Assessment of Drone- and Robotic-Based Herbicide Application on Soil Enzymatic Activity under Different Plant Densities in Cotton

Abstract
The present study was conducted at Regional Agricultural Research Station (RARS), Palem, Nagarkurnool, Professor Jayashankar Telangana Agricultural University, Telangana, India during kharif 2023 and 2024 to evaluate plant density and weed management methods influence on soil enzymes activity. High density planting, recorded significantly higher soil enzyme activities (urease, dehydrogenase, phosphatase and β glucosidase activity) at 30, 60 and 90 DAS except at harvest compared to normal planting. Robotic mechanical intercultivation which was on par with weed free recoded significantly higher soil enzymes activity (urease, dehydrogenase and β glucosidase) compared to herbicides application through drone spaying, robotic spraying and manual spraying at 30 DAS. At 60, 90 DAS and harvest the applied herbicide showed no statistically significant effect on soil enzymes activity, during both the years of experimentation.
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Introduction
“Cotton is the most important commercial crop of India and world. Multiutility as lint, seed oil and cotton stalks all play important roles in agriculture and industry throughout the world” (Zhang et al., 2021). Globally cotton grown in 30.82 m ha area with production and productivity of 72.81 mt and 2362 kg ha-1, respectively. In India, cotton occupy 11.44 m ha area with production and productivity of 15 mt and 1310 kg ha-1, respectively (FAOSTAT, 2024). Traditionally, cotton grown at wider spacing between rows and plants, due to slow initial growth, cotton faces severe weed competition in early stages causing yield losses 50 to 85 per cent (Venugopalan et al., 2009) during critical period of crop weed competition is around 15 to 60 days (Webster, 2008).  Application of pendimethalin and pyrithiobac sodium + quizalofop ethyl control the weeds effectively in cotton (Ali et al., 2013) using UAV and knapsack sprayer showed significant effect on weed parameters compared to control (Chen et al., 2019). Closer crop geometry observed higher urease and dehydrogenase enzymes activity over wider spacings (Kavya et al., 2025). Application of pendimethalin reduced the dehydrogenase enzyme activity at initial stages after application (Siddagangamma et al., 2021), herbicides applied treatments showed lower dehydrogenase and phosphatase activity compare to non-herbicide treatments (Shankar et al., 2022), application herbicides reduced dehydrogenase activity at a higher rate for 20-30 days after application for a short period without adverse long term effects (Suresh and Qureshi, 2010). Thus, studying the effect of herbicides application through different methods on soil enzyme activities is important as they govern the soil biological processes.  
Materials and Methods
[bookmark: _GoBack]The study was conducted at Regional Agricultural Research Station, Palem, Professor Jayashankar Telangana Agricultural University (PJTAU), Hyderabad, India. “The two years field experiment was conducted during 2023 and 2024 in strip plot design, with D1- normal planting (90 × 60 cm) and D2- high density planting (80 × 20 cm) as vertical factors and W1- Drone spraying of pendimethalin 38.7 % CS 677.25 g a.i ha-1 as PE fb pyrithiobac sodium 6% w/w + quizalofop ethyl 4% w/w EC 125 g a.i ha-1 as POE at 2-3 leaf stage of weeds fb mechanical intercultivation at 60 DAS, W2- robotic spraying of pendimethalin 38.7 % CS 677.25 g a.i ha-1 as PE fb pyrithiobac sodium 6% w/w + quizalofop ethyl 4% w/w EC 125 g a.i ha-1 as POE at 2-3 leaf stage of weeds fb mechanical intercultivation at 60 DAS, W3- manual spraying of pendimethalin 38.7 % CS 677.25 g a.i ha-1 as PE fb pyrithiobac sodium 6% w/w + quizalofop ethyl 4% w/w EC 125 g a.i ha-1 as POE at 2-3 leaf stage of weeds fb mechanical intercultivation at 60 DAS, W4- robotic- mechanical intercultivation at 20, 40 and 60 DAS, W5- weed free check (Mechanical intercultivation at 20, 40 and 60 DAS + intra row hand weeding) and W6- weedy check as horizontal factors in sandy loam soils, neutral reaction with low in organic carbon, available nitrogen and high in available phosphorus and potassium. The soil samples were collected from the experimental plot to study the enzymes activity at 30, 60, 90 DAS and harvest. Enzymes activity in soil was determined by quantifying the ratio of release of NH4+ from the hydrolysis of urea for urease” (Tabatabai and Bremner, 1972), dehydrogenase activity by measuring the red color intensity with spectrophotometer at 485 nm (Casida et al., 1964), filtrates yellow color intensity with spectrophotometer at 420 nm (Tabatabai and Bremner, 1969) and β glucosidase activity was determined by measuring the filtrate's yellow color intensity and the amount of p-nitrophenol released at 400-420 nm wave length (Eivazi and Tabatabai, 1988). The data was statistically analyzed as per the procedure given by Gomez and Gomez (1984).
Results and Discussion
The Tables 1,2,3 and 4 shows the data related to urease, dehydrogenase, phosphatase and β glucosidase activities in respectively.
Influence of plant density on soil enzymes activities
At 30 DAS, high density planting recorded significantly higher activities of soil enzymes (urease, dehydrogenase, phosphatase and β-glucosidase) during both the years of experimentation compared to normal planting. The high enzymatic activity of high density planting may be attributed to greater root proliferation per unit area, which resulted in increased root exudation and stimulation of soil microbial populations. Higher root activity in high density planting compared to normal planting is primarily due to enhanced microbial activity. Similar trend was observed at 60 and 90 DAS during both years of the study, where, high density planting recorded significantly higher enzyme activities than normal planting. It may be attributed increased availability of organic substrates from roots and decomposing plant residues. However, at harvest, enzyme activities did not differ significantly due to plant density. This could be due to reduced root activity and depletion of readily available organic substrates towards crop maturity, leading to a decrease in microbial activity irrespective of plant density. These findings are in close agreement with the results reported by Kuzyakov et al. (2019) and Kavya et al. (2025).
Influence of weed management methods on soil enzymes activities
Soil enzyme activities viz., urease, dehydrogenase, phosphatase and β glucosidase were significantly influenced by the weed management methods at 30 DAS. Among weed management methods W4- robotic-MIC (mechanical intercultivation) recoded significantly higher urease, dehydrogenase, phosphatase and β glucosidase activities compared to herbicide application through W1- drone spraying, W2- robotic spraying and W3- manual spraying. The herbicides showed short period fall in enzymes activity due to reduced microbial population and were found to be statistically on par with each other. Weedy check, recorded significantly higher urease activity over all herbicide applied treatments but, was on par with weed free treatment at 30 DAS during both the years of experimentation. At 60, 90 DAS and harvest, soil enzymes activities were non significantly influenced by the weed management methods. it may be attributed to reduced herbicide molecules activity, due to degradation and less half life of herbicides. Higher root activity at these stages degrades the herbicides due high microbial populations, which breakdown the herbicide molecules and use as a source of carbon. Pendimethalin and pyrithiobac sodium + quizalofop ethyl application significantly reduced the enzymes activity (urease, dehydrogenase, phosphatase and β glucosidase) compared to weed free and weedy check, initially for a short period of time, can be attributed to the temporary inhibitory effects of herbicides on soil microbial populations without adverse long term effects.  Over time, enzyme activity was recovered and became statistically comparable across treatments, due to the rapid degradation of herbicide molecules by soil microorganisms, which utilize the herbicide-derived carbon as an energy source for microbial proliferation. The rhizospheric soil of cotton exhibited greater resilience, with enzyme activities being least affected by pendimethalin and pyrithiobac sodium + quizalofop ethyl. Root exudates released by cotton plants likely stimulated microbial growth, enhancing enzymatic synthesis and accelerating herbicide degradation in the rhizosphere. These results are substantiated by (Suresh and Qureshi, 2010), Kumari et al. (2017), (Tejashree et al., 2018) and Dhakad et al. (2022).

Conclusion 
The experimental results concluded that high density planting recorded significantly higher soil enzymes activities (urease, dehydrogenase, phosphatase and β glucosidase) than normal planting and among the weed management methods, herbicide application through drone, robot and manual knapsack spraying significantly reduced the soil enzymes activities than robotic mechanical intercultivation and weed free and weedy check, initially a short period. Further, had no long-term adverse impact on enzymes activities.
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	Treatment
	30 DAS
	60 DAS
	90 DAS
	Harvest

	
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean

	  Plant density

	D1: 90 × 60 cm
	36.53
	36.26
	36.40
	35.96
	35.33
	35.65
	40.98
	40.54
	40.76
	37.06
	36.51
	36.79

	D2: 80 × 20 cm
	40.81
	40.56
	40.69
	42.63
	41.94
	42.29
	46.52
	46.23
	46.38
	37.15
	36.73
	36.94

	SE(m)±
	0.14
	0.12
	-
	0.27
	0.16
	-
	0.13
	0.19
	-
	0.25
	0.29
	-

	CD (P=0.05)
	0.63
	0.56
	-
	1.21
	0.72
	-
	0.58
	0.86
	-
	NS
	NS
	-

	  Weed management method

	W1
	35.17
	35.01
	35.09
	38.53
	38.30
	38.42
	43.60
	43.12
	43.36
	36.36
	35.90
	36.13

	W2
	34.53
	34.11
	34.32
	38.51
	38.02
	38.27
	43.21
	42.55
	42.88
	36.10
	35.41
	35.76

	W3
	35.50
	35.50
	35.50
	39.23
	38.40
	38.82
	43.65
	43.22
	43.44
	36.95
	36.44
	36.70

	W4
	41.84
	41.35
	41.60
	39.50
	38.45
	38.98
	43.85
	43.52
	43.69
	37.29
	36.49
	36.89

	W5
	42.13
	42.01
	42.07
	39.70
	39.10
	39.40
	44.00
	43.77
	43.89
	37.45
	37.25
	37.35

	W6
	42.84
	42.48
	42.66
	40.31
	39.53
	39.92
	44.17
	44.14
	44.16
	38.48
	38.23
	38.36

	SE(m)±
	0.27
	0.28
	-
	0.44
	0.35
	-
	0.24
	0.36
	-
	0.56
	0.65
	-

	CD (P=0.05)
	0.83
	0.85
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  Interaction 

	  D × W

	 SE(m)±
	0.35
	0.43
	-
	0.53
	0.59
	-
	0.60
	0.67
	-
	0.73
	0.90
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  W × D

	 SE(m)±
	0.37
	0.43
	-
	0.57
	0.56
	-
	0.51
	0.61
	-
	0.78
	0.93
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-


Table 1 Effect of plant density and weed management method on urease activity (μg NH4-N g-1 soil hr-1)
W1: Drone spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W2: Robotic spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W3: Manual spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W4: Robotic- MW at 20, 40 and 60 DAS; W5: Weed free check (MW at 20, 40 and 60 DAS + intra row Hand weeding); W6: Weedy check.


	Treatment
	30 DAS
	60 DAS
	90 DAS
	Harvest

	
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean

	  Plant density

	D1: 90 × 60 cm
	27.17
	26.91
	27.04
	27.62
	27.45
	27.54
	34.92
	34.76
	34.84
	27.12
	27.38
	27.25

	D2: 80 × 20 cm
	29.37
	29.20
	29.29
	30.39
	29.18
	29.79
	37.05
	36.89
	36.97
	27.40
	28.07
	27.74

	SE(m)±
	0.06
	0.05
	-
	0.21
	0.15
	-
	0.22
	0.29
	-
	0.14
	0.21
	-

	CD (P=0.05)
	0.26
	0.23
	-
	0.96
	0.67
	-
	0.97
	1.29
	-
	NS
	NS
	-

	  Weed management method

	W1
	25.70
	25.49
	25.60
	28.71
	27.65
	28.18
	35.60
	35.79
	35.70
	26.86
	27.51
	27.19

	W2
	25.35
	25.10
	25.23
	28.32
	27.64
	27.98
	35.12
	35.21
	35.17
	26.78
	27.08
	26.93

	W3
	26.05
	25.76
	25.91
	28.85
	28.17
	28.51
	35.81
	36.48
	36.15
	27.08
	27.93
	27.51

	W4
	30.40
	30.19
	30.30
	28.93
	28.28
	28.61
	35.93
	34.93
	35.43
	27.10
	27.51
	27.31

	W5
	30.80
	30.65
	30.73
	29.49
	28.92
	29.21
	36.70
	36.17
	36.44
	27.57
	27.88
	27.73

	W6
	31.30
	31.14
	31.22
	29.73
	29.24
	29.49
	36.75
	36.35
	36.55
	28.17
	28.46
	28.32

	SE(m)±
	0.18
	0.19
	-
	0.33
	0.45
	-
	0.40
	0.42
	-
	0.33
	0.35
	-

	CD (P=0.05)
	0.54
	0.56
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  Interaction 

	  D × W

	 SE(m)±
	0.31
	0.34
	-
	0.65
	0.47
	-
	0.57
	0.68
	-
	0.53
	0.57
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  W × D

	 SE(m)±
	0.29
	0.32
	-
	0.58
	0.56
	-
	0.57
	0.63
	-
	0.52
	0.54
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-


Table 2 Effect of plant density and weed management method on dehydrogenase activity (μg TPF g-1 soil 24 hrs-1)
W1: Drone spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W2: Robotic spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W3: Manual spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W4: Robotic- MW at 20, 40 and 60 DAS; W5: Weed free check (MW at 20, 40 and 60 DAS + intra row Hand weeding); W6: Weedy check.


	Treatment
	30 DAS
	60 DAS
	90 DAS
	Harvest

	
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean

	  Plant density

	D1: 90 × 60 cm
	31.45
	31.27
	31.36
	36.72
	38.62
	37.67
	75.10
	73.06
	74.08
	32.34
	31.66
	32.00

	D2: 80 × 20 cm
	32.35
	32.28
	32.32
	39.57
	41.05
	40.31
	81.80
	76.03
	78.92
	32.62
	31.86
	32.24

	SE(m)±
	0.16
	0.19
	-
	0.27
	0.23
	-
	0.62
	0.23
	-
	0.31
	0.48
	-

	CD (P=0.05)
	0.73
	0.84
	-
	1.22
	1.02
	-
	2.80
	1.04
	-
	NS
	NS
	-

	  Weed management method

	W1
	28.35
	28.35
	28.35
	37.82
	39.45
	38.64
	77.11
	73.97
	75.54
	32.10
	31.17
	31.64

	W2
	28.25
	28.20
	28.23
	37.04
	39.00
	38.02
	76.00
	73.60
	74.80
	31.40
	30.60
	31.00

	W3
	29.05
	28.90
	28.98
	37.90
	39.55
	38.73
	79.01
	74.36
	76.69
	32.20
	31.24
	31.72

	W4
	32.40
	32.05
	32.23
	38.30
	40.15
	39.23
	79.40
	74.45
	76.93
	32.65
	31.46
	32.06

	W5
	35.70
	35.50
	35.60
	38.82
	39.94
	39.38
	79.55
	75.40
	77.48
	33.16
	32.86
	33.01

	W6
	37.65
	37.65
	37.65
	38.97
	40.94
	39.96
	79.63
	75.48
	77.56
	33.36
	33.22
	33.29

	SE(m)±
	0.23
	0.15
	-
	0.46
	0.54
	-
	0.97
	0.46
	-
	0.46
	0.65
	-

	CD (P=0.05)
	0.69
	0.46
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  Interaction 

	  D × W

	 SE(m)±
	0.35
	0.33
	-
	0.79
	0.53
	-
	1.36
	0.92
	-
	0.54
	1.03
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  W × D

	 SE(m)±
	0.33
	0.26
	-
	0.74
	0.66
	-
	1.35
	0.83
	-
	0.57
	0.96
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-


Table 3 Effect of plant density and weed management method on phosphatase activity (μg PNP g-1 hr-1)
W1: Drone spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W2: Robotic spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W3: Manual spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W4: Robotic- MW at 20, 40 and 60 DAS; W5: Weed free check (MW at 20, 40 and 60 DAS + intra row Hand weeding); W6: Weedy check.


Table 4 Effect of plant density and weed management method on β Glucosidase activity (μg PNP g-1 hr-1)
	Treatment
	30 DAS
	60 DAS
	90 DAS
	Harvest

	
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean
	2023
	2024
	Mean

	  Plant density

	D1: 90 × 60 cm
	31.79
	31.47
	31.63
	60.72
	61.65
	61.19
	91.95
	90.98
	91.47
	89.82
	89.59
	89.71

	D2: 80 × 20 cm
	34.05
	35.78
	34.92
	62.14
	64.63
	63.39
	94.66
	94.41
	94.54
	90.12
	90.19
	90.16

	SE(m)±
	0.27
	0.38
	-
	0.25
	0.36
	-
	0.31
	0.43
	-
	0.29
	0.67
	-

	CD (P=0.05)
	1.20
	1.70
	-
	1.14
	1.61
	-
	1.38
	1.94
	-
	NS
	NS
	-

	  Weed management method

	W1
	28.60
	29.31
	28.96
	61.10
	62.50
	61.80
	92.16
	91.90
	92.03
	89.20
	89.29
	89.25

	W2
	28.50
	28.99
	28.75
	60.04
	62.10
	61.07
	92.05
	91.76
	91.91
	88.76
	88.25
	88.51

	W3
	29.25
	29.85
	29.55
	61.65
	63.27
	62.46
	92.69
	91.98
	92.34
	89.79
	89.60
	89.70

	W4
	36.43
	36.72
	36.58
	61.68
	63.38
	62.53
	93.90
	93.15
	93.53
	90.12
	89.63
	89.88

	W5
	37.05
	37.92
	37.49
	61.99
	63.60
	62.80
	93.99
	93.38
	93.69
	90.42
	90.35
	90.39

	W6
	37.70
	38.97
	38.34
	62.13
	64.00
	63.07
	95.05
	94.01
	94.53
	91.53
	92.20
	91.87

	SE(m)±
	0.29
	0.52
	-
	0.47
	0.47
	-
	0.71
	0.63
	-
	0.61
	0.85
	-

	CD (P=0.05)
	0.69
	1.56
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  Interaction 

	  D × W

	 SE(m)±
	0.70
	0.87
	-
	0.62
	0.69
	-
	1.18
	1.17
	-
	0.79
	1.27
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-

	  W × D

	 SE(m)±
	0.58
	0.80
	
	0.64
	0.65
	-
	1.14
	1.05
	
	0.84
	1.19
	-

	 CD (P=0.05)
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-
	NS
	NS
	-


W1: Drone spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W2: Robotic spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W3: Manual spraying of pendimethalin as PE fb pyrithiobac sodium + quizalofop ethyl as PoE fb MW at 60 DAS; W4: Robotic- MW at 20, 40 and 60 DAS; W5: Weed free check (MW at 20, 40 and 60 DAS + intra row Hand weeding); W6: Weedy check.

