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Abstract: Weed management in blackgram is one of the most efficient ways to improve its yield,
as uncontrolled weed growth causes a significant decrease in crop yield. A field experiment was
performed at Berthin, Himachal Pradesh, India, to investigate the efficacy, energy use efficiency
(EUE), and carbon footprints of weed management tactics. Twelve weed control treatments were
tested applied alone or in combination at pre and post emergence stages. The most prominent weeds
were Cyperus iria, Dactyloctenium aegyptium, and Echinochloa colona, which caused a 68.1% loss in
unweeded conditions. The application of weed control treatments reduced the weed count at 60 DAS
from around 50% to 90%. The most efficient weed control treatment was pre-emergence (PRE) use
of ready mix imazethapyr 35% + imazamox 35% WG @ 80 g ha−1, which resulted in a minimum
weed infestation (i.e., weed count and weed biomass) and consequently highest yield. Its efficacy in
weed control treatment was on par with PRE use of ready mix imazethapyr (35%) + imazamox (35%
WG @ 70 g ha−1. Maximum energy use efficiency was also obtained upon PRE use of imazethapyr
(35%) + imazamox (35% WG) @ 80 g ha−1 (8.27), trailed by PRE use of imazethapyr + imazamox @
70 g ha−1 (7.84), mainly because of the higher yield obtained in these treatments which shows their
efficiency in energy conversion. The carbon footprints were observed to be the lowest in ready mix
combination of imazethapyr (35%) + imazamox (35% WG) applied at 80 g ha−1 (0.11 kg CE kg−1

yield), followed by imazethapyr (35%) + imazamox (35% WG) applied at 70 g ha−1 (0.12 kg CE kg−1

yield), as it resulted in the lowest emission per unit output production.

Keywords: blackgram; carbon footprints; hand weeding; energy use efficiency; imazethapyr;
pendimethalin

1. Introduction

Weeds are a major factor in the yield reduction of crops as they cause more economic
losses than insects, fungi, and other pests. However, there is a significant difference in
economic losses by weeds between various crops, locations, and soil types [1]. The manage-
ment or control of weed infestation in pulses crop has the potential to increase their yields
and N fixation yields [2]. In India, blackgram (Vigna mungo L. Hepper) is the fourth most
valuable pulse crop, followed by chickpea, pigeonpea, and greengram [3]. It is cultivated
in an area of 9000 ha in Himachal Pradesh, India, and produces around seven thousand
tonnes with a mean production of 733 kg ha−1 [4,5]. The major weeds of blackgram crop ob-
served in Himachal Pradesh are Echinochloa sp., Dactyloctenium aegyptium, and Cyperus iria,
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causing huge crop yield losses [6]. Blackgram is a relatively poor competitor against weeds,
especially during its early growth stages (3–6 weeks after sowing), therefore weed infes-
tation during this sensitive phase results in increased crop−weed competition, leading
to higher yield losses [7,8]. Massive weed infestation is the leading factor responsible for
inadequate production, particularly in kharif season (July–September). There is a dire need
for suitable weed control method, as weeds cause more harm to agricultural crops than
the accumulated damage caused by all other pests and diseases. Weeds mainly compete
with crops for nutrition, space, and water, thereby causing yield losses up to 45% if grown
uncontrolled [9]. Therefore, weed elimination at a suitable time using adequate means
becomes very important to attain a high crop yield. However, continuous rainfall and labor
scarcity during the season make manual weeding impracticable. Therefore, chemical weed
control is the only viable option.

The close relationship and interdependence of agriculture, economics, and energy
make energy budgeting important [10,11]. Energy optimization at the farm level is of
utmost importance, as with the injudicious use of agricultural inputs viz. fertilizers, pes-
ticides, seeds, irrigation water, and electricity, a huge portion of the energy is consumed
in the agricultural sector, which also generates large quantities of agricultural waste and
greenhouse gas emissions [12]. The energy assessment is very important for determin-
ing the vulnerability and sustainability of agricultural production [13]. Moreover, the
energy and carbon-intensive nature of modern agricultural systems are leading to climate
change. Global warming is the major issue in the modern world caused by the emission of
greenhouse gases (GHGs), and therefore it is necessary to improve the efficiency of energy
use and reduce the carbon footprint in order to bring sustainability to the agriculture
sector [14–18]. With the application of chemical herbicides and synthetic fertilizers, weed
management costs are a major part of energy costs and, therefore, the judicious application
of herbicides has the potential to be more efficient in energy conversion. Weed manage-
ment has a significant influence on the energy relations of the crops, and a maximum
energy output is achieved in treatments where weeds are effectively controlled [19,20]. So,
the identification of the most suitable and energy-efficient weed management method in
blackgram is very important. Apart from high energy usage, agriculture is also a major
contributor to the emissions of atmospheric greenhouse gases (GHGs) [21]. The carbon
emission of herbicide application is estimated to be 6.3 kg CE kg−1 of active ingredient
(a.i.) and for spraying chemicals it is 1–1.4 kg CE kg−1 [22]. The use of agricultural inputs
viz. pesticides, fertilizers, feed, farm power, fodder, and electricity at farm level has in-
creased to 281.2 Tg CE yr−1 in 2008–2009 from less than 70 Tg CE yr−1 in 1960–1961. The
corresponding agricultural output has also increased from 578.6 Tg CE yr−1 in 1960–1961
to 1239.1 Tg CE yr−1 in 2008–2009 as the linear relation between carbon inputs and carbon
outputs ensured increased agricultural productivity. In addition, 1 Tg CE yr−1 of C input
increased the C output around 21 Tg CE yr−1 [23]. This shows a lowered carbon sustain-
ability index over the years after green revolution [24]. Climate change mainly caused by
huge emissions of greenhouse gases is acting as a global threat and is projected to further
worsen conditions in terms of food security and availability. This creates a huge issue
regarding carbon emissions through the injudicious use of chemicals in agriculture and
necessitates an approach for formulating a suitable plan for weed control to reduce its
carbon footprints. The risk of climate change and awareness regarding the significance of
environmental regulations is, however, gradually increasing, even in developing countries
like India [25]. The reduction of energy usage and carbon output, along with increasing
their use efficiency, are precursors to ensure energy security and sustainability [26–28].

The pre-emergence (PRE) use of pendimethalin for weed management is widely
practiced, however, its efficiency in controlling all kinds of weeds is poor and it has a
limited period of application with less persistent effects, which can be defined as the
duration that a herbicide remains active in the soil. Moreover, it cannot be applied in
the post-emergence (POST) period if it is failed to be applied as PRE. Imazethapyr is a
broad-spectrum herbicide [29,30] with potential for the management of both broad leaves
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and grass weeds in pulses, and it can be used as pre-sowing incorporation and during
PRE or POST periods. Moreover, it has a long-term persistence effect [31] which makes it
a better choice for weed control in pulses compared with pendimethalin. However, the
use of a single herbicide may not be able to manage all the weeds of a crop efficiently;
therefore, the sequential application of different selective herbicides is being done generally,
which is not environmentally and economically feasible. The combined application of two
herbicides has the potential to impact a wide spectrum of weeds, along with reducing
the application cost and time. It further reduces the environmental impact of herbicide
application [32]. As there are several available options of herbicide combinations with
imazethapyr, their relative and critical evaluation are needed in order to assess their efficacy
in weed management in the low hill zone of Himachal Pradesh. Apart from this, the energy
budgeting and carbon budgeting of various weed management treatments need to be
computed to find out the most energy-efficient weed control treatment with a high carbon
sustainability index. The foremost aim is to assess the available options and to identify the
most suitable weed control treatment in terms of efficacy and economics, along with the
budgeting of treatments in terms of energy and carbon emission.

2. Materials and Methods

The field trial was held at a farm in the Regional Research Substation, Berthin (Bi-
laspur), Himachal Pradesh, India, during 2015. The farm is situated at 31◦41′ N latitude
and 76◦62′ E longitude, and has an elevation of 661 m above sea level in the western part
of the Himalayas. The location of the farm is presented in Figure 1.

Figure 1. Location map of the experimental site.
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The experimental area is a part of a sub mountainous low hill zone of Himachal. The
region is subtropical warm and sub-humid. The maximum temperature observed ranged
from 31.4 ◦C to 34.9 ◦C and the minimum temperature range of 15.4 ◦C to 23.9 ◦C was
observed throughout the growing period. The weather was warm and had inconsistent
rainfall of 139.6 mm during cropping. The weekly averages of weather data during the
crop season showcasing maximum temperature, minimum temperature, and rainfall, are
shown in Figure 2. The texture of the experimental soil was sandy loam and marginally
alkaline. The proportion of sand, silt, and clay was observed through the pipette method
and was reported to be 67.40, 24.30, and 7.4%. The pH of the experimental site was 7.6,
as observed through a 1:2.5 soil water suspension. The organic matter (OM) content was
9 g kg−1 soil. The available N was 305 kg ha−1, whereas the available phosphorus (P2O5)
and potassium (K2O) was 24.3 kg ha−1 and 249 kg ha−1, respectively, in the upper soil
layer (0–15 cm). The cropping system of blackgram−chickpea was followed for the past
3 years at the experimental site.

Figure 2. Mean weekly weather data during the crop season at the experimental site.

The experiment was designed with twelve weed management treatments, including
the T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2
(PRE application of imazethapyr (10 SL) @ 80 g ha−1(IM80)); T3 (post-emergence (POST),
3–4 leaf stage) application of IM @ 70 g ha−1(IM70); T4 POST application 80 g (ha−1) of IM
(IM80); T5 PRE application of ready mix blend of IM (35%) + imazamox (IMM, 35% WG) @
70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend of IM/IMM @ 80 g ha−1

(IM/IMM 80); T7 POST application of IM/IMM 70; T8 POST application of ready mix blend
IM/IMM80; T9PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10 PRE
application of imazethapyr 2 EC + pendimethalin 30 EC (IM/PENDI) @ 1000 g ha−1; T11
hand weeding (HW) at 25 and 45 days after sowing (DAS); and T12 unweeded check (CK)
(without weed control). Weed management treatments were arranged using randomized
block design (RBD) with three replications. The size of the experimental units was 9.9 m2

(3.3 m × 3 m) each, separated by the bunds with a 30 cm width. Using a knapsack sprayer,
treatments were applied with 600 L of water ha−1. The layout of the farm plan is presented
in Figure 3.
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Figure 3. Experimental layout at site.

Crop establishment and management: blackgram cultivar, UG-218, was sown at a
plant spacing of 30 cm × 10 cm, on 10 July 2015, and it was harvested on 5 October 2015.
Per hectare nutrient use of 20 kg N, 40 kg P2O5, and 20 kg K2O was done. Basal nutrients
were applied as IFFCO (12:32:16) and urea (46%). Observations on the weed count were
recorded after 1 month (30 DAS, days after sowing), 2 months (60 DAS), and at harvest
through a quadrant (25 cm × 25 cm) in two randomly selected spots of each plot, which
were then transformed into a one square meter area. The weeds were subjected to drying
with the oven at a temperature of 70 ◦C until the attainment of a constant weight, and were
then transformed into g m−2 using a suitable formula. The Kjeldahl’s method (A.O.A.C)
was used for the assessment of the nitrogen content of seeds, which was then multiplied by
6.25 to compute the protein content of the grains.

Energy budgeting: the energy equivalents of inputs used (seeds, fertilizers, labor,
machinery, insecticides, herbicides, etc.) and outputs are calculated (MJ ha−1) (Table 1).
Both input and output data were used to calculate energy balance, energy productivity, net
energy returns, energy use efficiency, and specific energy, as given by [16,19,33]:

Net energy
(

MJ ha−1
)
= Energy output− Energy input

Energy use efficiency =
Energy output
Energy input
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Energy productivity
(

kg MJ−1
)
=

Economic yield
Energy input

Energy intensiveness =
Energy input

Cost of cultivation

(
MJ INR−1

)
Energy profitability =

Net energy
Energy input

Specific energy
(

MJ kg−1
)
=

Energy input
Grain yield

Energy intensity in physical terms
(

MJ kg−1
)
=

Total energy input
Total biological yield

Energy intensity in economic terms
(

MJ INR−1
)
=

Total energy output
Cost of cultivation

Table 1. Energy equivalents of the agricultural inputs and outputs used.

S.no. Inputs Units Unit Energy Equivalent
(MJ unit−1) References

1. Machinery (tractor) H 64.8 [16,34–37]
2. Diesel L 56.31 [38]
3. Seeds kg 13.96 [39,40]
4. Human power Man-hour 1.96 [16,38]
5. Nitrogen kg 60.6 [16,37,41]
6. Phosphorus kg 11.1 [16,37,41]
7. Potassium kg 20.9 [16,37,41]
8. Herbicides kg 0.288 [10,42]
9. Insecticide L 118.5 [42,43]
10. Electricity KWh 11.93 [10,38]
11. Water m3 1.02 [10]

Output

1. Grains kg 13.96 [39,40]
2. Straw kg 12.5 [37,41]

Carbon budgeting: the inputs and outputs were multiplied by the carbon emission
coefficients to calculate the carbon equivalents as given in Table 2. The total value of the
carbon inputs and outputs were calculated by adding the carbon equivalents of all the
inputs and outputs of the crop.

Carbon output (kg CE ha−1) = Total biomass (grain yield + by-product yield)* 0.44

Carbon efficiency =
Total carbon output
Total carbon input

Carbon sustainability index =
(Total carbon output− Total carbon input)

Total carbon input

Carbon footprints =
Total Carbon emission or input

Total yield of crop

Economic analysis: Both fixed and variable costs were taken for the cost calculation.
The land depreciation component of the fixed cost was taken, however, and the variable
costs included inputs costs, use of machinery, manual labor, harvesting, and threshing,
etc. Gross returns were calculated by multiplying the value of the per unit yield in rupees
(INR) and the yield obtained. Gross returns as a result of weed control were computed
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by deducting the gross returns obtained in the unweeded check from the gross returns
obtained in the weed management treatment.

Net returns = Gross returns due to weed control − Cost of weed control

Marginal Benefit−Cost ratio (MBCR) =
Net returns due to weed control

Cost of weed control

Table 2. Carbon emission equivalents of the inputs and outputs used in the present study.

Inputs Units Carbon Emission Coefficient Reference

Seeds kg 0.32 [44]
Human labor Man-day 0.23 [45]

Machinery H 0.89 [45]
Diesel L 0.94 [22,45]

Water application m3 0.17 [46]
Nitrogen kg 1.3 [22,47]

Phosphorus kg 0.2 [16,45]
Potassium kg 0.15 [16,45]
Insecticide kg a.i. 5.1 [22]
Herbicide kg a.i. 6.3 [22]

Straw kg 0.44 [16,22]

Statistical analysis: The data on weed density and dry matter were analyzed after
being subjected to square root transformation (

√
x + 0.5) in a way that transformed the

data, following the assumption of ANOVA analysis [48,49]. The transformed data were
analyzed statistically using SPSS version 23.0 software for ANOVA assessment with the
randomized block design to check the significance of the differences among different
treatments via “F” test, and concluding the result at a 95% probability level with the help
of the least significant difference post hoc test.

3. Results and Discussion

The data on weed count were discussed at 2 months (60 DAS), where the maximum
weed population was recorded, while the maximum weed dry matter was discussed
at harvest. The dominant weed species associated with blackgram were Echinochloa.
colona (51%), Dactyloctenium aegyptium (32%), and Cyperus iria (17%), as observed in the
unweeded check at 60 DAS. However, other weed flora consisted of Physalis minima,
Medicago denticulata, Convolvulus arvensis, Commelina benghalensis, and Sorghum halepense,
which were observed during other growth stages in weed control treatments other than
the unweeded check.

3.1. Effect on Weed

3.1.1. Weed Density (No. m−2)

The PRE herbicide application yielded better results than the POST herbicide appli-
cation to control of all types of weed flora, as presented in Table 3. Similarly, the pre-mix
herbicide blend had an advantage over the sole use of herbicides. Among all of the herbi-
cidal treatments, the PRE application of ready mix use of IM/IMM @ 80 g ha−1 ensured
the lowest population of least E. colona, followed by treatment with PRE application of
IM/IMM @ 70 g ha−1. These results are in agreement with the findings of Kundu et al. [50].
Hand weedings at 25 and 45 DAS eliminated E. colona, but there was a flush of D. aegyptium
at 60 DAS, which lasted until harvest. The next best treatment for the control of D. aegyp-
tium was PRE application of IM/IMM @ 80 g ha−1. These results were comparable with to
findings of Singh et al. [51]. C. iria was completely eradicated in the treatment with two
hand weedings at 25 and 45 DAS and PRE application of a higher rate of ready mix blend
of IM/IMM @ 80 g. The next best alternative for C. iria management was the PRE use of a
lower rate of ready mix blend of IM/IMM (70 g ha−1). Similar findings were reported by
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Panda et al. and Mishra et al. [52,53]. The appearance of other weeds was not significant
and their presence was prevalent in the treatments with the PRE application of herbicides
only and absent in the treatment with POST application of herbicides and unweeded check
(except at harvest) (Table 3). Their absence can be attributed to the smothering potentially
caused by the increasing competition as a result of the higher population of weed flora,
i.e., E. colona, C. iria, and D. aegyptium. For PRE application of lower doses (70 g ha−1) of
herbicides (IM/IMM, IM/PENDI), the weed count of other weeds was reduced, while in
treatments with PRE application of higher doses (80 g ha−1) of these herbicides (IM/IMM,
IM/PENDI), they were completely absent because of their long persistent effect and higher
efficiency [5].

Table 3. Influence of weed control treatments on weed count in blackgram.

Echinochloa colona Dactyloctenium aegyptium Cyperus iria Other Weeds

Weed Management
Treatments Count (No. m−2) Count (No. m−2) Count (No. m−2) Count (No. m−2)

30 DAS 60 DAS Harvest 30 DAS 60 DAS Harvest 30 DAS 60 DAS Harvest 30 DAS 60 DAS Harvest

T1
8.9 c

(80.0)
9.7 cd

(96.0)
9.5 de

(90.7)
7.3 c

(53.3)
8.6 c

(74.7)
8.3 c

(69.3)
4.6 bc

(21.3)
5.2 c

(26.7)
4.1 b

(16.0)
3.5 a

(16.0)
1.8 a

(5.3)
2.8 b

(16.0)

T2
7.3 c

(53.3)
8.9 c

(80.0)
8.0 c

(64.0)
6.5 bc

(42.7)
8.0 c

(64.0)
6.5 b

(42.7)
4.1 bc

(16.0)
4.6 b

(21.3)
1.8 a

(5.3)
2.4 a

(10.7)
0.7 a

(0.0)
0.7 a

(0.0)

T3
14.0 e

(197.3)
13.4 e

(181.3)
12.2 e

(149.3)
10.3 d

(106.7)
9.8 c

(96.0)
8.7 c

(74.7)
5.7 c

(32.0)
4.6 b

(21.3)
2.9 a

(10.7)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T4
13.4 e

(181.3)
12.4 e

(154.7)
11.1 e

(122.7)
9.8 d

(96.0)
8.9 c

(80.0)
8.3 c

(69.3)
5.2 c

(26.7)
4.6 b

(21.3)
2.9 a

(10.7)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T5
6.1 bc

(37.3)
7.3 b

(53.3)
6.5 b

(42.7)
5.2 b

(26.7)
6.5 bc

(42.7)
5.2 c

(26.7)
0.7 a

(0.0)
1.8 a

(5.3)
1.8 a

(5.3)
3.5 a

(16.0)
1.8 a

(5.3)
0.7 a

(0.0)

T6
4.6 b

(21.3)
5.6 b

(32.0)
5.0 b

(26.7)
3.5 b

(16.0)
5.2 b

(26.7)
4.6 a

(21.3)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
1.8 a

(5.3)
0.7 a

(0.0)
0.7 a

(0.0)

T7
11.3 d

(128.0)
10.8 de

(117.3)
10.1 de

(101.3)
9.5 d

(90.7)
8.7 c

(74.7)
8.0 bc

(64.0)
4.6 bc

(21.3)
4.6 b

(21.3)
1.8 a

(5.3)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T8
10.8 d

(117.3)
10.4 d

(106.7)
9.3 d

(85.3)
8.6 c

(74.7)
8.0 c

(64.0)
7.3 b

(53.3)
4.6 bc

(21.3)
4.1 b

(16.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T9
8.6 c

(74.6)
10.0 c

(101.3)
8.3 c

(69.3)
8.0 c

(64.0)
9.5 c

(90.7)
8.9 c

(80.0)
4.6 bc

(21.3)
5.2 c

(26.7)
4.0 b

(16.0)
1.8 a

(5.3)
1.8 a

(5.3)
4.6 b

(21.3)

T10
6.9 c

(48.0)
8.3 c

(69.3)
7.2 c

(53.3)
6.1 bc

(37.3)
6.9 bc

(48.0)
5.6 a

(32.0)
2.9 b

(10.6)
2.9 b

(10.7)
1.8 a

(5.3)
1.8 a

(5.3)
0.7 a

(0.0)
0.7 a

(0.0)

T11
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
2.9 a

(10.7)
4.1 a

(16.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T12
14.8 e

(218.7)
18.6 f

(346.7)
16.8 f

(282.7)
11.1 d

(122.7)
14.2 d

(202.7)
13.0 d

(170.7)
7.5 d

(58.7)
10.5 d

(112.0)
6.9 c

(48.0)
0.7 a

(0.0)
0.7 a

(0.0)
2.8 b

(16.0)

Value in parentheses indicate the means of original values. Data transformed to square root transformations (
√

x + 0.5). T1 pre-emergence
(PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 (ΩPRE application of IM @ 80 g ha−1(IM80)); T3 (post-emergence (POST),
3–4 leaf stage) application of IM70; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox (35% WG) @
70 g ha−1 (IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of IM/IMM 70; T8
POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10 PRE application
of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check (CK) (without
weed control). Means followed by different alphabets are statistically different as per LSD post hoc test (p < 0.05).

3.1.2. Weed Biomass

The weed biomass of the observed weeds in the blackgram crop at 30 DAS, 60 DAS,
and at harvest is presented in Table 4. The results were discussed at harvest during,
where the maximum weed biomass was observed. Hand weeding was the most efficient
at reducing the biomass of E. colona. Among the herbicidal treatments, the use of PRE
application of IM/IMM @ 80 g ha−1 significantly lowered the dry matter of E. colona
at harvesting. The results are statistically similar to the pre-emergence application of
IM/IMM @ 70 g ha−1. The next best treatment was the PRE application of IM/PENDI @
1000 g ha−1, which was statistically comparable to the PRE application of IM @ 80 g ha−1.
These results were marginally followed by IM application @ 70 g ha−1. These consequences
were comparable with the findings of Singh et al. and Panda et al. [51,54]. The absorption
of imazamox occurs through the roots and foliage of the weeds, and then translocates in the
vascular bundles (xylem and phloem) after which it accumulates in the growing points [54].
Weed management with two hand weedings (25 and 45 DAS) significantly controlled
the population of D. aegyptium, and its results are statistically comparable with the PRE
application of both rates (70 g ha−1 and 80 g ha−1) IM/IMM. The use of pre-mix blend of
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IM/IMM @ 70 g ha−1 during the PRE period was the following finest treatment, whose
results are statistically comparable to the PRE use of IM/PENDI @ 1000 g ha−1. Dry matter
(DM) accumulation was enhanced up to 60 DAS in C. iria, after which it gradually declined
because of withering. A significant decline in the accumulation of dry matter of C. iria was
observed in all of the weed control treatments in comparison with the unweeded check.
Hand weeding (25 and 45 DAS), ready mix combination of IM/IMM @ 80 g ha−1 (PRE), and
ready mix combination of IM/IMM @ 80 g ha−1 (POST) resulted in complete elimination
of C. iria, and was found to be superior among the treatments used for weed management.
These results were statistically comparable to the application of IM @ 80 g ha−1 (PRE), IM
@ 80 g ha−1 (POST), IM @ 70 g ha−1 (POST), mix application of IM/IMM @ 70 g ha−1 (PRE
and POST), and ready mix combination of IM/PENDI @ 1000 g ha−1 (PRE). These results
were in line with the findings of Kundu et al. [50]. There was not any difference in the
weed dry matter of other weeds among the weed management treatments.

Table 4. Influence of weed control treatments on dry matter accumulation of weeds in blackgram.

Echinochloacolona Dactyloctenium aegyptium Cyperus iria Other Weeds

Weed Management
Treatments

Dry Matter (g m−2) Dry Matter (g m−2) Dry Matter (g m−2) Dry Matter (g m−2)

30 DAS 60 DAS Harvest 30 DAS 60 DAS Harvest 30 DAS 60 DAS Harvest 30 DAS 60 DAS Harvest

T1
4.2 c

(17.3)
5.6 d

(31.1)
6.5 c

(42.2)
2.2 cd

(4.4)
4.5 cd

(20.2)
5.6 c

(31.6)
2.0 b

(3.5)
2.9 c

(8.2)
2.8 b

(7.4)
1.2 a

(1.1)
1.0 a

(0.8)
1.1 a

(1.2)

T2
3.6 c

(12.8)
5.1 c

(25.5)
5.4 c

(28.7)
2.1 c

(3.7)
4.0 c

(15.3)
4.6 b

(20.6)
1.8 b

(2.8)
2.6 b

(6.6)
1.4 a

(2.4)
0.8 a

(0.1)
0.7 a

(0.0)
0.7 a

(0.0)

T3
7.3 ef

(53.6)
8.1 e

(65.1)
8.9 e

(79.6)
3.5 e

(11.9)
5.5 d

(29.5)
6.2 c

(37.9)
2.5 c

(5.8)
2.7 b

(6.9)
2.2 a

(5.1)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T4
7.0 e

(48.5)
7.5 e

(56.3)
8.1 de

(66.1)
3.3 e

(10.4)
5.1 d

(25.6)
6.0 c

(35.7)
2.3 c

(4.9)
2.7 b

(7.0)
2.1 a

(5.1)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T5
3.0 b

(8.7)
4.1 b

(16.0)
4.6 bc

(20.5)
1.6 b

(1.2)
3.3 b

(10.6)
3.6 a

(12.9)
0.7 a

(0.0)
1.2 a

(1.5)
1.4 a

(2.4)
1.1 a

(0.9)
1.1 a

(0.8)
0.7 a

(0.0)

T6
2.4 b

(5.2)
3.2 b

(9.9)
3.5 b

(12.7)
1.3 b

(1.4)
3.1 b

(9.2)
3.3 a

(10.6)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.8 a

(0.2)
0.7 a

(0.0)
0.7 a

(0.0)

T7
6.0 d

(36.2)
6.5 d

(42.0)
7.6 d

(56.8)
3.3 e

(10.2)
5.0 d

(24.3)
5.8 c

(33.2)
2.1 b

(4.0)
2.7 b

(7.0)
1.4 a

(2.6)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T8
5.7 d

(32.1)
6.4 d

(40.3)
6.9 d

(47.1)
3.2 e

(9.6)
4.7 cd

(21.4)
5.2 c

(26.5)
2.1 b

(3.9)
2.4 b

(5.2)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T9
4.4 c

(18.9)
5.7 d

(31.7)
5.8 c

(33.7)
2.4 d

(5.1)
4.6 cd

(20.9)
6.1 c

(36.9)
2.0 b

(3.7)
2.9 c

(8.3)
2.8 b

(7.5)
0.8 a

(0.2)
2.2 a

(9.2)
1.9 b

(3.3)

T10
3.3 b

(10.6)
4.6 c

(20.6)
5.2 c

(28.1)
1.9 c

(3.2)
3.4 b

(10.9)
3.7 b

(13.5)
1.5 b

(1.9)
1.8 b

(3.3)
1.4 a

(2.5)
0.8 a

(0.1)
0.7 a

(0.0)
0.7 a

(0.0)

T11
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
1.5 a

(1.9)
2.3 a

(4.9)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)
0.7 a

(0.0)

T12
8.1 f

(64.8)
11.7 f

(136.7)
12.4 f

(153)
4.3 f

(18.0)
8.4 e

(69.6)
10.7 d

(116.1)
3.3 d

(10.8)
6.2 d

(38.5)
4.8 c

(23.2)
0.7 a

(0.0)
0.7 a

(0.0)
1.2 a

(1.5)

Value in parentheses indicate the means of original values. Data transformed to square root transformations (
√

x + 0.5). DAS, days after
sowing; T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 (PRE application of IM @ 80 g ha−1(IM80));
T3 (post-emergence (POST), 3–4 leaf stage) application of IM70; T4 POST application of IM80; T5 PRE application of ready mix blend
IM + imazamox (35% WG) @ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready
mix blend of IM/IMM 70; T8 POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @
1000 g ha−1; T10 PRE application of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12,
unweeded check (CK) (without weed control). Means followed by different alphabets are statistically different as per LSD post hoc test
(p < 0.05).

3.2. Effect on Crop
3.2.1. Growth Parameters

The treatments used for weed control did not have a considerable effect on the emer-
gence of blackgram (Table 5), which indicates the selectivity of tested herbicides at a
normal rate. The maximum number of leaves was recorded in the treatment where
hand weeding was used, followed by PRE application of ready mix combination of
imazethapyr + imazamox @ 80 g. These results were to be found statistically comparable
to the lower rate of PRE application of mix blend of IM/IMM (70 g ha−1). days to 50%
flowering and maturity were not influenced by the weed control treatments (Table 5).
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Table 5. Impact of weed control treatments on the growth and development parameters of blackgram.

Weed
Management
Treatments

Emergence
Count

(No. m−2)

No. of Leaves
Plant−1

(60 DAS)

Days to 50%
Flowering

Days to
Maturity

Root Nodules

Nodule Count Plant−1 Dry Weight (mg)

Pre-Flowering Post-Flowering Pre-Flowering Post-Flowering

T1 87.7 a 18.3 e 44 a 77 a 19.6 d 11.7 c 146.7 d 95.4 c

T2 82.1 a 18.8 e 44 a 76 a 20.8 e 12.6 c 163.3 e 103.4 d

T3 81.6 a 11.6 b 44 a 76 a 14.8 b 8.7 ab 118.1 b 74.9 b

T4 87.1 a 12.9 bc 44 a 77 a 15.2 b 9.3 b 129.5 c 79.3 b

T5 83.8 a 21.4 f 45 a 76 a 24.4 g 16.7 e 171.0 e 137.5 f

T6 80.5 a 21.8 f 45 a 78 a 27.2 h 18.5 f 205.0 f 150.0 g

T7 88.2 a 14.2 c 45 a 77 a 16.8 c 9.6 b 148.7 d 88.0 c

T8 89.4 a 15.8 d 45 a 77 a 17.1 c 10.2 b 163.3 e 92.3 c

T9 81.0 a 18.8 e 45 a 77 a 18.2 d 11.5 c 164.5 e 94.5 c

T10 86.0 a 19.4 e 46 a 77 a 22.6 f 14.1 d 166.1 e 121.2 e

T11 86.0 a 23.9 g 47 a 77 a 30.0 i 21.4 g 217.5 f 171.7 h

T12 80.5 a 9.0 a 42 a 76 a 11.7 a 7.7 a 103.5 a 61.8 a

Means followed by different alphabets are significantly different as per LSD post hoc test (p < 0.05). DAS, days after sowing; T1 pre-
emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 (PRE application of IM @ 80 g ha−1(IM80)); T3 (post-emergence
(POST), 3–4 leaf stage) application of IM70; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox (35% WG)
@ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of IM/IMM 70; T8
POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10 PRE application
of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check (CK) (without
weed control).

Likewise, hand weeding resulted in a maximum number and dry weight of nodules
(Table 5), which was mainly because of the enhanced aeration in the rhizosphere zone
and the improved growth of roots [55]. The higher rate (80 g ha−1) of IM/IMM applied
as PRE was the second most effective weed control treatment, on the contrary, the lower
rate (70 g ha−1) of pre-mix blend of IM/IMM applied as PRE increased the count and dry
weight of nodules in plants in the pre-flowering and post-flowering stage. However, in
both pre and post flowering stages, the unweeded check yielded the lowest number and
dry weight of nodules and the POST application of IM @ 70 g ha−1 did not increase the
number of nodules in the plants over the unweeded check at the post-flowering stage. This
could be attributed to the increased dry matter of weeds in the unweeded check leading to
intensified crop weed competition, ultimately leading to decreased crop growth [56].

3.2.2. Yield and Yield Attributes

Treatments used for weed control have a significant impact on the plant growth,
yield parameters, and yield of blackgram. Weed management treatments had a significant
influence on reducing the dry matter (DM) content of weeds and their density, thereby
providing favorable conditions for the proliferated growth of blackgram, which resulted
in higher yield and yield parameters compared with the weedy check (Table 6). The
plant density (number of crop plants m−2) was not markedly influenced by weed control
treatments. However, branching in crop plants is significantly influenced and the highest
number of branches was observed in treatments with the PRE application of pre-mix blend
of IM/IMM @ 80 g ha−1. PRE application of IM/IMM blend @ 70 g ha−1 was the second
best treatment, statistically similar to hand weedings twice at 25 and 45 DAS and PRE
application of IM/PENDI @ 1000 g ha−1. The pod counts in the plants were significantly
affected by the weed control treatments. The higher dose (80 g ha−1) of IM/IMM applied
as PRE application resulted in a maximum number of pods per plant, narrowly followed
by PRE application of its lower dose (IM/IMM, @ 70 g ha−1). The next best plan yielding
the maximum number of pods in a plant was hand weeding. However, POST application
IM @ 70 g ha−1 had no significant effect on increasing the pods of the crop plant over the
unweeded check. Crop yield attributes were significantly improved with the PRE use of
ready mix herbicides, mainly because of the reduced competition for crop growth, which
in turn leads to the improved translocation of photosynthates to developing seeds [57].
The maximum seed count per pod and test weight (1000 seed weight) also had a similar
trend as the pod counts per plant. The highest seed yield and straw yield were observed in
the treatment with PRE application of a higher dose (80 g ha−1) of IM/IMM, which was on
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par with the use of PRE application of a lower dose (70 g ha−1) of IM/IMM blend. The
higher yield in weed control treatments could be credited to the efficient management of
weeds in early growth stages providing a congenial environment for better crop growth.
Moreover, the nutrient uptake of the crop plants is also increased with weed control
treatments [4,8,44,45,55,58].

Table 6. Impact of weed control treatments on growth, yield attributes and yield of blackgram.

Treatment
Plant

Population
(No. m−2)

No. of
Branches
Plant−1

Pods Per Plant
(No. Plant−1)

Seeds Per
Pod

(No. Pod−1)

1000- Seed
Weight (g)

Nitrogen
Content in
Seeds (%)

Protein
Content in
Seeds (%)

Seed Yield
(kg ha−1)

Straw Yield
(kg ha−1)

T1 30.0 a 4.6 d 18.1 d 6.3 d 39.5 c 3.6 b 22.5 bc 1174.6 de 2193.7 d

T2 31.1 a 5.2 e 19.5 d 6.5 e 40.2 c 3.6 bc 22.7 c 1269.8 e 2247.6 d

T3 31.1 a 3.3 b 13.1 a 5.3 b 37.9 b 3.3 ab 20.8 ab 761.9 b 1346.0 b

T4 30.5 a 3.4 b 14.0 b 5.7 c 38.4 b 3.4 ab 21.1 ab 952.4 c 1765.1 c

T5 29.4 a 5.7 f 26.4 g 6.9 f 41.4 d 3.8 c 23.5 cd 1396.8 f 2631.7 ef

T6 30.0 a 6.2 g 29.3 h 7.4 g 42.9 e 3.8 c 23.9 d 1492.1 f 2755.6 f

T7 31.6 a 3.5 b 14.1 b 5.8 c 38.5 b 3.4 ab 21.5 b 984.1 c 1904.8 cd

T8 31.6 a 3.8 c 14.2 b 5.9 c 38.9 b 3.5 b 21.9 bc 1047.6 cd 2076.2 d

T9 31.1 a 4.1 c 16.0 c 6.1 d 39.7 cd 3.6 bc 22.4 bc 1142.9 d 2066.7 d

T10 30.1 a 5.5 f 21.5 e 6.6 e 40.4 cd 3.7 bc 23.3 cd 1301.6 e 2507.9 e

T11 28.9 a 5.6 f 23.3 f 6.7 ef 40.6 d 3.7 bc 23.4 cd 1333.3 e 2536.5 e

T12 27.8 a 2.9 a 11.7 a 4.6 a 34.6 a 3.2 a 20.1 a 476.2 a 1098.4 a

Means followed by different alphabets are significantly different as per LSD post hoc test (p < 0.05). T1 pre-emergence (PRE) application
of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 (PRE application of IM @ 80 g ha−1(IM80)); T3 (post-emergence (POST), 3–4 leaf stage)
application of IM70; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox (35% WG) @ 70 g ha−1(IM/IMM
70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of IM/IMM 70; T8 POST application of
ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10 PRE application of IM/PENDI @
1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check (CK) (without weed control).

3.2.3. Quality Parameters

The increased percentage of nitrogen in the seeds of blackgram was observed with
the PRE use of a ready mix blend of IM/IMM (80 g ha−1 and 70 g ha−1). The considerably
higher protein content (%) in seeds was observed in treatment with the PRE use of blend of
IM/IMM @ 80 g ha−1, whose results were statistically found to be on par with the PRE
use of IM/IMM (70 g ha−1), two hand weedings, and PRE application of IM/PENDI @
1000 g ha−1 (Table 6). The lower weed competition allowed the plants to proliferate well,
resulting in higher nutrient uptake and consequently leading to higher photosynthates
accumulation [55].

3.3. Energy Utilization Pattern

The energy use pattern was computed for each treatment. The common input energy
of 6625.02 MJ ha−1 was used for the cultivation of blackgram. Of all the common inputs,
the maximum energy input was for diesel used for field preparation, i.e., 30.60%, followed
by nitrogen fertilizers (23.65%), human power (19.41%), and machinery use (7.82%). The
phosphorus and potassic fertilizers constituted 6.70% and 6.31%, respectively, of the energy
inputs in crop production. The minimum energy inputs were for electricity, insecticides,
and seeds, i.e., 0.18%, 1.12% and 4.21%, respectively.

Energy inputs in different weed treatments are shown in Table 7. Unweeded check
did not require input energy as neither weedicide nor human labor, was used for weed
removal, and the weeds were allowed to grow in the treatment. Maximum energy input
was required in the treatment where hand weeding was done twice (784 MJ ha−1). Among
the different herbicidal treatments, the maximum energy was consumed in PENDI (PRE) @
1000 g ha−1 and IM/PENDI (PRE) @ 1000 g ha−1 i.e., 322.69 MJ ha−1. A similar amount of
input energy in PRE and POST application of IM@ 70 g ha−1, PRE and POST application
of IM/IMM @ 70 g ha−1 was required (54.85 MJ ha−1). However, 54.85 MJ ha−1 of input
energy was required for herbicide application of IM @ 80 g ha−1 (PRE), IM @ 80 g ha−1

(POST), IM/IMM @ 80 g ha−1 (PRE), and IM/IMM @ 80 g ha−1 (POST). The similar energy
requirement was mainly due to the similar dose of herbicide applied [10,11,13,16].
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Table 7. Energy inputs used in various weed management treatments in blackgram.

Treatments

Total Energy
Used in

Herbicide
(MJ ha−1)

Labour Used in
Hand Weed-
ing/Spraying

(MD ha−1)

Energy Used in
Hand Weed-
ing/Spraying

(MJ ha−1)

Knapsack
Sprayer Used

(h ha−1)

Energy Used
by Knapsack

Sprayer
(MJ ha−1)

Water Used
(m3 ha−1)

Energy Used
by Water
(MJ ha−1)

Total Energy
(MJ ha−1)

T1 20.16 16 31.36 16 2.72 0.6 0.612 54.85
T2 23.04 16 31.36 16 2.72 0.6 0.612 57.73
T3 20.16 16 31.36 16 2.72 0.6 0.612 54.85
T4 23.04 16 31.36 16 2.72 0.6 0.612 57.73
T5 20.16 16 31.36 16 2.72 0.6 0.612 54.85
T6 23.04 16 31.36 16 2.72 0.6 0.612 57.73
T7 20.16 16 31.36 16 2.72 0.6 0.612 54.85
T8 23.04 16 31.36 16 2.72 0.6 0.612 57.73
T9 288.00 16 31.36 16 2.72 0.6 0.612 322.69
T10 288.00 16 31.36 16 2.72 0.6 0.612 322.69
T11 - 400 784.00 - - - - 784.00
T12 - - - - - - - -

T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 (PRE application of IM @ 80 g ha−1(IM80)); T3 (post-
emergence (POST), 3–4 leaf stage) application of IM70; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox
(35% WG) @ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of
IM/IMM 70; T8 POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10
PRE application of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check
(CK) (without weed control). Means followed by different alphabets are statistically different as per LSD post hoc test (p < 0.05).

The total input energy required in various herbicide treatments is shown in Table 8. The
maximum input energy was recorded in hand weeding twice (7409.02 MJ ha−1), followed
by PENDI @ 1000 g ha−1 (PRE) and IM/PENDI @ 1000 g ha−1 (PRE) (6947.71 MJ ha−1). The
minimum input energy was observed in the unweeded check (6625.02 MJ ha−1), followed
by IM/IMM @ 70 g ha−1 (PRE and POST) and IM @ 70 g ha−1 (PRE and POST) with input
energy of 6679.87 MJ ha−1. The input energy of 6682.75 MJ ha−1 was reported in treatment
with the PRE application of IM @ 80 g ha−1, IM @ 80 g ha−1 (POST), and IM/IMM @
80 g ha−1 (PRE and POST). Similar findings were reported earlier by [10,11,13,16,42].

Table 8. Total input and output energy of weed management in blackgram.

Treatment Seed Yield (kg
ha−1)

Output Energy
by Seed

(MJ ha−1)

Straw Yield
(kg ha−1)

Output Energy
by Straw
(MJ ha−1)

Total Output
Energy

(MJ ha−1)

Total Input
Energy

(MJ ha−1)

Net Energy
(MJ ha−1)

T1 1174.6 16,397.42 2193.7 27,421.2 43,818.67 6679.773 37,138.89
T2 1269.8 17,726.41 2247.6 28,095.0 45,821.41 6682.653 39,138.76
T3 761.9 10,636.12 1346.0 16,825.0 27,461.12 6679.773 20,781.35
T4 952.4 13,295.50 1765.1 22,063.8 35,359.25 6682.653 28,676.60
T5 1396.8 19,499.33 2631.7 32,896.2 52,395.58 6679.773 45,715.81
T6 1492.1 20,829.72 2755.6 34,445.0 55,274.72 6682.653 48,592.06
T7 984.1 13,738.04 1904.8 23,810.0 37,548.04 6679.773 30,868.26
T8 1047.6 14,624.50 2076.2 25,952.5 40,577.00 6682.653 33,894.34
T9 1142.9 15,954.88 2066.7 25,833.8 41,788.63 6947.613 34,841.02
T10 1301.6 18,170.34 2507.9 31,348.8 49,519.09 6947.613 42,571.47
T11 1333.3 18,612.81 2536.5 31,706.2 50,319.12 7409.023 42,910.10
T12 476.0 6644.96 1098.0 13,725.0 20,369.96 6625.020 13,744.94

T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 (PRE application of IM @ 80 g ha−1(IM80)); T3 (post-
emergence (POST), 3–4 leaf stage) application of IM70; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox
(35% WG) @ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of
IM/IMM 70; T8 POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10
PRE application of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check
(CK) (without weed control).

3.4. Energy Input−Output Relationship and Energy Indices

The total energy output and energy input are shown in Table 8. The output energy was
computed based on the seeds and straw yield. The maximum total energy was observed
in the plot with a herbicidal treatment of IM/IMM @80 g ha−1 (PRE) (55,274.72 MJ ha−1),
followed by IM/IMM @ 70 g ha−1 (PRE) (52,395.58 MJ ha−1) and hand weeding twice
(50,319.12 MJ ha−1), while the minimum energy output was recorded in unweeded check
(20,369.96 MJ ha−1), followed by lower (70 g ha−1, 27,461.12 MJ ha−1) and higher (80 g ha−1,
35,359.25 MJ ha−1) rates of POST application of IM
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Net energy, energy intensiveness, specific energy, energy use efficiency, energy prof-
itability, energy intensity, and specific energy in physical terms and economic terms were
calculated for each treatment, as shown in Table 9. This helped in the identification of the
most energy-efficient weed management treatment. Among the different weed control
treatments, the highest net energy returns of 48,592 MJ ha−1 were observed in IM/IMM @
80 g ha−1 (PRE), followed by experimental units that received PRE application of a lower
rate of IM/IMM (70 g ha−1) (45,715.7 MJ ha−1), hand weeding twice (42,910.1 MJ ha−1),
and IM/PENDI (PRE) (42,571.4 MJ ha−1) due to the high output energies in these treat-
ments obtained with the highest crop and straw yield, while the minimum energy returns
were observed in unweeded check (13,744.9 MJ ha−1), which is attributed to the low seed
and straw yield [41]. Consequently, energy use efficiency was also recorded to be the high-
est in IM/IMM @ 80 g ha−1 (PE) (8.27), followed by IM/IMM @ 70 g ha−1 (PRE) (7.84) and
IM/PENDI @ 1000 g ha−1 (PRE) (7.13). On the contrary, the maximum specific energy was
observed in the unweeded check (13.92 MJ ha−1) due to uncontrolled weed growth leading
to the lowest yield. The minimum specific energy was observed in IM/IMM @ 80 g ha−1

(PRE) (4.78 MJ ha−1), which is comparable with IM/IMM @ 70 g ha−1 (4.48 MJ ha−1). The
energy intensity in both physical and economic terms was also in line with the energy
use efficiency and net energy returns. The herbicidal treatment of IM/IMM @ 80 g ha−1

(PRE) was the most energy-efficient herbicidal treatment because of its consequent higher
blackgram and straw production. The higher biological yield showed the higher output
energy, which raised the energy use efficiency (EUE), energy intensity (EI), and net energy
(NE). Whereas, the lower energy indexes in the unweeded check were because of lower
outputs [11,13,22,42,45].

Table 9. Effect of weed management treatments on energy indices.

Treatment Energy Use
Efficiency

Energy
Productivity

(kg MJ−1)

Energy
Intensiveness
(MJ INR−1)

Energy
Profitability

Specific
Energy

(MJ kg−1)

Energy Intensity
in Physical Term

(MJ kg−1)

Energy Intensity
in Economic Term

(MJ INR−1)

T1 6.56 0.18 0.25 5.56 5.69 1.98 1.64
T2 6.86 0.19 0.25 5.86 5.26 1.90 1.71
T3 4.11 0.11 0.25 3.11 8.77 3.17 1.03
T4 5.29 0.14 0.25 4.29 7.02 2.46 1.32
T5 7.84 0.21 0.25 6.84 4.78 1.66 1.92
T6 8.27 0.22 0.24 7.27 4.48 1.57 2.01
T7 5.62 0.15 0.25 4.62 6.79 2.31 1.38
T8 6.07 0.16 0.24 5.07 6.38 2.14 1.47
T9 6.01 0.16 0.26 5.01 6.08 2.16 1.56
T10 7.13 0.19 0.25 6.13 5.34 1.82 1.80
T11 6.79 0.18 0.23 5.79 5.56 1.91 1.54
T12 3.07 0.07 0.27 2.07 13.92 4.21 0.82

T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 [PRE application of IM @ 80 g ha−1(IM80)]; T3 [post-
emergence (POST, 3–4 leaf stage) application of IM70]; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox
(35% WG) @ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of
IM/IMM 70; T8 POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10
PRE application of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check
(CK) (without weed control).

3.5. Carbon Budgeting

The carbon budgeting of herbicidal treatments in blackgram is shown in Table 10.
Among the various weed management practices, the highest total carbon inputs were
recorded in PENDI @ 1000 g ha−1 (pre), where herbicidal treatment added 20.99 kg CE ha−1

to the total carbon inputs of 189.18 kg CE ha−1. On the contrary, minimum carbon inputs
were recorded in the herbicidal treatment of IM/IMM @ 70 g ha−1 (0.63 kg CE ha−1),
which had total carbon inputs of 168.81 kg CE ha−1. The difference in carbon inputs among
various treatments was mainly attributed to the difference in the herbicide doses and active
ingredients in the herbicides [22]. The carbon outputs on the other hand were recorded
to be maximum in IM/IMM @ 80 g ha−1 (PRE) (1689.94 kg CE ha−1), as the highest yield
was observed in this treatment because of the higher efficacy in the weed control. The
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minimum carbon outputs were observed in the unweeded check (635.44 kg CE ha−1)
because of the uncontrolled weed growth, leading to the lowest yield. Consequently, the
carbon efficiency and carbon sustainability index were also observed to be maximum in
IM/IMM @ 80 g ha−1 (PRE), which also yielded the lowest carbon footprint. The higher
output per unit of input ensured a higher carbon sustainability index (CSI) and lower
carbon footprints [23,44].

Table 10. Effect of weed management treatments on carbon consumption, carbon output and carbon footprints in black-
gram crop.

Treatment
Herbicide (a.i.)/

Labor (Man
Days)

C Inputs of Weed
Management
(kg CE ha−1)

Common C Inputs
of Other Inputs
(kg CE ha−1)

Total C Input
(kg CE ha−1)

Carbon Output
by Grains

(kg CE ha−1)

Carbon Output
by Straw

(kg CE ha−1)

Total Carbon
Output

(kg CE ha−1)

Carbon
Efficiency

Carbon
Sustainability

Index (CSI)

Carbon Footprint
(kg CE kg−1 Yield)

T1 0.7 4.41 168.18 172.59 375.872 965.23 1341.10 7.77 6.77 0.15
T2 0.8 5.04 168.18 173.22 406.336 988.94 1395.28 8.05 7.05 0.14
T3 0.7 4.41 168.18 172.59 243.808 592.24 836.05 4.84 3.84 0.23
T4 0.8 5.04 168.18 173.22 304.768 776.64 1081.41 6.24 5.24 0.18
T5 0.1 0.63 168.18 168.81 446.976 1157.95 1604.92 9.51 8.51 0.12
T6 0.1 0.72 168.18 168.90 477.472 1212.46 1689.94 10.01 9.01 0.11
T7 0.1 0.63 168.18 168.81 314.912 838.11 1153.02 6.83 5.83 0.17
T8 0.1 0.72 168.18 168.90 335.232 913.53 1248.76 7.39 6.39 0.16
T9 3.3 21.00 168.18 189.18 365.728 909.35 1275.08 6.74 5.74 0.17
T10 3.1 19.69 168.18 187.87 416.512 1103.48 1519.99 8.09 7.09 0.14
T11 50.0 11.50 168.18 179.68 426.656 1116.06 1542.72 8.59 7.59 0.13
T12 - - 168.18 168.18 152.320 483.12 635.44 3.78 2.78 0.35

T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 [PRE application of IM @ 80 g ha−1(IM80)]; T3 [post-
emergence (POST, 3–4 leaf stage) application of IM70]; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox
(35% WG) @ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of
IM/IMM 70; T8 POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10
PRE application of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check
(CK) (without weed control).

3.6. Economics

As the application of ready mix combination of IM/IMM @ 80 g ha−1 ensured the
most efficient weed control, the highest gross returns and net returns were observed in
this particular treatment. The higher output was observed in the most efficient weed
control, leading to higher returns. PRE use of IM/IMM @ 70 g ha−1 was the second-best
treatment in attaining higher gross returns and net returns (Table 11). However, marginal
benefit cost−ratio (MBCR) was found to be maximum with PRE use of IM @ 80 g ha−1

followed by use of IM @ 70 g ha−1 during PRE period, use of pre-mix blend of IM/IMM @
70 g ha−1, and 80 g ha−1 during PRE period. The returns obtained by the various weed
control treatments were directly related to the crop yield, as a higher output ensures higher
returns [6,11].

Table 11. Economic analysis of weed control treatments.

Treatment Gross Returns
(INR ha−1)

Cost of
Cultivation
(INR ha−1)

Gross Return Due
to Weed Control

(INR ha−1)

Cost of Weed
Control

(INR ha−1)

Net Returns
(INR ha−1) MBCR

T1 159,532 26,655 93,947 1679 92,268 55.0
T2 172,514 26,846 106,929 1869 105,060 56.2
T3 103,499 26,655 37,914 1679 36,235 21.6
T4 129,662 26,846 64,077 1869 62,208 33.3
T5 190,321 27,234 124,736 2258 122,478 54.2
T6 203,104 27,511 137,519 2544 134,975 53.1
T7 134,267 27,234 68,682 2258 66,424 29.4
T8 143,099 27,511 77,514 2544 74,970 29.5
T9 155,859 26,821 90,274 1845 88,429 47.9
T10 177,639 27,484 112,054 2508 109,546 43.7
T11 181,656 32,631 116,071 8500 107,571 12.7
T12 65,585 24,977 0 0 0 -

T1 pre-emergence (PRE) application of imazethapyr (10 SL) @ 70 g ha−1(IM70); T2 [PRE application of IM @ 80 g ha−1(IM80)]; T3 [post-
emergence (POST, 3–4 leaf stage) application of IM70]; T4 POST application of IM80; T5 PRE application of ready mix blend IM + imazamox
(35% WG) @ 70 g ha−1(IM/IMM 70); T6 PRE application of ready mix blend IM/IMM 80; T7 POST application of ready mix blend of
IM/IMM 70; T8 POST application of ready mix blend IM/IMM80; T9 PRE application of pendimethalin 30 EC (PENDI) @ 1000 g ha−1; T10
PRE application of IM/PENDI @ 1000 g ha−1; T11, two hand weedings (HW) at 25 and 45 days after sowing (DAS); T12, unweeded check
(CK) (without weed control); INR, Indian Rupee; MBCR, marginal benefit cost-ratio.
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4. Conclusions

Weeds, in blackgram crop, are a major factor responsible for yield reduction as they
reduce the crop yield by 68.1%. Here, the use of herbicides controlled the weed infestation
and raised the crop yield by more than double when compared with the unweeded check.
The pre-emergence (PRE) application of pre-mix combination of imazethapyr + imazamox
@ 80 g ha−1 was found to be the found most efficient in controlling weeds, as it reduced the
weed count by 91% and weed dry weight by 92%. The economics, energy, and efficacy were
closely related. The application of the above treatment also yielded the highest net returns
of INR 122478. The maximum energy use efficiency (EUE) and energy productivity were
also witnessed in the above-said treatment. The carbon sustainability index and carbon foot-
prints were also calculated to be lowest in the PRE application of imazethapyr + imazamox
@ 80 g ha−1, while being lowest in the unweeded check. Therefore, the first-mentioned
treatment is the most efficient treatment than sole application of herbicides or manual
weeding. The PRE use of ready mix blend of imazethapyr + imazamox @ 70 g ha−1 is the
second best treatment in terms of efficacy, energy use efficiency, carbon sustainability index,
and economic returns, which is also on par with the best treatment.
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