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Abstract

Afield experiment assessed the knowledge gap in economic, energetics and carbon dynamics of Unmanned Aerial Vehicle and knapsack-
based herbicide applications in dry direct-seeded rice. Twelve treatments were arranged in a randomized block design replicated thrice
with varying UAV spray volumes (25, 50, 75 and 100 L ha™) and knapsack spray volume of 500 L ha™ at 75 % HRD (pendimethalin +
penoxsulam on 3 DAS at 468.8 g ha* fb bispyribac-sodium on 20 DAS at 18.8 g ha!) and 100 % HRD (pendimethalin + penoxsulam on 3 DAS
at 625 g ha* fb bispyribac-sodium on 20 DAS at 25 g ha), along with hand weeding twice and unweeded control. Results showed that UAV
spray volume at 50 L ha with 100 % HRD was significant over other weed management practices by higher grain yield (3866.0 kg ha?),
higher NPK nutrient uptake (105.4, 21.7 and 130.8 kg ha™), higher B:C ratio (2.13), improved energy efficiency (11.58), higher energy
profitability (10.58 kg MJ?), higher carbon sustainability index (18.4) and lower carbon emission (0.064 kg CO, eq. kg yield). Therefore,
UAV spray at 50 L ha! of pendimethalin + penoxsulam on 3 DAS at 625 g ha* fb bispyribac-sodium on 20 DAS at 25 g ha* (100 % HRD) is
recommended for DDSR cultivating farmers in the coastal deltaic ecosystem of South India.

Keywords: carbon emission; dry direct-seeded rice; economic analysis; energy budgeting

Introduction Farmers traditionally used knapsack sprayers to apply
herbicides manually, but this method is time-consuming,
labour-intensive and may not provide uniform coverage. So,
using Unmanned Aerial Vehicles (UAVs) for spraying herbicides
has offered a better alternative, covering large areas faster,
using less water and applying herbicides more precisely,
leading to better weed control and higher yields (4). Many
researchers suggest reducing herbicide doses in UAV
applications to improve efficiency and reduce environmental
impact (4, 5). However, more studies are needed in DDSR to fill
this research gap.

Rice (Oryza sativa L) is a key staple crop, feeding billions
worldwide. Traditional rice-growing methods, such as
transplanting  seedlings into flooded fields, require
approximately 2500 - 3000 L of water to produce 1 kg of rice (1, 2).
Manual transplanting increases labour costs by 25 - 30 %,
increases energy due to fuel kg use in water pumping by
machinery operation and emits higher greenhouse gas (GHG),
mainly methane (1). Farmers increasingly adopt dry direct-
seeded rice (DDSR) to overcome these challenges, where seeds
are sown directly into the field without prior transplanting. This
approach significantly conserves water by eliminating the need Beyond weed control, it is essential to consider UAVs'
for continuous flooding by 30 - 50 %, reduces labour COSt energy use and environmental impact compared to
dependency, operational costs and minimizes energy knapsack sprayers. While UAVs may improve weed control,
consumption. Moreover, DDSR is crucial in lowering GHG evaluating their economic viability, energy efficiency and
emissions, mainly methane, making it a more sustainable environmental sustainability is crucial. Most studies have
alternative to traditional puddled transplanting. DDSR is focused on the immediate agronomic benefits like enhanced
emerging as a climate-smart solution for modern rice cultivation, Weed control, increased yield, economics and energetics,

enabling faster crop establishment and enhancing resource ~ €@ving @ gap in understanding the broader sustainability
efficiency. aspects of carbon emission in coastal areas.

However, DDSR introduces challenges, particularly with Economic indicators like net returns, benefit-cost ratio
weed management. Weeds compete with rice plants for and return on investment assess the financial sustainability of
nutrients, light and space, reducing yields if not controlled (3).  UAV use (5). Energy efficiency and productivity evaluate energy
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consumption, while greenhouse gas emissions and carbon
sequestration help determine UAV-based weed management's
environmental impact (6). This research aims to study the
knowledge gap and the objectives of the study by analyzing the
economic returns, energy dynamics and carbon impact of UAV-
based weed management compared to traditional methods in
DDSR. This study will promote more sustainable and
economically viable UAV-based weed management practices
in DDSR by addressing these objectives.

Materials and methods
Experimental site and conditions

A field experiment was conducted during February - June 2023
at the eastern research farm of Pandit Jawaharlal Nehru College
of Agriculture and Research Institute, Karaikal, Puducherry
Union Territory (UT), India (10° 55' N latitude and 79° 49' E
longitude, 4 m above mean sea level). The climate is tropical.
During the cropping season, the mean minimum temperature
was 24.1 °C and the mean maximum temperature was 32.9 °C.
The soil at the experimental field was sandy clay loam with a
neutral pH (6.61), low available nitrogen (141.1 kg ha?), high
available phosphorus (31.8 kg ha') and medium available
potassium (188.8 kg ha).

Experimental design and treatments

The experiment was conducted in a randomized block design
(RBD) replicated thrice with 12 treatments to assess the
effectiveness of economics, energy and carbon dynamics of
UAV and knapsack sprayers in DDSR. The treatments from T, to
Ts involved UAV spray with different spray volumes and
herbicide concentrations. T, and T, used a spray volume of 25 L
ha, with T, applying 75 % of the herbicide recommended dose
(HRD) (pendimethalin + penoxsulam on 3 days after sowing
(DAS) at 468.8 g ha™ bf bispyribac-sodium on 20 DAS at 188 g
ha?) and T, applying 100 % HRD (pendimethalin + penoxsulam
on 3 DAS at 625 g ha? b bispyribac-sodium on 20 DAS at 25 g
ha). Ts and T, used a spray volume of 50 L ha™, with Ts applying
75 % HRD and T4 applying 100 % HRD. Ts and Ts used 75 L ha?,
with Ts applying 75 % HRD and Te applying 100 % HRD. T7 and
Ts had a spray volume of 100 L ha?, with T; applying 75 % HRD
and Ts applying 100 % HRD. Treatments Ts and Ty used a
traditional manual knapsack sprayer with a recommended
spray volume of 500 L ha™. Ty applied 75 % HRD and Ty, applied
100 % HRD. Then, Ty involved hand weeding twice at 20 and 40
DAS and T1> was left unweeded as the control.

Crop management

Rice cultivar 'ASD 16' (110 days duration) was sown at 75 kg ha
with a spacing of 15 cm x 10 cm in the 4™ week of February
2024. Field preparation involved 2 tractor ploughings and a
leveller to ensure uniform water distribution. The gross plot
size was 12 m x 3.9 m. The crop was harvested in the fourth
week of June from the net plot area of 11.6 m x 3.3 m. After
threshing, cleaning and drying to 14 %, the grain yield was
recorded and converted to kg hato satisfy the objectives.

Economics

After the harvest, an economic analysis was performed to
evaluate the financial viability of each treatment. The cost of
cultivation for each treatment was calculated by adding
standard and treatment-specific costs. Gross return (GR) was

2

estimated using market prices of rice grain (X 19.4 kg?) and
straw (X 2.0 kg%). To evaluate the economic viability of the UAV-
based treatments, key financial indicators such as gross return
(GR), net return (NR), payback period (PP), net profit margin
(NPM), benefit-cost ratio (BCR) and return on investment (ROI)
were calculated using standard methodologies (5).

GR(R hat)=

[Grain yield (kg ha) x Cost of one kg grain(Z kg™)]
+[Straw yield (kg ha) x Cost of one kg straw (% kg?)]

(Eqn. 1)
NRR hal) =
[Gross return(% ha) - Cost of cultivation(z hat) (Eqn.2)
Payback period (years) =
Cost of cultivation(z ha?)
(Eqn. 3)
Net return (X ha')
Net return(Z hat)
Net profit margin =
Gross return (2 ha') (Eqn. 4)
Gross return (X ha')
Benefit cost ratio =
Cost of cultivation(z hat) (Ean.5)
Net return (X ha')
ROI = X 100
Cost of investment(z ha') (Eqn. 6)

Energy budgeting

In addition to economic viability, the energy dynamics of the
treatments are essential for understanding their sustainability.
Energy budgeting for UAV-based weed management in DDSR
was calculated using standard energy equivalents (Table 1) for
different inputs and operations (7). Key inputs included labour,
machinery, diesel, fertilizers, seeds and herbicides, while, grain
and straw yield was considered as outputs. To assess the
energy dynamics of the UAV-based treatment, key energy
metrics such as energy output, net energy, energy use
efficiency, energy productivity, energy intensiveness, energy
profitability, specific energy and energy payback time were
calculated. These energy indices were computed using the
equations (8, 9).

Table 1. Energy equivalents of different energy inputs in DDDR

Sl. No. Inputs Units Equivalent energy (MJ)
1. Human labour
i) Adult man h 1.96
ii) Adult woman h 1.57
2. Diesel L 56.31
3. Farm machinery kg 62.70
4. Fertilizers
i) Nitrogen kg 60.60
ii) Phosphorus kg 11.10
iii) Potassium kg 6.70
5. Herbicides kg 102.00
6. Seeds and rice grain kg 14.70
7. Rice straw kg 12.50
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Energy output=
[Grainyield (kg ha) x Equivalent yield of grain (kg)] +
[Straw yield (kg ha) x Equivalent energy of straw (kg)]
(Eqn.7)
Net energy =
Energy output (MJ ha™ - Energy input (MJ ha') (Eqn. 8)

Energy output (MJ ha*

Energy use efficiency (ratio) =
Energy input (MJ ha!)

(Eqn.9)

Output (Grain yield) kg ha*

Energy Productivity =
Energy input (MJ ha)

(Eqn. 10)

Energy input (MJ ha)

Energy intensiveness =
&Yy Total cost of cultivation (Rs. ha*

(Eqn. 11)

Net energy output (MJ ha?)

Energy Profitability = Input energy (MJ ha)

(Eqn. 12)

Energy input (MJ ha!)
Specific energy MJ kg ha =

Grain yield kg ha!
(Eqn. 13)

Energy input (MJ ha)

Energy payback time (years) =
By pay Y Net energy (MJ ha™

Carbon dynamics (Eqn. 14)
An examination of carbon dynamics was performed to evaluate
the environmental impact of each treatment. Greenhouse gas
(GHG) emissions from various inputs were calculated using
coefficients and expressed in CO,-equivalents per hectare (10,
11). Carbon input was derived from total GHG emissions (Table
2), while carbon output was estimated from total biomass
production. For UAV-based treatments, key indicators such as
the carbon sustainability index, carbon efficiency ratio and
carbon footprint per unit yield were calculated using the
described methods (12).

Table 2. Carbon dynamics of different inputs used in a rice production

system

Sl. No. Particulars Units (f(:(ég:::lf'ﬂﬁ?ttls)
1. Diesel L 0.94
2. Machinery h 0.071
3. Nitrogen kg 1.3
4. Phosphorus kg 0.2
5. Potassium kg 0.15
6. Herbicide kg a.i. 6.3
7. Straw kg 0.44
8. Seeds kg 0.32
9. Human labour man day 0.23

Carbon output=Grain yield +Straw yield x0.44 (Eqn. 15)

Carbon sustainability index =

Coutput - Cinput

(Eqn. 16)
Cinput
C output
Carbon efficiency ratio = . (Eqn. 17)
Cinput
Carbon footprints or estimated Cinput
average GHG emissions kgCO,eq. = ———
kg* grain Grain yield
(Eqn. 18)

Statistical analysis

Analysis of variance (ANOVA) was performed on the grain yield,
straw yield and NPK uptake to assess the effectiveness of weed
management practices in DDSR, revealing significant
differences among treatment means. Multiple comparisons
were conducted using Duncan's Multiple Range Test (DMRT)
and Tukey's test. The significance level was set at P < 0.05 and
DMRT was used to categorize the means of different sprayers
into distinct groups, which were analyzed using the R software
platform (13, 14).

Results and Discussions
Yield and nutrient uptake of DDSR

The UAV and knapsack spray weed management practices in
DDSR significantly impacted grain and straw yield (Table 3).
The higher grain and straw yields were recorded in UAV spray of
50 L ha™* with 100 % of HRD (T4) (Fig. 1a), which yielded 3866.0
kg ha' and 7014.0 kg ha and it was on par with T, (3655.0 kg
ha'and 6731.0 kg ha'). This suggests that UAV-based
treatments, mainly T, had effective weed control and better
resource allocation through precise and uniform herbicide
application, resulting in higher yields. Higher grain and straw
yield production was due to better partitioning of
photosynthates from source to sink due to reduced weed
competition and improved crop growth that led to grain
formation. A similar result was reported earlier (15). Another
possible reason might be due to lower spray volume, which
increased the herbicide concentration and enhanced weed
control. According to another study, the lower spray volumes
could boost the herbicide effectiveness due to higher
concentrations (16). Increasing the spray volume to 75, 100 and
500 L ha?reduced grain and straw yield (2818.0 kg ha*- 3216.0
kg ha' and 6135.0 kg ha'- 6408.0 kg ha?) due to diluted
herbicide concentrations (Fig. 1b). Similarly, scientists reported
that diluted herbicides could negatively affect the yield due to
reduced concentration (17). In contrast, lower grain and straw
yield was observed in unweeded control (Tw)(Fig. 1c) (1332.0 kg
ha? and 3176.0 kg ha?), significantly lower than the other
treatments due to poor weed control in T, leading to
increased competition for nutrients, water and light made
limited nutrient availability for crop growth.

The uptake of nitrogen (N), phosphorus (P) and
potassium (K) was also significantly influenced by UAV and
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Table 3. Yield and nutrient uptake of UAV and knapsack weed management options for DDSR
Treatments “hghad  Ggha)  (kghan = (kghan  (kghad
T. UAV spray of 25 L ha* with 75 % of HRD 3387.0%0 6550.0%° 95.0%° 18.73bcde 120.9%
T UAV spray of 25 L ha* with 100 % of HRD 3655.0%° 6731.02 96.4%° 20.525¢ 119.7%
T3 UAV spray of 50 L ha* with 75 % of HRD 3403.0%¢ 6723.0° 98.5% 21.4%° 124.3%
Ta UAV spray of 50 L ha* with 100 % of HRD 3866.0° 7014.0° 105.42 21.7° 130.8°
Ts UAV spray of 75 L ha* with 75 % of HRD 2924.0¢de 6334.0° 88.6%¢ 17.6P5cde 84.3«
Te UAV spray of 75 L ha* with 100 % of HRD 3216.0b<de 6408.0° 92.4%b 18.3abcde 94,9«
T7 UAV spray of 100 L ha* with 75 % of HRD 2827.0% 6141.0° 89.6%¢ 17.0% 79.5¢
Ts UAV spray of 100 L ha* with 100 % of HRD 3119.0bce 6355.0° 94.4%° 19.0%b<d 120.0%
To Knapsack spray of 500 L ha* with 75 % of HRD 2818.0¢ 6135.0° 84.1b¢ 16.5% 76.3¢
Tiwo Knapsack spray of 500 L ha* with 100 % of HRD 2916.0% 6310.0° 93.3% 19,326« 123.7%
Tu Hand weeding twice at 20 and 40 DAS 2705.0¢ 5929.0° 88.43b¢ 19,52 105.45¢
T Unweeded control 1332.0 3176.0¢ 72.8° 15.1¢ 67.2¢
S.Ed 156.1 353.08 5.33 1.09 5.99
CD (P <0.05) 323.7 732.3 11.1 2.3 12.4

Fig. 1. Effect of different weed management treatments on crop growth in DDSR. (a) UAV spray (Ta4), (b) Knapsack spray (T1o) and (c) Unweeded

control (T1).

knapsack spray weed management practices in DDSR
(Table 3). The higher NPK uptake (105.4 kg ha?, 21.7 kg ha'and
130.8 kg ha* was found in the UAV spray of 50 L ha™* with 100 %
of HRD (T4) and it was on par with UAV spray of 50 L ha™ with 75
% HRD (T3), 25 L ha with 75 % HRD and 100% of HRD (T; and
T,), which showed 6 % to 8 % loss in NPK uptake. Increasing
spray volume to 75, 100 and 500 L ha* showed 19.2 % loss in
NPK uptake in DDSR. This indicated that UAV-based
treatments, particularly Ts, enhanced nitrogen assimilation,
phosphorus and potassium transformation due to reduced
weed competition, allowing for better nutrient availability.
Similarly, herbicide use significantly reduced the weed density
and dry matter, increasing crop NPK uptake (18). In contrast,
lower NPK uptake was observed in the unweeded control (Ty,)
(72.8 kg ha?, 15.1 kg hatand 67.2 kg ha?), significantly lower
than other treatments. This may again be due to poor weed
control in Ty, leading to increased competition for nutrients,
water and light, limited nutrient availability for crop growth.

Economic analysis of UAV and knapsack spray

The economic analysis of UAV and knapsack weed
management options in DDSR revealed significant variations in
profitability across treatments (Table 4). Among the
treatments, UAV spray of 50 L ha™ with 100 % HRD (T.) recorded
higher gross returns of X 89028 and net returns of X 47184, with
a benefit-cost (B:C) ratio of 2.13. This treatment was more

profitable due to its precision, resulting in better weed control
and higher yields. The total cost of cultivation for T4 was
41844, resulting in a return on investment of 4.8 and a net profit
margin (NPM) of 53.0 %. This was aligned with the previous
findings (15). The UAV spray of 25 L ha™ with 100 % HRD (T3)
showed a slight decrease in gross returns (% 84369), net returns
(R 43525), TCOC (X 40844), ROl (4.4) and NPM (51.6 %),
compared to 50 L ha?, but still maintained economic viability
due to higher herbicide concentration, which ensured effective
weed control and profitability. However, increasing the UAV
spray volume to 75 L ha (Ts and T¢) and 100 L ha* (T7 and Ts)
reduced the B:C ratio from 1.58 - 1.68. The TCOC for these
treatments ranged from X 41400 - X 43844 and the ROI
decreased from 2.5 - 3.3, with NPM ranging from 36.8 % - 43.0
%. This reduction was due to lower herbicide concentrations,
which led to less effective weed control. This allowed weeds to
compete with crops for nutrients, water and sunlight, reducing
overall yield (18). Higher spray volumes in UAV applications
increased battery consumption, requiring more frequent
recharging, raising operational costs and higher technician
labour cost. A scientist from a previous study reported that the
higher spray volumes increased battery usage and technician
costs (19). The knapsack spray of 500 L ha* (T and Tio) had a
lower B:C ratio (1.67), compared to T4, mainly due to its labour-
intensive process (Fig. 1b). The need for manual effort, frequent
refilling and longer spraying time increased costs and
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Table 4. Economic analysis of UAV and knapsack weed management options for DDSR

T coc TCoC Gross returns Net returns ROI PP NPM B:C ratio
T1 34069 39400 78808 39408 4.0 1.00 50.0 2.00
T, 34069 40844 84369 43525 4.4 0.94 51.6 2.07
Ts 34069 40400 79524 39124 4.0 1.03 49.2 1.97
Ta 34069 41844 89028 47184 4.8 0.89 53.0 2.13
Ts 34069 41400 69394 27994 2.8 1.48 40.3 1.68
Te 34069 42844 75206 32362 3.3 1.32 43.0 1.76
Tz 34069 42400 67126 24726 2.5 1.71 36.8 1.58
Ts 34069 43844 73219 29375 3.0 1.49 40.1 1.67
T 34069 40104 66939 26835 4.2 1.49 40.1 1.67
Tiwo 34069 41548 69190 27642 4.3 1.50 40.0 1.67
Tu 34069 43069 64335 21266 3.3 2.03 33.1 1.49
T 34069 34069 32193 -1876 -0.3 -18.16 -5.8 0.94

T - Treatments; COC - Cost of cultivation; TCOC - Total cost of cultivation; ROI - Return on investment; PP - Payback period; NPM - Net profit
margin Ti: UAV spray of 25 L ha with 75 % of HRD; T.: UAV spray of 25 L ha* with 100 % of HRD; Ts: UAV spray of 50 L ha* with 75 % of HRD;
Ta: UAV spray of 50 L ha™* with 100 % of HRD; Ts: UAV spray of 75 L ha* with 75 % of HRD; Te: UAV spray of 75 L ha* with 100 % of HRD; T.: UAV
spray of 100 L ha® with 75 % of HRD; Ts: UAV spray of 100 L ha with 100 % of HRD; Ts: Knapsack spray of 500 L ha* with 75 % of HRD; Tio:
Knapsack spray of 500 L ha™* with 100 % of HRD; T1:: Hand weeding twice at 20 and 40 DAS; T12: Unweeded control.

decreased economic efficiency (20). The TCOC for Ts and Tio
was < 40104 and % 41548, respectively, with an ROI of 4.2 and
4.3 and an NPM of 40.1 % and 40.0 %. Hand weeding (T11)
resulted lower gross return (X 64335) and net returns (I 21266)
compared to Ts. The TCOC was 43069, leading to a reduced
ROI of 3.3 and an NPM of 33.1 %. This highlighted its inefficiency
in modern DDSR practices where labour costs and time are
critical factors. Another study has also reported that the higher
cost of hand weeding alone reduced its financial viability (15,
20). The unweeded control (T12) led to economic losses, with a
gross return X 32193 and a negative net return of X -1876. The
cost of cultivation was % 34069, resulting in an ROI of -0.3 and
an NPM of -5.8 %, confirming the economic disadvantage of not
implementing weed management in DDSR (Fig. 1c) (21).

Energetics of UAV and knapsack spray

The energy analysis of UAV and knapsack spray in DDSR showed
significant differences in efficiency among the treatments (Table
5). The UAV spray at 50 L ha with 100 % HRD (T) was more
efficient, with higher output energy (OE) of 144505 MJ ha* and
net energy (NE) of 132022 MJ ha, leading to 5.2 % increase in OE
and a 10.7 % increase in NE as compared to the UAV spray at 25 L
ha! with 100 % HRD (T>). The IE for T, was 12483 MJ ha' and the
El was 0.30 MJ ?%, indicating its ability to generate higher output
relative to input energy. The energy use efficiency (EUE) of Ts was
also higher (11.58) by utilizing energy more effectively, which led
to better weed control and higher yields. These results align with
the previous findings (22). T, also had higher energy profitability
(EPF) (10.58 kg MJ*), meaning it produced more grain yield per
unit of energy (23). However, when the UAV spray volume
increased to 75 L ha (Ts and T¢) and 100 L ha (T7 and Ts), the
energy use efficiency dropped from 10.2 - 9.52 compared to T4
(11.58). The specific energy (SE) increased from 3.88 MJ kg™ in Ts
to 4.39 MJ kg in T, indicating that increasing spray volumes led
to energy wastage due to higher battery power and labour
requirements (6). The energy payback time (EPT) in these
treatments also increased slightly, 0.12 years in Ty, indicating a
slower return on energy investment. The knapsack spray at 500 L
ha' (Ts and Ti) was less efficient than UAV treatments in all
energetic aspects. For example, T had an IE of 12413 MJ ha* and

an El of 0.31 MJ %, resulting in NE of 105699 MJ ha™, which was
18.3 % lower than T.. The EUE for Ts was also lower (9.52),
requiring more energy to achieve similar results. The SE was
higher at 4.40 MJ kg, further emphasizing its inefficiency. The
longer EPT (0.12 years) and lower EPF suggest that knapsack
spraying is more labour-intensive and energy-demanding than
UAV-based methods. The manual labour involved in knapsack
spraying leads to higher energy use and lower efficiency (24).
Hand weeding (T1) performed even worse, with a decrease in OE
(113876 MJ ha) compared to Ta. The El was 0.29 MJ ** and the
SE was 4.63 MJ kg, showing that hand weeding is less efficient in
DDSR. The EUE was 9.09 and the EPT was 0.12 years, indicating
that hand weeding is not energy-efficient. Hand weeding
requires significant labour energy, leading to lower energy
productivity (EPC of 0.22 kg MJ?) and a longer EPT, making it a
less viable option for modern DDSR practices. The unweeded
control (T1) had poor energy performance, with a decrease in OE
(59280 MJ ha?) and NE (47129 MJ ha) compared to Ts.. The IE
was 12,151 MJ ha? and the El was 0.36 MJ %, higher among
treatments, indicating poor energy conversion efficiency. The
EPT was longer (0.26 years) and the EUE of 4.88 was lower
among all treatments. The EPC of 0.11 kg MJ™* further confirmed
that uncontrolled weed growth significantly reduced energy
efficiency in rice production. Similarly, it was observed higher
energy intensiveness in unweeded plots and mentioned that
excessive energy is required for minimal output in DDSR systems
in an earlier report (5).

Carbon indicators of UAV and knapsack spray

The carbon analysis of UAV and knapsack sprayer in DDSR
showed significant differences in carbon input, output and
overall efficiency across treatments (Table 6). Among the
various weed management practices, UAV sprays using 100 %
HRD (T, T4, T and Ts) consistently had higher total carbon
inputs (246.3 kg CO; eq. ha), regardless of spray volume. Other
treatments, such as UAV spray with 75 % HRD (T, Ts, Ts and T+)
and knapsack spray (Teand Ti), had slightly lower carbon
inputs (from 245.3 - 245.4 kg CO; eq. ha?). This variation in
carbon inputs is mainly due to differences in herbicide doses
and the active ingredients used (10). Among the treatments,

Plant Science Today, ISSN 2348-1900 (online)



AROULRADJ ET AL 6

Table 5. Energetics of UAV and knapsack weed management options for DDSR
T (M.? :a-l) (MJI:a'l) (MJN:a-I) (MJEllas-l) (kgE PM<.:I'1) (kgE :L-l) (MJs:g-l) EPT (years) EUE
T 131664 12413 119251 0.32 0.27 9.61 3.66 0.10 10.61
T, 137866 12483 125383 0.31 0.29 10.04 3.42 0.10 11.04
Ts 134437 12413 122024 0.31 0.27 9.83 3.65 0.10 10.83
Ta 144505 12483 132022 0.30 0.31 10.58 3.23 0.09 11.58
Ts 122158 12413 109745 0.30 0.24 8.84 4.25 0.11 9.84
Ts 127375 12483 114892 0.29 0.26 9.20 3.88 0.11 10.20
Ts 118319 12413 105906 0.29 0.23 8.53 4.39 0.12 9.53
Ts 125287 12483 112804 0.28 0.25 9.04 4.00 0.11 10.04
To 118112 12413 105699 0.31 0.23 8.52 4.40 0.12 9.52
Tiwo 121740 12483 109257 0.30 0.23 8.75 4.28 0.11 9.75
Tu 113876 12528 101348 0.29 0.22 8.09 4.63 0.12 9.09
T 59280 12151 47129 0.36 0.11 3.88 9.12 0.26 4.88

T - Treatments; COC - Cost of cultivation; TCOC - Total cost of cultivation; ROI - Return on investment; PP - Payback period; NPM - Net profit
margin Ti: UAV spray of 25 L ha™ with 75 % of HRD; T,: UAV spray of 25 L ha™ with 100 % of HRD; Ts: UAV spray of 50 L ha™ with 75 % of HRD;
T4 UAV spray of 50 L ha with 100 % of HRD; Ts: UAV spray of 75 L ha! with 75 % of HRD; Te: UAV spray of 75 L ha* with 100 % of HRD; T7: UAV
spray of 100 L ha with 75 % of HRD; Ts: UAV spray of 100 L ha® with 100 % of HRD; To: Knapsack spray of 500 L ha* with 75 % of HRD; Tio:
Knapsack spray of 500 L ha with 100 % of HRD; Ti:: Hand weeding twice at 20 and 40 DAS; T12: Unweeded control.

Table 6. Carbon indicators of UAV and knapsack weed management options for DDSR

Carbon input Carbon output

Carbon footprint

T (kg CO. eq. ha?) (kg CO. eq. ha?) csl CER (kg CO: eq. kgyield)
T 245.2 4372.3 16.8 17.8 0.072
T, 246.3 4569.8 17.6 18.6 0.067
Ts 245.3 4468.6 17.2 18.2 0.072
Ta 246.3 4787.2 18.4 19.4 0.064
Ts 245.3 4073.5 15.6 16.6 0.084
Ts 246.3 4234.6 16.2 17.2 0.077
Tz 245.3 3945.9 15.1 16.1 0.087
Ts 246.3 4168.6 15.9 16.9 0.079
To 245.4 3939.3 15.1 16.1 0.087
Tio 246.4 4059.4 15.5 16.5 0.085
Tu 244.4 3799.0 14.5 15.5 0.090
T 242.0 1983.5 7.2 8.2 0.182

T - Treatments; COC - Cost of cultivation; TCOC - Total cost of cultivation; ROl - Return on investment; PP - Payback period; NPM - Net profit
margin Ti: UAV spray of 25 L ha* with 75 % of HRD; T.: UAV spray of 25 L ha* with 100 % of HRD; Ts: UAV spray of 50 L ha* with 75 % of HRD;
T4 UAV spray of 50 L ha* with 100 % of HRD; Ts: UAV spray of 75 L ha* with 75 % of HRD; Te: UAV spray of 75 L ha! with 100 % of HRD; T7: UAV
spray of 100 L ha with 75 % of HRD; Ts: UAV spray of 100 L ha! with 100 % of HRD; Ts: Knapsack spray of 500 L ha? with 75 % of HRD; Tio:
Knapsack spray of 500 L ha* with 100 % of HRD; Ti:: Hand weeding twice at 20 and 40 DAS; T1.: Unweeded control.

the UAV spray of 50 L ha! with 100 % HRD (T,) showed higher
carbon output at 4787.2 kg CO; eq. ha’, while maintaining a
carbon input of 246.3 kg CO; eqg. ha™. This led to a high carbon
sustainability index (CSI) of 18.4 and a carbon efficiency ratio
(CER) 19.4, indicating that this treatment was effectively
converted to outputs. Similarly, in a previous study, it was
stated that the higher CER represents the effectiveness of
converting carbon inputs into useful outputs (25). Its a lower
carbon footprint (CF) of 0.064 kg CO. eq. kg yield shows that it
uses carbon efficiently, with lower emissions per unit of yield.
This efficiency is due to better weed control and higher crop
yields, which maximize carbon output compared to the input.
Similarly, effective weed management with UAV significantly
reduces weed infestation, leading to higher yields and lower
carbon footprints per unit of yield (26). In contrast, treatments
with higher spray volumes showed lower carbon outputs in Ts
(4073.5 kg CO: eq. ha?) and T; (3945.9 kg CO; eq. ha?). These

treatments had lower CSI (15.6 and 15.1) and CER (16.6 and
16.1) values. These findings suggest an increase in carbon
emissions per unit of yield due to improper use of carbon
inputs. Likewise, an earlier report mentioned that increasing
spray volume without properly managing carbon inputs can
increase carbon emissions (10). Knapsack spray of 500 L ha™ (T,
and To) showed reduced carbon outputs (4059.4 kg CO; eq. ha?
and 3799.0 kg CO; eq. ha?) compared to T, resulting in higher
carbon footprints (0.087 kg CO; eq. kg'yield and 0.085 kg CO;
eq. kg yield), showing that knapsack sprayers are less efficient
in carbon management compared to UAV systems, due to their
higher labour and energy demands (27). Hand weeding (Tw)
produced less carbon output (3799.0 kg CO; eq. ha?) than Ta,
with a CSI of 14.5 and a CER of 15.5. The CF was high (0.090 kg
CO; eq. kg?! yield), reflecting the energy-intensive nature of
manual labour. The inefficiency of hand weeding is due to the
significant human effort required to remove weeds, which
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increases time manually, energy use and labour costs. Unlike
mechanized methods, which allow for efficient herbicide
application over large areas, hand weeding requires repeated
interventions, leading to higher energy expenditure per weed
unit removed (10, 27). As a result, while hand weeding may be a
viable option for small-scale farms, it is less practical for large-
scale operations due to its labour demands and inefficiencies in
energy use. The unweeded control (T) had lower carbon
output (1983.5 kg CO; eq. ha?) than T, with low CSI and CER
values of 7.2 and 8.2 respectively. It also had the highest carbon
footprint among all treatments at 0.182 kg CO- eq. kg? yield,
showing that uncontrolled weeds resulted in poor yields and
inefficient carbon use. Similarly, it was reported higher carbon
inefficiencies in unweeded plots, showing that weed
management is crucial for improving carbon efficiency in DDSR
(10,28).

Conclusion

The study assessed UAV's partial budgeting, energy use and
carbon sustainability and knapsack herbicide application in
DDSR. The research revealed that UAV-based weed
management mainly, UAV spray at 50 L ha® with 100 % HRD)
(Ta), achieved higher grain yield (3866.0 kg ha?), higher NPK
nutrient uptake (105.4 kg ha?, 21.7 kg ha'and 130.8 kg ha?),
better B:C ratio (2.13), improved energy efficiency (11.58) and
lower carbon emissions, with a carbon footprint of 0.064 kg CO,
eqg. kg! yield, making it the most efficient treatment. The
findings enhanced grain vyield, partial budgeting and
environmental sustainability by optimizing resource use,
reducing labour dependency and lowering carbon emissions. It
can be concluded that UAV-based weed management is an
approach for large-scale cultivation, particularly in labour-
scarce areas, making it a more sustainable option in the
southern coastal deltaic region.
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