6 1.79 1.80 3.35 28.6
S4 10,810 144,002 133,192 13.3 0.70 4.89 1.48 12.3
Ss 10,657 109,135 98,478 10.2 0.55 5.92 1.12 9.24

Values are means of three replicates. Mi: Machine sowing; M,: Manual sowing; Si: Sole cotton; Sy: Cotton + groundnut (1:1); Ss: Cotton + maize (1:1); Sa: Cotton +

cowpea (1:1); Ss: Cotton + prosomillet (1:1).

The mean energy intensity was lower for manual
sowing (1.61 MJ/R) than machine sowing (1.98 MJ/R).
Among the intercropping systems, the cotton + maize
combination had the highest energy intensity at 3.35 MJ/%,
reflecting a higher energy output produced per unit of cost.
Conversely, the cotton + prosomillet system exhibited the
lowest energy intensity, with a value of 1.12 MJ/X. A similar
trend was observed in energy profitability, which measures
the economic return per unit of energy used. The cotton +
maize intercropping system demonstrated superior
performance with a mean energy profitability of 28.6,
significantly higher than the other systems. In contrast, the
cotton + prosomillet system had the lowest energy
profitability, with a mean value 9.24.

Effect on economic efficiency

The economic efficiency of different sowing methods and
intercropping systems showed positive variations among
treatments (Table 6). Manual sowing incurred a higher
cultivation cost of X 107,230/ha, which is 19.6% more than
machine sowing, which costs X 86,212/ha. Among the
intercropping systems, cotton + groundnut had the highest
cultivation cost at ¥ 103,029/ha, while sole cotton had the
lowest at X 84,866/ha. Manual sowing generated a slightly
higher gross return of % 168,780/ha compared to X 165,855/
ha from machine sowing. This difference is attributed to the
optimal plant population of prosomillet in manually sown
plots, as prosomillet seeds are not well-suited for the
planters used in machine sowing and require more time to

germinate. An optimal plant population significantly
contributes to increased yield and the lower yield of
prosomillet in machine-sown plots accounts for the slightly
higher gross return record observed in manual sowing. The
highest gross return was recorded in the Cotton + maize
intercropping system at X 208,442/ha, while cotton +
prosomillet yielded ¥ 126,012/ha.

Machine sowing yielded the highest net returns of ¥
79,644 per hectare, surpassing human sowing's X 61,550 per
hectare, resulting in a 22.7% increase in income with
machine sowing. Among the intercropping systems, cotton
+ maize achieved the highest net return at X 109,715/ha,
followed by cotton + groundnut at X 84,795/ha. Conversely,
the cotton + prosomillet system vyielded the lowest net
return of ¥ 27,186/ha. The BCR, which indicates the return
per unit of cost, also varied significantly across treatments.
The machine sowing method recorded a BCR of 1.92,
compared to 1.58 for manual sowing. Within the
intercropping systems, cotton + maize achieved the highest
BCR at 2.15, while cotton + prosomillet had the lowest BCR,
averaging 1.29. The experiment highlighted the economic
advantage of the cotton + maize intercropping system
under both sowing methods, while the cotton + prosomillet
system incurred economic losses compared to sole cotton.
For per-day returns, machine sowing demonstrated a 22.6%
increase over manual sowing, and the cotton + maize
intercropping system provided a 29.6% higher return than
sole cotton.

Table 6. Economic efficiency of cotton-based intercropping systems under different sowing methods

Cost of cultivation Gross return

Treatments

Per-day return

Net return (¥/ha) Benefit-cost ratio

(¥/ha) (%/ha) (¥/ha/day)
Sowing methods
M1 86,212 165,855 79,644 1.92 569
M2 107,230 168,780 61,550 1.58 440
Intercropping
Systems
S 84,866 162,102 77,236 191 551
Sz 103,029 187,824 84,795 1.84 605
S3 98,727 208,442 109,715 2.15 783
Sa 98,155 152,209 54,053 1.56 386
Ss 98,825 126,012 27,186 1.29 194

Values are means of three replicates. Mi: Machine sowing; M,: Manual sowing; Si: Sole cotton; S: Cotton + groundnut (1:1); Ss: Cotton + maize (1:1); S4: Cotton +

cowpea (1:1); Ss: Cotton + prosomillet (1:1).
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Discussion

This study examines the impact of different sowing methods
(machine versus manual) and intercropping systems on
yield, competitive indices, energy indices and economic
efficiency by comparing intercropped plots with sole
cropping plots. These findings are valuable for cotton-
producing countries like India and China, which seek
validated technological recommendations to strengthen
their agricultural economies.

Cotton equivalent yield

A slightly higher CEY (1.74%) was observed in the manual
sowing plot compared to machine sowing, mainly due to a
reduction in the plant population of prosomillet, which led
to decreased yield. This reduction occurred because the
small seed size of the prosomillet was incompatible with the
planter used for machine sowing. In machine sowing,
smaller seeds often take longer to germinate due to factors
such as deeper planting depth and uneven soil coverage.
These issues are more commonly encountered in machine
sowing than in manual sowing. Smaller seeds are especially
susceptible, necessitating accurate planting depth and
optimal seed-to-soil contact for effective germination in
intercropping systems (37). The combinations of cotton
with maize and cotton with groundnut exhibited
considerably elevated CEY compared to solitary cotton, with
increases of 22.2% and 13.7%, respectively. This increase is
attributed to the additional yield from intercrops and
favorable market price, resulting in better performance than
the sole cropping system (24). The cotton + groundnut
intercropping also enhances productivity through
complementary effects, such as improved soil nutrient
accumulation and microbial dynamics, achieved through
nitrogen fixation (38).

Competitive indices

In intercropping systems, assessing competitive indices per
unit area is crucial for identifying the most advantageous
system. Nonetheless, comparing competitive indices such
as LER, ATER, A, CR and K across crops with varying
production capacity on identical land can pose difficulties.

LER and ATER were used to evaluate the efficiency of
intercropping systems in utilizing environmental resources
compared to sole cropping. LER values exceeding one in all
intercropping systems, except for cotton + prosomillet,
suggest a yield advantage over sole cropping (39). The
higher LER values in the cotton + groundnut (32%), cotton +
maize (32%), and cotton + cowpea (30%) systems are due to
the efficient use of wider inter-row space and strong
complementary interactions between component crops,
leading to more effective resource utilization (18). In
contrast, the lower LER value in the cotton + prosomillet
system (0.94) is attributed to reduced yields in both cotton
and prosomillet. Recent findings indicate that high-input
amendments can reduce LER in intercropping systems,
likely due to diminishing returns on resource use efficiency
(40).

LER values were generally higher than ATER values,
suggesting that LER may overestimate resource utilization
(41). LER tends to overstate the benefits of intercropping

when component crops have varying growth periods (28).
When intercrops have different land coverage durations,
ATER provides more accurate estimates than LER. According
to the study, LER demonstrated an advantage ranging from
1% to 32%, while ATER showed an advantage of 1% to 21%.
Thus, intercropping systems with well-chosen crop
combinations, such as cotton with groundnut, maize and
cowpea, maximize land use efficiency and yield, supporting
their adoption in cotton farming.

The competitive efficiency of component crops in
intercropping systems can be assessed using indices such as
A, CR and K. Aggressivity (A) is a critical competitive index
that evaluates a crop’s competitive strength when grown
alongside another crop (39). In this study, cotton's
aggressivity values were positive (Acoton> 0) against all
intercrops except maize, indicating that maize was more
dominant. This dominance may result from competition for
nutrients and water during the early growth stages and the
varying growth durations of the crops, which affected
cotton yield. Similar patterns were reported by (29,42).

The competition ratio provides a more accurate
measure of the competitive abilities between the main crop
and intercrops. In all intercropping systems, except cotton +
maize, cotton’s competition ratio (CRcotton > 1) exceeded one,
demonstrating higher competitiveness. Specifically, cotton
was 70% more competitive than groundnut, 37% more
competitive than cowpea and 87% more competitive than
prosomillet. However, maize was 55% more competitive
than cotton, indicating that cotton was a weaker competitor
when intercropped with maize.

The trend for the K was similar with A and CR. The K
index also confirmed cotton’s higher competitiveness
among the intercrops, except when intercropped with
maize. Maize, growing taller than cotton, creates shading
that reduces light interception for cotton, limiting solar
energy availability and decreasing yield (39, 43). Conversely,
in the cotton and groundnut intercropping system, cotton's
superior height, greater leaf area and wide ground cover
generally confer a competitive advantage, while groundnut
remains comparatively shorter over the growth period
(38, 44).

Energy indices

The energy analysis revealed distinct input and output levels
within cotton-based intercropping systems under different
sowing methods. Energy input across the sowing methods
was nearly similar, with manual sowing requiring 1.55%,
1.00% and 0.98% more energy input, output and net energy,
respectively, than machine sowing. This variation is due to
the higher labor demand in manual sowing,
counterbalanced by the diesel consumption associated with
the tractor and sowing implement (45).

In terms of intercropping systems, the cotton +
groundnut combination required 10.1% more energy input
than sole cotton due to the additional cultivation
requirements for groundnut, such as fertilizers (gypsum,
ferrous sulfate), pesticides, harvesting and shelling (46, 47).
The cotton + maize system demonstrated the highest output
energy (59.8%), followed by cotton + groundnut (14.1%). This
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trend extended to net energy, with cotton + maize showing
61.7% higher net energy and cotton + groundnut showing
14.4% higher net energy compared to sole cotton,
highlighting a higher energy return per unit of input (48).

Energy indices from machine sowing showed slightly
greater efficiency than manual sowing, mainly due to the
increased labor energy required for manual sowing. Cotton
cultivation demands more labor and time in manual sowing,
whereas mechanized sowing reduces labor intensity and
operational time, ultimately decreasing energy consumption
(5). Among the intercropping systems, the cotton + maize
combination resulted in a 57.4% increase in energy use
efficiency, a 63.5% increase in energy productivity, a 59.6%
increase in specific energy, a 54.0% increase in energy
intensity and a 59.3% increase in energy profitability
compared to sole cropping. These gains are attributed to the
substantial increase in energy output from maize grain and
stover yield. Conversely, the cotton + prosomillet system
exhibited lower energy efficiency due to reduced yields (15).

The results demonstrate that, among the assessed
systems, the cotton and maize intercropping combination
exhibits the highest efficiency regarding net energy, energy
usage efficiency, energy productivity, energy intensity and
energy profitability, whereas the cotton and prosomillet
combination is the least efficient.

Economic efficiency

Analyzing the competitive indices reveals that these
measures reflect the biological performance of intercropping
systems and provide essential insights into their economic
efficiency. Understanding how competitive dynamics impact
resource utilization enabled a better assessment of the
financial benefits of different cropping strategies. Therefore,
evaluating the economic efficiency of various intercropping
systems offers insights into how competitive advantages
translate into profitability for farmers.

The economic analysis identifies economically viable
treatments among the different sowing methods and
intercropping systems. Machine sowing demonstrates
greater profitability than manual sowing, reducing
cultivation costs by 19.6% and increasing net returns by
22.7%. This is particularly beneficial in cotton cultivation,
which demands significant labor for sowing (5). Machine
sowing increases efficiency and cost-effectiveness, especially
in labor shortage contexts, by reducing expenses and
enhancing operation speed, seed rate accuracy and
precision in sowing depth and spacing (6, 49).

Among the intercropping systems, cotton + maize and
cotton + groundnut generated 29.6% and 8.91% higher net
returns than sole cotton cultivation. This increase in
economic returns may be attributed to higher yields from
intercropping and favorable market prices (24, 31). In
contrast, the cotton + prosomillet system yielded lower net
returns than sole cotton, likely due to its higher production
costs and reduced income. Additionally, the cotton +
groundnut system incurred a 17.6% higher cultivation cost
than sole cotton, possibly due to the greater input
requirements for groundnut cultivation (50).

10

The economic analysis underscores the importance of
maximizing farm potential through diverse approaches.
Integrating diversified production strategies in cotton
farming is a viable option for small-scale producers to
mitigate the price fluctuations of primary crops or the
impacts of weather changes and disease outbreaks that
reduce crop yield. Diversification is both a risk management
tool and a means to enhance socioecological resilience.
These findings highlight the potential benefits of this
intercropping system, providing valuable guidance for
farmers seeking increased economic returns.

Conclusion

This study highlights the clear advantages of machine sowing
over manual sowing, emphasizing its potential to enhance
agricultural efficiency. However, integrating intercropping
into mechanized practices presents challenges like
machinery compatibility and seed selection. The results
indicate that the cotton + maize intercropping system notably
boosts overall productivity, followed by the cotton +
groundnut system. In contrast, the cotton + prosomillet
system faces difficulties due to its incompatibility with the
machinery used for sowing. To overcome these obstacles,
future efforts should optimize machine sowing techniques for
intercropping and adapt equipment to handle various seed
types. Such advancements could substantially improve
productivity and profitability for smallholder farmers. Further
research should also investigate innovative machinery
designs with adjustable disc types, sowing depths and
enhanced intercropping strategies to increase yield and
sustainability across diverse agricultural systems.

Acknowledgements

The authors of this manuscript are thankful to Tamil Nadu
Agricultural University for providing research facilities.

Authors' contributions

All the authors have contributed equally to data collection,
analysis, writing the original manuscript, drafting, editing
and reviewing.

Compliance with ethical standards

Conflict of interest: The authors have no conflicts of
interest to declare relevant to this article's content.

Ethical issues: None

Declaration of generative Al and Al-assisted

technologies in the writing process

In the composition of this manuscript, the writers utilized
ChatGPT for grammatical correction and linguistic editing.
Upon utilizing this tool/service, the authors assessed and
refined the content as necessary and take all responsibility
for the publication's content.

https://plantsciencetoday.online


https://plantsciencetoday.online

References

1.

10.

11.

12.

13.

14.

15.

16.

Manibharathi S, Somasundaram S, Parasuraman P,
Subramanian A, et al. Exploring the impact of high density
planting system and deficit irrigation in cotton (Gossypium
hirsutum L.): a comprehensive review. J Cotton Res. 2024;7
(1):28. https://doi.org/10.1186/s42397-024-00190-1.

Jayakumar M, Surendran U, Manickasundaram P. Drip
fertigation program on growth, crop productivity, water and
fertilizer-use efficiency of BT cotton in semi-arid tropical region
of India. Commun Soil Sci Plant Anal. 2015;46(3):293-304.
https://doi.org/10.1080/00103624.2014.969403.

Meyer LA. Cotton and wool outlook: December 2021. US
Department of Agriculture, Economic Research Service.
Available from: https://www.ers.usda.gov/webdocs/
outlooks/102828/cws-21k. pdf. 2021;5542

Anonymous, ICAR-AICRP (cotton) annual report (2023-24). CICR
Annual Report - Central Institute for Cotton Research (icar-
cicr.org.in). 2024. Available from: https://icar-cicr.org.in/cicr-
annual-report/. Accessed 10 August 2024.

Vaiyapuri K. Studies on intercropping unconventional green
manures in irrigated hybrid cotton (Thesis). Tamil Nadu
Agricultural University Coimbatore. 2004. http://
krishikosh.egranth.ac.in/handle/1/5810022483

Pandey A, Vadher AL, Kathiria RK, Gaikwad SA, Choudhary J.
Comparative analysis of traditional method and mechanical
method of cotton sowing. Pantnagar J Res. 2022;20(3):500-06.
https://doi.org/10.13140/RG.2.2.29089.68969.

Mhasaye VA, Patil CV. Design and development of manually
operated cotton seed planter. J Emerg Technol Innov Res.
2019;6(4):199-206.

Rajput S, Shinde S, Chaudhari H, Somvanshi M, Koli TA.
Automatic cotton seed sowing machine. Int J Innov Eng Sci.
2021;6(10):112-15. https://doi.org/10.46335/1J1ES.2021.6.10.23.

Zhang W, Liu Q, Zeng Q, Cai, et al. Effects of Different Row
Spacings on Boll Characteristics and Fiber Quality of Machine
Picked Cotton [J]. Crops. 2021;37(2):147-152. https://
doi.org/10.16035/j.issn.1001-7283.2021.02.021.

Escobar JC, Lora ES, Venturini OJ, Yafiez EE, Castillo EF,
Almazan O. Biofuels: environment, technology and food
security. Renew Sustain Energy Rev. 2009;13(6-7):1275-87.
https://doi.org/10.1016/j.rser.2008.08.014.

Budzynski WS, Jankowski KJ, Jarocki M. An analysis of the
energy efficiency of winter rapeseed biomass under different
farming technologies. A case study of a large-scale farm in
Poland. Energy. 2015;90:1272-79. https://doi.org/10.1016/
j.energy.2015.06.087.

Mohammadi A, Tabatabaeefar A, Shahin S, Rafiee S, Keyhani A.
Energy use and economical analysis of potato production in
Iran a case study: Ardabil province. Energy Conv Manag. 2008;49
(12):3566-70. https://doi.org/10.1016/j.enconman.2008.07.003.

Moreno MM, Lacasta C, Meco R, Moreno C. Rainfed crop energy
balance of different farming systems and crop rotations in a
semi-arid environment: Results of a long-term trial. Soil Till Res.
2011;114(1):18-27. https://doi.org/10.1016/j.still.2011.03.006.

Hamzei J, Seyyedi M. Energy use and input-output costs for
sunflower production in sole and intercropping with soybean
under different tillage systems. Soil Till Res. 2016;157:73-82.
https://doi.org/10.1016/j.still.2015.11.008.

Karthika M, Rekha KB, Sudhakar KS, Rajaiah P, et al. The planter
performance under varied seed rate and nutrient management
in chickpea (Cicer arietinum). Indian J Agric Sci. 2023;93
(12):1350-55. https://doi.org/10.56093/ijas.v93i12.132074.

Thirukumaran K, Nagarajan K, Vadivel N, Saitheja V, et al.
Enhancing cotton production and sustainability through multi-

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

11

tier cropping systems: growth, efficiency and profitability
analysis. Agronomy. 2024;14(5):1049. https://doi.org/10.3390/
agronomy14051049.

Stomph T, Dordas C, Baranger A, de Rijk J, Dong B, Evers J, et al.
Designing intercrops for high yield, yield stability and efficient
use of resources: Are there principles?. Adv Agron. 2020;160(1):1
-50. https://doi.org/10.1016/bs.agron.2019.10.002.

Sankaranarayanan K, Nalayini P, Praharaj CS. Multi-tier
cropping system to enhance resource utilization, profitablity
and sustainablity of Bt cotton (Gossypium hirsutum) production
system. Indian J Agric Sci. 2012;82(12):1044-50. https://
doi.org/10.56093/ijas.v82i12.26252.

Singh A, Singh T. Effect of preceding intercrops in BT Cotton on
the productivity of succeeding wheat crop and total system
productivity. Agric Res J. 2016;53(3):350-54. https://
doi.org/10.5958/2395-146X.2016.00067.3.

Hatcher PE, Melander B. Combining physical, cultural and
biological methods: prospects for integrated non-chemical
weed management strategies. Weed Res. 2003;43(5):303-
22. https://doi.org/10.1046/j.1365-3180.2003.00352.x.

Snider J, Harris G, Roberts P, Meeks C, Chastain D, et al. Cotton
physiological and agronomic response to nitrogen application
rate. Field Crops Res. 2021;270. https://doi.org/10.1016/
j.fcr.2021.108194.

Gao F, Wang L, Xie Y, Sun J, Ning H, Han Q, et al. Optimizing
canopy structure through equal row spacing and appropriate
irrigation enhances machine-harvested seed cotton yield and
quality. Ind Crops Prod. 2024;216. https://doi.org/10.1016/
j.indcrop.2024.118799.

Anonymous. TNAU- Agritech Portal. 2024. Available from:
https://agritech.tnau.ac.in/ . Accessed 15 August 2024.

Veeraputhiran R, Sankaranarayanan K. Weed-smothering
efficiency and cotton equivalent productivity of Bt cotton based
intercropping systems. Indian J Weed Sci. 2021;53(4):436-39.
https://doi.org/10.5958/0974-8164.2021.00081.2

Willey RW, Osiru DS. Studies on mixtures of maize and beans
(Phaseolus vulgaris) with particular reference to plant
population. J Agric Sci. 1972;79(3):517-29.  https://
doi.org/10.1017/50021859600025909.

Mead R, Willey R. The concept of a ‘land equivalent ratio’ and
advantages in yields from intercropping. Exp Agric. 1980;16
(3):217-28. https://doi.org/10.1017/S0014479700010978.

Zhang G, Yang Z, Dong S. Interspecific competitiveness affects
the total biomass yield in an alfalfa and corn intercropping
system. Field crops Res. 2011;124(1):66-73. https://
doi.org/10.1016/j.fcr.2011.06.006.

Hiebsch CK, McCollum RE. Area x time equivalency ratio-a
method for evaluating the productivity of intercrops-reply.
Agron J. 1987;79(5):945-46. https://doi.org/10.2134/
agronj1987.00021962007900050039x

McGilchrist CA. Analysis of competition experiments. Biom.
1965;975-85. https://doi.org/10.2307/2528258.

Willey RW, Rao MR. A competitive ratio for quantifying
competition between intercrops. Exp Agric. 1980;16(2):117-25.
https://doi.org/10.1017/50014479700010802.

Maitra S, Hossain A, Brestic M, Skalicky M, Ondrisik P, Gitari H, et
al. Intercropping-A low input agricultural strategy for food and
environmental security. Agronomy. 2021;11(2):343. https://
doi.org/10.3390/agronomy11020343.

Martinez E, Marcillo-Paguay CA, Revelo-Gomez EG, Cuervo M,
Igua-Urbano EP. Effect of flowering strips in associated broccoli

and lettuce crops on increasing land use efficiency.
Sustainability. 2024;16(11):4436. https://doi.org/10.3390/
sul6114436.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1186/s42397-024-00190-1
https://doi.org/10.1080/00103624.2014.969403
https://www.ers.usda.gov/webdocs/outlooks/102828/cws-21k.pdf.
https://www.ers.usda.gov/webdocs/outlooks/102828/cws-21k.pdf.
https://icar-cicr.org.in/cicr-annual-report/
https://icar-cicr.org.in/cicr-annual-report/
https://icar-cicr.org.in/cicr-annual-report/
https://doi.org/10.13140/RG.2.2.29089.68969
https://doi.org/10.46335/IJIES.2021.6.10.23
https://doi.org/10.16035/j.issn.1001-7283.2021.02.021
https://doi.org/10.16035/j.issn.1001-7283.2021.02.021
https://doi.org/10.1016/j.rser.2008.08.014
https://doi.org/10.1016/j.energy.2015.06.087
https://doi.org/10.1016/j.energy.2015.06.087
https://doi.org/10.1016/j.enconman.2008.07.003
https://doi.org/10.1016/j.still.2011.03.006
https://doi.org/10.1016/j.still.2015.11.008
https://doi.org/10.56093/ijas.v93i12.132074
https://doi.org/10.3390/agronomy14051049
https://doi.org/10.3390/agronomy14051049
https://doi.org/10.1016/bs.agron.2019.10.002
https://doi.org/10.56093/ijas.v82i12.26252
https://doi.org/10.56093/ijas.v82i12.26252
https://doi.org/10.5958/2395-146X.2016.00067.31017/S0021859600025909
https://doi.org/10.5958/2395-146X.2016.00067.31017/S0021859600025909
https://doi.org/10.1046/j.1365-3180.2003.00352.x
https://doi.org/10.1016/j.fcr.2021.108194
https://doi.org/10.1016/j.fcr.2021.108194
https://doi.org/10.1016/j.indcrop.2024.118799
https://doi.org/10.1016/j.indcrop.2024.118799
https://agritech.tnau.ac.in/
https://doi.org/10.5958/0974-8164.2021.00081.2
https://doi.org/10.1017/S0021859600025909
https://doi.org/10.1017/S0021859600025909
https://doi.org/10.1017/S0014479700010978
https://doi.org/10.1016/j.fcr.2011.06.006
https://doi.org/10.1016/j.fcr.2011.06.006
https://doi.org/10.2134/agronj1987.00021962007900050039x
https://doi.org/10.2134/agronj1987.00021962007900050039x
https://doi.org/10.2307/2528258
https://doi.org/10.1017/S0014479700010802
https://doi.org/10.3390/agronomy11020343
https://doi.org/10.3390/agronomy11020343
https://doi.org/10.3390/su16114436
https://doi.org/10.3390/su16114436

SARANYA ETAL

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

De Wit CT, Ennik GC, van den Bergh JP, Sonneveld A.
Competition and non-persistency as factors affecting the
composition of mixed crops and swards. n: Proceedings 8th
International Grassland Congress; 1960:736-741.

Mittal JP, Dhawan KC. Energy parameters for raising crops
under various irrigation treatments in Indian agriculture. Agric
Ecosyst Environ. 1989;25(1):11-25. https://doi.org/10.1016/0167-
8809(89)90060-1.

Jat RS, Singh D, Jat ML, Singh VWV, Singh HV, et al. Agronomic
evaluation of mustard planter for enhancing production
efficiency of Indian mustard (Brassica juncea). Indian J Agric Sci.
2021;91(8):1210-14. https://doi.org/10.56093/ijas.v91i8.115878.

Gomez KA, Gomez AA. Statistical procedures for agricultural
research [Internet]. John Wiley and Sons; 1984 [cited 2024 May
26].

Jin X, Li Q, Zhao K, Zhao B, He Z, Qiu Z. Development and test of
an electric precision seeder for small-size vegetable seeds. Int J
Agric Biol Eng. 2019;12(2):75-81.

Xie W, Zhang K, Wang X, Zou X, Zhang X, Yu X, et al. Peanut and
cotton intercropping increases productivity and economic
returns through regulating plant nutrient accumulation and soil
microbial communities. BMC Plant Biol. 2022;22(1):121. https://
doi.org/10.1186/s12870-022-03506-y.

Chaudhari DT, Vekariya PD, Vora VD, Talpada MM, Sutaria GS.
Enhancing productivity of groundnut based intercropping
systems under rainfed conditions of Gujarat. Legume Res.
2017;40(3):520-25. https://doi.org/10.18805/lr.v0i0.7849.

Zhu SG, Zhu H, Zhou R, Zhang W, Wang W, et al. Intercrop
overyielding weakened by high inputs: Global meta-analysis
with experimental validation. Agric Ecosyst Environ. 2023;342.
https://doi.org/10.1016/j.agee.2022.108239.

Doubi BT, Kouassi Kl, Kouakou KL, et al. Existing competitive indices
in the intercropping system of Manihot esculenta Crantz and
Lagenaria siceraria (Molina) Standley. J Plant Interact. 2016;11
(1):178-85. https://doi.org/10.1080/17429145.2016.1266042.

Rajpoot SK, Rana DS, Choudhary AK. Bt-cotton-vegetable-
based intercropping systems as influenced by crop

43.

44,

45.

46.

47.

48.

49.

50.

12

establishment method and planting geometry of Bt-cotton in
Indo-Gangetic plains region. Curr Sci. 2018;115(3):516-22.

Brennan EB. Agronomy of strip intercropping broccoli with
alyssum for biological control of aphids. Biol Control. 2016;97:109
-19. https://doi.org/10.1016/j.biocontrol.2016.02.015.

Chi B, Zhang Y, Zhang D, Zhang X, Dai J, Dong H. Wide-strip
intercropping of cotton and peanut combined with strip rotation
increases crop productivity and economic returns. Field Crops
Res. 2019;243. https://doi.org/10.1016/].fcr.2019.107617.

Yilmaz I, Akcaoz H, Ozkan B. An analysis of energy use and input
costs for cotton production in Turkey. Renew Energy. 2005;30
(2):145-55. https://doi.org/10.1016/j.renene.2004.06.001.

Firouzi S, Nikkhah A, Rosentrater KA. An integrated analysis of
non-renewable energy use, GHG emissions, carbon efficiency of
groundnut sole cropping and groundnut-bean intercropping
agro-ecosystems. Environ Prog Sustain. Energy. 2017;36(6):1832
-39. https://doi.org/10.1002/ep.12621.

Mondal M, Garai S, Banerjee H, Sarkar S, Kundu R. Mulching and
nitrogen management in peanut cultivation: An evaluation of
productivity, energy trade-off, carbon footprint and
profitability. Energ Ecol Environ. 2021;6:133-47. https://
doi.org/10.1007/s40974-020-00189-9.

Kumar S, Singh VK, Shekhawat K, Upadhyay PK, Dwivedi BS,
Rathore SS, et al. Enhancing productivity, economics and
energy efficiency through precision nitrogen and water
management in conservation agriculture-based maize (Zea
mays) in the Indo-Gangetic Plains. Indian J Agric Sci. 2024;94
(3):333-36. https://doi.org/10.56093/ijas.v94i3.145735.

Hoque MA, Gathala MK. Improvement of power tiller operated
seeder for maize planting. Fundam Appl Agric. 2018;3(2):474-79.
https://doi.org/10.5455/faa.293468.

Gangurde SS, Kumar R, Pandey AK, Burow M, Laza HE, et al.
Climate-smart groundnuts for achieving high productivity and
improved quality: current status, challenges and opportunities.
In: Kole C (ed) Genomic designing of climate-smart oilseed
crops. 2019;133-72. https://doi.org/10.1007/978-3-319-93536-
2_3.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1016/0167-8809(89)90060-1
https://doi.org/10.1016/0167-8809(89)90060-1
https://doi.org/10.56093/ijas.v91i8.115878
https://doi.org/10.1186/s12870-022-03506-y
https://doi.org/10.1186/s12870-022-03506-y
https://doi.org/10.18805/lr.v0i0.7849
https://doi.org/10.1016/j.agee.2022.108239
https://doi.org/10.1080/17429145.2016.1266042
https://doi.org/10.1016/j.biocontrol.2016.02.015
https://doi.org/10.1016/j.fcr.2019.107617
https://doi.org/10.1016/j.renene.2004.06.001
https://doi.org/10.1002/ep.12621
https://doi.org/10.1007/s40974-020-00189-9
https://doi.org/10.1007/s40974-020-00189-9
https://doi.org/10.56093/ijas.v94i3.145735
https://doi.org/10.5455/faa.293468
https://doi.org/10.1007/978-3-319-93536-2_3
https://doi.org/10.1007/978-3-319-93536-2_3

