


Influence of different establishment and weed management techniques on weeds, productivity, quality and profitability of rice (Oryza sativa L.) under irrigated condition


Abstract
Researchers conducted the field experiment during the 2018 Kharif season at the Narendra Deva University of Agriculture and Technology's Agronomy Research Farm in Kumarganj, Ayodhya (U.P.). The experiment consisted of three rice establishment method viz; transplanting, drum seeded, and direct-seeded method and five weed management technique viz; pyrazosulfuron-ethyl 10% WP @ 30 g/ha at 5 days after sowing (DAS)/days after transplanting (DAT), chlorimuron-ethyl + metsulfuron-methyl @ 4 g/ha at 10 DAS/DAT, bispyribac-sodium @ 25 g/ha at 30 DAS/DAT, two hand-weeding at 20 and 40 DAS/DAT, and weedy check making fifteen treatment combination which were assigned in a Factorial Randomized Block Design (FRBD) replicated thrice. According to the findings, the transplanting method of rice establishment considerably reduced the weeds' flora densities such as broad leaved, grasses, sedges, total density and weeds dry weight. It also improved weed control efficiency (52.34%), leading to higher biological yield (9.71 t ha⁻¹), grain yield (4.78 t ha⁻¹), straw yield (4.93 t ha-1) along with gross returns (₹ 98439 ha-1), net return (₹ 56010 ha-1), and BCR (1.31) compared to the drum-seeded and direct-seeded methods for the NDR-2065 rice variety. Further, among the weed management techniques, two hand weeding applied at 20 and 40 DAS/DAT resulted in the best weed performance, with decreased weeds flora densities such as Broad leaved, grasses, sedges and total density as well as weeds dry weight. This practice also led to improved weed control efficiency (77.99%), biological yield (10.99 t ha-1), grain yield (5.41 t ha-1), straw yield (5.58 t ha-1) along with gross returns (₹111483 ha-1), and net return (₹ 66843 ha-1). Bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT, pyrazosulfuron-ethyl 10% WP @ 30 g ha-1, and chlorimuron-ethyl + metsulfuron-methyl @ 4 g ha-1, in that order, were the next best-performing methods after manual weeding Twice. While, application of bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT alone recorded maximum BCR (1.52) than other weed management technique. Thus, the combination of the transplanting method for rice establishment and bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT showed to be the most beneficial to reduce weed densities and their dry weight, and also enhancing yield and economic returns of rice.
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1. INTRODUCTION
	In India, rice is the most important crop as a staple food. It is the most widely planted crop in terms of acreage, with about 43 million hectares under cultivation nationwide. India is the world's second-largest country after China (Sarfaraz, 2023). In order to meet the nation's food needs, rice is essential. Notably, West Bengal, Telangana, Uttar Pradesh, Andhra Pradesh, and Punjab combined produce more than half of India's rice. (Mahajan et al., 2017). The laborious traditional method of transplanting rice on puddle soil requires a lot of water to raise the nursery and prepare the bed for transplanting by puddling. Transplanting, which entails preparing seedlings in nurseries and replanting, is the traditional method of growing rice (Panneerselvam et al., 2020). Transplantation is common in the majority of Asian nations (Al-Hashimi, 2023). The advantages of traditional puddled rice include a decrease in the number of weeds and an increase in the availability of nutrients in the soil, particularly iron, zinc, and phosphorous (Surendra). To improve nutrient availability, the puddled soil produces anaerobic conditions (Sanchez). Direct-seeded rice (DSR), a possible substitute for PTR, has demonstrated promise in the face of labor and water shortages. Compared to PTR, DSR conserved 20–33% of irrigation water. In comparison to PTR, it lowers the overall labor need by 11–66%, depending on the time of year, the area, and the kind of DSR. Using both dry and wet sprouted rice seeds, the drum seeder is another honorable method. Compared to transplanted rice, direct seeding with a single, thick row of drum seeder yielded a yield that was almost 21% greater (Bautista et al. 2023). The benefits of a drum seeder include consistent seed distribution, decreased seed rate and sowing time, lower thinning expenses, and the ability to achieve hill dropping of the seed using this enhanced planting technique. Due to the lower seed rate, lower labor costs, elimination of the necessity for nursery raising, and higher number of efficient tillers, direct sowing using a drum seeder is the only practical way to lower paddy cultivation costs and boost net returns. A basic hand tool for planting rice seeds on puddled soil is a drum seeder (Kumar and Raju, 2015). There is ample evidence of changes in the composition of weed flora in agricultural cropping systems. Selection pressures brought about by advancements and adjustments in agricultural methods, which have somewhat changed weed habitats, are responsible for these changes (Clements and Jones, 2021; Wedger et al., 2024). The technique utilized to establish the rice also affects the differences in weed flora. Numerous biotic and abiotic variables are contributing to India's decreased rice output. The main biotic factor limiting rice productivity is weeds, which compete with the crop for light, moisture, and nutrients. Because both crops and weeds develop at the same time in drum seeded rice and direct seeded rice (DSR), weed infestation and competition are more severe than in transplanted rice. Kumar et al. (2023) observed that weeds reduced yield by 34% in transplanted rice, 45% in lowland rice that was directly seeded, and 67% in highland rice. Herbicides and hand weeding are both employed to control weeds in Asia, however due to manpower shortages and expensive costs, manual weeding is becoming less popular. Due to the herbicides' ease of application, labor savings, and lower costs, their use in rice has expanded. Chemical weed management has been promoted for rice and entails the use of various pre- and post-emergent broad-spectrum herbicides. Due to its advantages over other weed control techniques, such as simplicity of application and rapid and efficient control, chemical weed control has grown in importance over time. For direct-seeded and transplanted rice in India, a wide range of pre-emergence herbicides, including pendimethalin, oxadiazon, oxadiargyl, and pretilachlor, as well as post-emergence herbicides, including cyhalofop-butyl, bispyribac-sodium, penoxsulam, fenoxaprop, azimsulfuron, 2,4-D, metsulfuron-methyl, triafamone + ethoxysulfuron, and others, are advised and applied (Arthanari, 2023; Jehangir et al., 2024). With this perspective, the present investigation was carried out to evaluate the effect of different establishment method and weed management techniques on weeds as well as their productivity, quality and profitability.
2. MATERIAL AND METHOS
The field experiment was conducted during the Kharif season of 2018 at Agronomy Research Farm of Narendra Deva University of Agriculture and Technology, Kumarganj, Ayodhya, Uttar Pradesh, which falls under the sub-tropical climate with remarkable humidity and lies between 24.4° North latitudes and 82.10° East longitudes with an altitude of about 113 meter mean sea level. The soil of experimental field was silty loam in texture, basic in reaction (pH 8.1), and electrical conductivity of 0.28 ds m-1, low in organic carbon (0.43%), available nitrogen (200.45 kg ha-1), available phosphorous (18.40 kg ha-1), and high in available potassium (295.35 kg ha-1). The experiment consisted of three rice establishment method viz; transplanting, drum seeded and direct-seeded method and five weed management technique viz; Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1 at 5 days after sowing (DAS)/days after transplanting (DAT), chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1 at 10 DAS/DAT, Bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT, Hand weeding at 20 and 40 DAS/DAT and Weedy check making fifteen treatment combination which was assigned in a Factorial Randomized Block Design (FRBD) and replicated thrice. The paddy variety NDR-2065 was sown on 6th July 2018, transplanted on 30th July 2018 and crop was harvested on 15th November 2018. The recommended dose of fertilizer was 120 kg nitrogen, 60 kg phosphorous, and 60 kg potassium ha-1 and were applied uniformly in each plot. All the recommended agronomic and plant protection measures were adopted to raise the crop. The information about weed plants, At 90 DAS, weeds were methodically collected in 0.25m × 0.25m quadrants that were chosen at random within each experimental plot. After being meticulously cut off close to ground level, the weeds were counted and given a taxonomy. Following identification, the specimens were divided into three groups: sedges, grasses, and broad-leaved weeds. After being categorized, the weeds were dried in two stages: first, they were sun-dried, and then they were oven-dried at 60 °C until their weight remained consistent. Dry matter and weed density were measured and represented by the numbers m-2 and g m-², respectively. These were subjected to square root transformation  before statistical analysis to normalize their distribution. According to Abdullah et al., (2020), the weed control efficiency (%) of treatment was calculated by using following formula:


Where, 
WCE = Weed Control Efficiency, 
DWC= Weed dry weight in control plot, 
DWT= weed dry weight in treated plot. 
Grain yield and straw yield data were recorded in kg for each plot. To make the comparison studies easier, the entire plot was methodically picked, dried, and weighed. The recorded numbers were subsequently converted into t ha-1. Prior to performing the colorimetric ammonia assay of the digest to determine the nitrogen concentration, which was converted to protein by multiplying by the factor 6.25, the protein concentration of rice kernels was ascertained by first performing Micro-Kjeldhal digestion and ammonia distillation. Various economic indices, such as gross return, net return, and benefit-cost ratio (BCR), were computed based on the current market prices of the input and output. The one season data was statistically analyzed as suggested by Gomez and Gomez (1984). Statistical significance was tested by F test at a critical difference (CD) of 0.05 level of probability. 
3. RESULT AND DISCUSSION
3.1. Weed Flora Composition 
After being gathered, recognized, and categorized as grassy, broad-leaved weeds (BLWs), and sedges, the experimental field's weed flora is shown in Table 1.
Table 1. Weed flora of the experimental field
	S. No.
	Weed species
	Common Name
	Family
	Habitat

	Grassy weeds

	1.
	Echinochloa crusgalli L.
	Barnyard grass, Samaghas
	Poaceae
	Annual 

	2.
	Echinochloa colona L.
	Jungli rice, Sawan
	--
	--

	3.
	Panicum maximum L.
	Jheerua
	--
	--

	4.
	Eleusine indica
	Makra
	Poaceae 
	Annual

	Broad leaf weeds

	5.
	Commelina benghalensis L.
	Day flower
	Commelinaceae 
	Annual 

	6.
	Eclipta alba 
	Bhangra
	Compositae 
	--

	7.
	Ludwigia parviflora
	Water-primrose
	Onagraceae
	Annual

	8.
	Caesulia axillaries
	Pink node flower
	Asteraceae
	Annual

	Sedges 

	9.
	Cyperus esculentus L.
	Yellow nut grass
	Cyperaceae
	Annual/ Perennial

	10.
	Cyperus difformis L.
	Small flower
	Cyperaceae
	Annual 

	11.
	Cyperus rotundus L
	Java grass, coco grass
	Cyperaceae
	Perennial


3.2. Broad leaved, Grassy and Sedges weeds density 
	According to Table 2, 3, and 4, the data analysis revealed significant differences (p = 0.05) in the rice establishment techniques for the board-leaved, grassy, and sedge weed densities. Direct-seeded rice had significantly more mean densities of broad-leaved (7.17 m-2), grassy (6.82 m-2), and sedge (6.97 m-2) weeds than drum-seeded and transplanted rice. In transplanted rice, the mean densities of grassy (4.92 m-2), broad-leaved (5.96 m-2), and sedge (5.23 m-2) weeds were much lower. Due to the exposed soil and absence of a water cover, direct-seeded rice has a higher weed density, which encourages the development of weed seeds. By improving crop canopy and creating anaerobic soil conditions, transplanting inhibits the development of weeds. Similar finding were also reported by Saha et al. (2021), Cordeau et al., (2022), Mishra et al., (2022), Nazir et al., (2023) and Pratap et al. (2023).
	One of the main issues with crop species that lowers crop development and productivity is weed. Therefore, weed control techniques are utilized to boost the factor. Additionally, data analysis revealed significant variations (p = 0.05) in weed management techniques for the densities of board-leaved, grassy, and sedge weeds (Table 2, 3, and 4). The mean broad leaved (8.49 m-2), grassy (7.60 m-2), and sedges (8.04 m-2) weed densities were significantly highest in weedy check plots, followed by the application of chlorimuran-ethyl + metsulfuron methyl @ 4 g ha-1 at 10 DAS/DAT, pyrazosulfuron-ethyl 10% WP @ 30 g ha-1 at 5 DAS/DAT, and bispyribac sodium @ 25 g ha-1 at 30 DAS/DAT. Although during the season, two hand weeding techniques were found to have the lowest densities of grassy (4.38 m-2), broad-leaved (4.75 m-2), and sedge (4.57 m-2) weeds. However, compared to the application of pyrazosulfuron-ethyl 10% WP @ 30 g ha-1 at 5 DAS/DAT and chlorimuran-ethyl + metsulfuron methyl @ 4 g ha-1 at 10 DAS/DAT, the application of bispyribac sodium @ 25 g ha-1 at 30 DAS/DAT was found to have significantly lower densities of broad-leaved plants (5.61 m-2), grasses (5.23 m-2), and sedges (5.40 m-2). Because there were no control mechanisms in place to limit weed development, weedy check plots had the greatest weed densities. The most successful method was hand weeding as it targets a variety of weeds at crucial periods. Compared to early-applied pyrazosulfuron and chlorimuron + Metsulfuron, which are more selective and time-sensitive, bispyribac sodium was more effective at reducing densities of broadleaf, grassy, and sedge weeds because of its broad-spectrum, post-emergence action and longer residual activity. Similar finding were also reported Saha et al. (2021), Cordeau et al., (2022), Mishra et al., (2022), Nazir et al., (2023) and Pratap et al. (2023).
Table 2: Influence of establishment methods and weed management techniques on broad leaf weeds density
	Broad leaf weed density (No. m-2)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	5.82
(33.33)
	6.21
(37.99)
	5.12
(25.66)
	4.45
(19.33)
	6.87
(46.66)
	5.69
(32.59)

	Drum seeded 
	6.23
(38.33)
	7.08
(49.66)
	5.55
(30.33)
	4.78
(22.33)
	9.16
(83.33)
	6.56
(44.80)

	Direct seeded
	7.27
(52.33)
	7.95
(62.66)
	6.15
(37.33)
	5.02
(24.66)
	9.46
(88.99)
	7.17
(53.19)

	Mean
	6.44
(41.33)
	7.08
(50.10)
	5.61
(31.11)
	4.75
(22.11)
	8.49
(72.99)
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.13
	0.17
	0.29

	LSD (P=0.05)
	0.38
	0.49
	0.85


*Figure in parenthesis are the original value. The data was transformed to SQRT  before analysis
Table 3: Influence of different establishment and weed management techniques on grassy weeds density
	Grassy weeds density (No. m-2)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	5.08
(25.33)
	5.24
(26.99)
	4.49
(19.66)
	3.85
(14.33)
	5.93
(34.66)
	4.92
(24.19)

	Drum seeded 
	5.67
(31.60)
	6.10
(36.66)
	5.30
(27.66)
	4.45
(19.33)
	8.05
(64.33)
	5.92
(35.92)

	Direct seeded
	6.87
(46.66)
	7.69
(58.66)
	5.90
(34.33)
	4.85
(2.99)
	8.80
(76.99)
	6.82
(47.93)

	Mean
	5.87
(34.53)
	6.34
(40.77)
	5.23
(27.22)
	4.38
(18.88)
	7.60
(58.66)
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.12
	0.15
	0.27

	LSD (P=0.05)
	0.35
	0.45
	0.77


*Figure in parenthesis are the original value. The data was transformed to SQRT  before analysis	
	Board-leaved, grassy, and sedge weed densities varied significantly (p = 0.05) as a result of the interaction effect between various establishment and weed management techniques (Table 2, 3, and 4). Weedy check plots in direct deeded rice achieved the highest densities of broad leaved (9.46 m-2), grassy (8.80 m-2), and sedge (9.14 m-2) weeds. Weedy check plots in drum-seeded rice came next, and both were statistically comparable to and noticeably better than other treatments. This might be because of the exposed soil and absence of a water layer, which encourage the development and appearance of weeds. On the other hand, two-hand weeding applied at 20 and 40 DAS/DAT in transplanted rice resulted in the lowest densities of broad-leaved (4.45 m-2), grassy (3.85 m-2), and sedge (4.10 m-2) weeds. This was statistically comparable with the application of two-hand weeding in drum-seeded rice and post-emergence application of bispyribac sodium @ 25 g ha-1 alone in transplanted rice. This might be because crop canopy, standing water, and focused weed control measures effectively suppress weeds. Similar finding were also reported by Saha et al. (2021), Cordeau et al., (2022), Mishra et al. (2022), Nazir et al., (2023) and Pratap et al. (2023).
Table 4: Influence of different establishment and weed management techniques on sedges weeds density
	Sedges weed density (No. m-2)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	5.37
(28.33)
	5.61
(30.99)
	4.71
(21.66)
	4.10
(16.33)
	6.34
(39.66)
	5.23
(27.39)

	Drum seeded 
	5.99
(35.33)
	6.724
(4.66)
	5.46
(29.33)
	4.57
(20.33)
	8.65
(74.33)
	6.28
(40.80)

	Direct seeded
	7.06
(49.33)
	7.56
(56.66)
	6.04
(36.00)
	5.05
(25.00)
	9.14
(82.99)
	6.97
(50.00)

	Mean
	6.14
(37.66)
	6.63
(44.10)
	5.40
(29.00)
	4.57
(20.55)
	8.04
(65.66)
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.13
	0.16
	0.28

	LSD (P=0.05)
	0.36
	0.47
	0.81


*Figure in parenthesis are the original value. The data was transformed to SQRT  before analysis
3.3. Total Weed density and dry weight 
	The results also revealed significant differences (p = 0.05) in dry weight and overall weed density throughout the rice establishment techniques (Table 5 and 6). Direct-seeded rice had a significantly maximum mean total weed density (12.06 m-2) and dry weight (10.92 g m-2) than transplanted and drum-seeded rice. Transplanted rice had the significantly lowest mean dry weight (6.58 g m-2) and total weed density (9.10      m-2). This increase in density and biomass can be ascribed to the weed-friendly environment produced by direct seeded rice, as opposed to the cultivation of rice using drum seeding and transplanting. Transplanting had an advantage for the crop due to greater seed bed preparation and soil puddling in standing water. Puddling in transplanted rice generated circumstances for early crop development, resulting in weed smothering. Land preparation in standing water resulted in the elimination of existing weed flora, while the soft puddle encourages quicker rice growth, inhibiting most weeds. Similar finding were also reported by Saha et al. (2021), Cordeau et al., (2022), Mishra et al., (2022), Nazir et al., (2023) and Pratap et al. (2023).
	Additionally, data analysis revealed significant differences (p = 0.05) across weed management techniques for dry weight and total weed density (Table 5 and 6). The mean total weed density (13.91 m-2) and dry weight (12.60 g m-2) were recorded significantly highest in weedy check plots followed by the application of Chlorimuran-ethyl + metsulfuron methyl @ 4 g ha-1 at 10 DAS/DAT, Pyrazosulfuron-ethyl 10% WP @ 30 g       ha-1 at 5 DAS/DAT and bispyribac sodium @ 25 g ha-1 at 30 DAS/DAT alone. However, during the course of the trial, two hand weeding techniques were shown to have the lowest dry weight (5.97 g m-2) and total weed density (7.85 m-2). While among herbicide treatments the application of bispyribac sodium @ 25 g ha-1 at 30 DAS/DAT alone was observed significantly lower total weed density (9.33 m-2) and dry weight (7.64 g m-2) than pyrazosulfuron-ethyl 10% WP @ 30 g ha-1 applied at 5 DAS/DAT and chlorimuran-ethyl + metsulfuron methyl @ 4 g ha-1 applied at 10 DAS/DAT. Weedy check plots had the greatest overall weed density and dry weight due to the lack of weed management measures, which allowed for unrestricted weed emergence and development. In contrast, two-handed weeding and the spraying of bispyribac sodium at 25 g ha-1 considerably decreased weed pressure due to their broad-spectrum effectiveness and early intervention during peak crop-weed competition periods. Saha et al. (2021), Cordeau et al., (2022), Mishra et al. (2022), Nazir et al. (2023), and Pratap et al. (2023) all found similar findings.
Table 5: Influence of different establishment and weed management techniques on total weeds density
	Total Weeds Density (No. m-2)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	9.35
(86.99)
	9.82
(95.97)
	8.22
(66.98)
	7.10
(49.99)
	11.02
(120.98)
	9.10
(84.18)

	Drum seeded 
	10.29
(105.26)
	11.47
(130.98)
	9.37
(87.32)
	7.91
(61.99)
	14.91
(221.51)
	10.79
(121.51)

	Direct seeded
	12.20
(148.32)
	13.36
(177.98)
	10.40
(107.66)
	8.55
(72.65)
	15.80
(248.97)
	12.06
(151.12)

	Mean
	10.61
(113.52)
	11.55
(134.98)
	9.33
(87.32)
	7.85
(61.54)
	13.91
(197.31)
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.22
	0.28
	0.48

	LSD (P=0.05)
	0.63
	0.81
	1.40


*Figure in parenthesis are the original value. The data was transformed to SQRT  before analysis
Table 6: Influence of different establishment and weed management techniques on weed dry weight
	Weeds Dry Weight (g m-2)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	Chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	6.32
(39.46)
	6.75
(45.13)
	5.54
(30.19)
	4.43
(19.14)
	9.87
(96.84)
	6.58
(46.15)

	Drum seeded 
	8.77
(76.39)
	9.58
(91.23)
	8.14
(65.78)
	6.28
(38.95)
	13.47
(180.99)
	9.25
(90.67)

	Direct seeded
	11.40
(129.57)
	12.27
(149.96)
	9.24
(84.96)
	7.22
(51.61)
	14.63
(208.65)
	10.92
(124.95)

	Mean
	8.83 
(81.81)
	9.53
(95.44)
	7.64
(60.31)
	5.97
(36.57)
	12.60
(162.16)
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.19
	0.24
	0.42

	LSD (P=0.05)
	0.54
	0.70
	1.22


*Figure in parenthesis are the original value. The data was transformed to SQRT  before analysis
	Total weed density and dry weight varied significantly (p = 0.05) as a result of the interaction effect between various establishment and weed control strategies (Table 5 and 6). The highest total weed density (15.80 m-2) and dry weight (14.63 g m-2) were achieved under weedy check plots in direct deeded rice. These were followed by weedy check plots in drum seeded rice both were statistically at par and significantly superior to other treatments. This might be due to a lack of weed control methods and ideal circumstances for weed development, such as exposed soil and water stagnation. These conditions allow weeds to germinate alongside the crop, boosting competition and biomass accumulation. Conversely, the lowest total weed density (7.10 m-2) and dry weight (4.43 g m-2) were recorded with application of two hand weeding at 20 and 40 DAS/DAT in transplanted rice, which was statistically similar with the application of two hand weeding in drum seeded rice, and post emergence application of bispyribac sodium @ 25 g ha-1 at 25 DAS/ DAT in transplanted rice. This may be the result of physically removing weeds at crucial growth phases with accuracy and frequency, which successfully prevents weed establishment. Furthermore, bispyribac sodium effectively controlled post-emergence, especially in puddled settings that increase its herbicidal effectiveness. Biswas et al. (2020), Jehangir et al. (2021), Mishra et al. (2022), Saha et al. (2021), Nazir et al. (2023), and Pratap et al. (2023) have found similar findings of their own.
3.4. Weed Control Efficiency 
	According to Table 7, the results also revealed significant differences in the weed control efficiency across the rice establishing methods (p = 0.05). The mean weed control efficiency (52.34%) were recorded significantly maximum in transplanted rice than direct seeded rice. While drum seeding method of rice establishment being recorded at par with both of the treatment. Because of its early canopy formation and constant flooding, which inhibit weed germination and growth, transplanted rice demonstrated the best weed control efficiency. Intermittent floods and partial soil cover during drum seeding provided intermediate suppression. Similar finding were also reported by Jehangir et al. (2021) Saha et al. (2021) and Pratap et al. (2023).
Table 7: Influence of different establishment and weed management techniques on weed control efficiency
	Weed Control Efficiency (%)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	Chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	59.25
	53.40
	68.82
	80.23
	0.00
	52.34

	Drum seeded 
	57.79
	49.59
	63.65
	78.48
	0.00
	49.90

	Direct seeded
	37.90
	28.13
	59.28
	75.26
	0.00
	40.11

	Mean
	51.65
	43.70
	63.92
	77.99
	0.00
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.95
	1.23
	2.13

	LSD (P=0.05)
	2.77
	3.58
	6.19


	Furthermore, data analysis revealed significant differences in weed control efficiency (p = 0.05) across weed management techniques (Table 7). Manual weeding twice at 20 and 40 DAS/DAT achieved significantly higher weed control efficiency (77.99%) followed by bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT as post emergence alone over rest of weed management techniques. While among herbicide treatments the application of bispyribac sodium @ 25 g ha-1 at 30 DAS/DAT was observed significantly maximum Weed control efficiency (63.92%) than Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1 applied at 5 DAS/DAT and Chlorimuran-ethyl + metsulfuron methyl @ 4 g ha-1 applied at 10 DAS/DAT. This might result from the thorough and targeted elimination of several weed species during crucial development phases. When weed-crop competition was at its highest, the broad-spectrum post-emergence herbicide bispyribac-sodium effectively controlled both grassland and broadleaf weeds. Additionally, Biswas et al. (2020), Jehangir et al. (2021), Saha et al. (2021), and Pratap et al. (2023) observed similar findings.
	Significant differences in weed control efficacy (p = 0.05) were caused by the interaction effect between various establishment and weed management strategies (Table 7). The highest weed control efficiency (80.23%) was recorded with application of two hand weeding at 20 and 40 DAS/DAT in transplanted rice, which was statistically similar to two hand weeding in drum seeded rice, and two hand weeding in direct seeded rice. This could be because it targets weeds throughout their crucial growth stages, which precisely and successfully lowers weed competition and results in high weed control efficiency. Similar outcomes for direct-seeded and drum-seeded rice show that hand removal at critical phase’s works very well for both planting techniques. Jehangir et al. (2021), Saha et al. (2021), and Pratap et al. (2023) also found similar findings.
3.5. Yield 
The various rice establishment method showed significant impact on rice yield (Table 8 & 9) viz; grain yield, and straw yield. The transplanting method being recorded higher grain yield (4.78 t ha-1), and straw yield (4.93 t ha-1) over direct seeded rice. While drum seeding method of rice establishment being recorded at par with both of the treatment. The percentage increment of transplanting over drum seeding was 7.43%, 4.87% and direct seeding was 13.27%, 10% in grain and straw yield, respectively, during the year of investigation. The transplanting method's increased grain and straw yields are ascribed to improved growth and yield features brought about by improved crop establishment, increased tillering capacity, and effective nutrient uptake. Direct seeding produced lower yields because of increased early weed competition and less-than-ideal root development, whereas drum seeding performed similarly to transplanting in terms of plant stand and resource usage. The result were in co-ordination with earlier finding of Bhagavathi et al. (2020), Mohanta et al., (2021), Jehangir et al. (2021), Saha et al. (2021), Nazir et al. (2023) and Pratap et al. (2023).
	The grain and straw yield varied significantly with various weed management techniques (Table 8 & 9). Manual weeding twice at 20 and 40 DAS/DAT achieved significantly higher grain yield (5.41 t ha-1) and straw yield (5.58 t ha-1) followed by bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT as post emergence alone over rest of weed management techniques. The percentage increment of hand weeding over Pyrazosulfuron-ethyl was 14.26%, 12.89%, chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1 was 17.72%, 16.62%, bispyribac-sodium was 6.19%, 7% and weedy check of 111.15%, 85.68% in grain and straw yield, respectively. The percentage increment of bispyribac-sodium over Pyrazosulfuron-ethyl was 7.59%, 5.50%, chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1 was 10.85%, 8.99%, and weedy check was 98.82%, 73.53% in grain and straw yield, respectively. The lowest biological yield (5.57 t ha-1), grain yield (2.57 t ha-1) and straw yield (3.00 t ha-1) was recorded by weedy check. Due to efficient weed removal that reduces competition for nutrients, water and light, the superior yields achieved with hand weeding twice at 20 and 40 DAS/DAT improve crop growth and yield characteristics. High yields were also demonstrated with bispyribac-sodium @ 25 g ha⁻¹ at 30 DAS/DAT, which successfully suppressed weeds during the crucial growth periods and lessened their negative effects. Due to intense weed competition, which inhibited crop development, decreased nutrient availability, and impeded biomass buildup, the weedy check had the lowest yield. Bhagavathi et al. (2020), Jehangir et al. (2021), Mohanta et al. (2021), Saha et al. (2021), Choudhary et al. (2022) and Nazir et al., (2023) all arrived to similar conclusions.
	The interaction effect between different establishment and weed management techniques led to significant variations in grain and straw yields (Table 8 and 9). The highest grain yield (5.62 t ha⁻¹) and straw yield (5.79 t ha⁻¹) were achieved by the application of hand weeding at 20 and 40 DAS/DAT in transplanted rice. This was followed by two hand weeding in drum seeded rice, post emergence application of bispyribac sodium @ 25 g ha⁻¹ in transplanted rice, two hand weeding in direct seeded rice, and post emergence application of bispyribac sodium @ 25 g ha⁻¹ in drum seeded rice, all of which were statistically at par and significantly superior to other treatments. Conversely, the lowest grain yield (1.84 t ha⁻¹) and straw yield (2.30 t ha⁻¹) were recorded with the weedy check treatment in direct seeded rice. This might be because the transplanting method promotes better root establishment, which leads to efficient nutrient and water uptake, whereas hand weeding reduces weed competition, maximizing yield potential. Bispyribac sodium and hand weeding effectively control weeds, preventing them from competing with rice plants for essential resources, resulting in significantly higher grain and straw yields. Bhagavathi et al. (2020), Jehangir et al. (2021), Mohanta et al. (2021), Saha et al. (2021), Choudhary et al. (2022) and Nazir et al., (2023) all arrived to similar conclusions.
Table 8: Influence of different establishment and weed management techniques on grain yield
	Grain yield (t ha-1)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	Chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting 
	4.90
	4.72
	5.30
	5.62
	3.36
	4.78

	Drum seeded 
	4.70
	4.58
	5.09
	5.38
	2.49
	4.45

	Direct seeded
	4.62
	4.49
	4.91
	5.24
	1.84
	4.22

	Mean
	4.74
	4.60
	5.10
	5.41
	2.57
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.08
	0.10
	0.18

	LSD (P=0.05)
	0.24
	0.30
	0.53



Table 9: Influence of different establishment and weed management techniques on straw yield
	Straw yield (t ha-1)

	Weed management technique (W)

	Rice Establishment Methods (M)
	Pyrazosulfuron-ethyl 10% WP @ 30 g ha-1
	Chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	Bispyribac sodium @ 25 g ha-1
	Two hand weeding
	Weedy check
	Mean

	Transplanting
	5.00
	4.83
	5.29
	5.79
	3.75
	4.93

	Drum seeded
	4.99
	4.83
	5.24
	5.49
	2.96
	4.70

	Direct seeded
	4.84
	4.69
	5.11
	5.45
	2.30
	4.48

	Mean
	4.94
	4.78
	5.21
	5.58
	3.00
	

	
	Rice Establishment Methods (M)
	Weed management technique (W)
	Interaction (M×W)

	SEm±
	0.09
	0.11
	0.19

	LSD (P=0.05)
	0.25
	0.32
	0.55


3.6. Protein content in grain 
	Protein content in grain as affected by different establishment method and weed management technique was found to be non-significant during the year of experiment. Which is clear from the Table 10.  However, among the various rice establishment method numerically the higher value of protein content in grain (7.18%) was found under transplanting and the minimum (7.06%) was recorded under direct seeded. The increment in protein content was due to increase in nitrogen content of grain. 
	Among weed management technique highest value of protein content in grain (7.31%) was observed under hand weeding twice applied at 20 and 40 DAS/DAT followed by (7.19%) was recorded with bispyribac sodium 25 g ha-1 applied at 30 DAS/DAT alone. However weedy check treatment recorded lower value of protein content in grain (6.92%) over rest of weed management technique. The increment in protein content was due to increase in nitrogen content of the crop. 
	Interaction between rice establishment method and weed management technique found non-significantly with respect to protein content in grain during the year of investigation.
3.7. Economics
	In general farmers are mainly interested to earn more profit unit-1 area time-1 and investment while as planners policies are mainly concentrated for high productivity of the crop. Hence economic analysis of the treatment gave fruitful information to both growers as well as planners. The various rice establishment methods showed significant impact on economics (Table 10) viz; gross return, net return, and benefit cost ratio. Although cost of cultivation did not significantly influenced by various methods of establishment but numerically highest value (₹ 42,429 ha-1) was found under transplanting and lowest value (₹ 41,149 ha-1) was found under direct seeding method. The transplanting method being recorded higher gross return (₹ 98439 ha-1), net return (₹ 56010 ha-1), and BCR (1.31) over direct seeded rice. While this treatment being recorded at par with both of the drum seeding method of rice establishment treatment. Transplanting ensures better plant spacing and weed control, leading to higher yield and resource efficiency. This results in increased gross and net returns, and BCR ratio, comparable to drum seeding methods. The result were in co-ordination with earlier finding of Bhagavathi et al. (2020), Mohanta et al. (2021), Jehangir et al. (2021), Saha et al. (2021) and Pratap et al. (2023).
Table-10: Protein content and Economics of rice as influence by different establishment method and weed management techniques. 
	Treatments
	Protein content in grain (%)
	Cost of cultivation
	Gross Income
	Net Return
	B:C Ratio

	Methods of rice establishment (M)

	Transplanting
	7.18
	42,429
	98439
	56010
	1.31

	Drum seeded
	7.11
	40,049
	91956
	51907
	1.28

	Direct seeded
	7.06
	41,149
	87277
	46128
	1.11

	SEm ±
	0.13
	-
	1665.89
	945.31
	0.02

	LSD (P=0.05)
	NS
	-
	4850.78
	2752.82
	0.07

	Weed management techniques (W)

	Pyrazosulfuron-ethyl @ 30g ha-1
	7.12
	40,494
	97743
	57248.86
	1.41

	Chlorimuron-ethyl + Metsulfuron-methyl @ 4 g ha-1
	7.04
	40,169
	94838
	54669
	1.36

	Bispyribac sodium @ 25g ha-1
	7.19
	41,670
	104848
	63178
	1.52

	Hand weeding
	7.31
	44,640
	111483
	66843
	1.50

	Weedy check
	6.92
	39,072
	53874
	14802
	0.38

	SEm ±
	0.17
	-
	2150.65
	1220.50
	0.03

	LSD (P=0.05)
	NS
	-
	6262.33
	3553.80
	0.09

	Interaction (M×W)
	NS
	-
	NS
	NS
	NS


The gross return, net return, and benefit cost ratio varied significantly with various weed management techniques (Table 10). While cost of cultivation did not significantly influenced by various weed management techniques but numerically highest value (₹ 44,640 ha-1) was given by two hand-weeding applied at 20 and 40 DAS/DAT and lowest value (₹ 39,072 ha-1) was found under weedy check. Two hand weeding applied at 20 and 40 DAS/DAT achieved significantly higher gross return (₹111483 ha-1), and net return (₹ 66843 ha-1) followed by bispyribac-sodium @ 25 g ha-1 applied as post emergence alone at 30 DAS/DAT over rest of weed management techniques. While in case of BCR significantly highest values (1.52) was achieved under the application of bispyribac-sodium @ 25 g ha-1 at 30 DAS/DAT alone than other weed management technique. The lowest gross return (₹ 53874 ha-1), net return (₹ 14802 ha-1), and BCR (0.38) were recorded under weedy check. Two hand weedings at 20 and 40 DAS/DAT effectively reduce weed competition during critical crop growth stages, enhancing yield and returns. Bispyribac-sodium targets specific weeds efficiently with lower input cost, resulting in the highest BCR. Bhagavathi et al. (2020), Jehangir et al. (2021), Mohanta et al. (2021), Saha et al. (2021), and Choudhary et al. (2022) all arrived to similar conclusions.
	Interaction between rice establishment method and weed management technique found non-significantly with respect to economics viz., cost of cultivation, gross return, net return, and benefit cost ratio during the year of investigation.
	The findings of this study underscore the substantial influence of agro-environmental factors such as precipitation (Parra et al., 2012; Rodríguez et al., 2013; Campos, 2023a), temperature (Guevara et al., 2013), agronomic management (Sanchez et al. 2024), and broader climate variability (Campos, 2014b; Cortez et al., 2018) on weed dynamics, crop productivity (Araya-Alman et al., 2020; Campos, 2023b), and profitability under irrigated rice cultivation. The observed superiority of the transplanting method in suppressing weed flora and enhancing weed control efficiency can be attributed to its capacity to create anaerobic soil conditions that inhibit weed germination, particularly in contrast to direct-seeded systems where exposed soils and lack of water coverage promote higher weed densities (Rodriguez et al., 2015; Calero et al., 2022; Campos et al., 2023). These patterns are inherently linked to environmental parameters such as ambient humidity and seasonal thermal regimes, which modulate crop and weed development (Rey et al., 2022; Rodríguez-Yzquierdo et al., 2023a; 2023b).
	Moreover, the agronomic management strategies specifically the interactions between establishment methods and weed control techniques demonstrated a decisive role in optimizing biological and economic outputs. The combination of transplanting with two hand weedings at 20 and 40 DAS/DAT not only resulted in the highest weed control efficiency (80.23%) but also achieved superior grain and straw yields and economic returns. These outcomes reflect the efficacy of context-specific, integrated practices in minimizing interspecific competition for critical resources such as water, light, and nutrients. Notably, this integrated strategy aligns with resilience-building approaches in the face of increasing climate variability, which affects weed phenology and crop vigor.
These empirical results resonate with recent studies conducted in tropical agroecosystems of Venezuela and Colombia that have employed machine learning algorithms to analyze similar environmental and management interactions (Olivares et al., 2022a; 2022b). Models such as Random Forest and XGBoost have been used to quantify the effects of precipitation, soil temperature, and electrical conductivity on weed prevalence and crop yield in banana, maize, and rice systems. These data-driven approaches have confirmed the dominant role of water management (Olivares & Franco, 2015), soil conditions, and climatic anomalies in shaping weed-crop dynamics (Montenegro et al., 2020; 2021). Furthermore, machine learning models have proven effective in capturing nonlinear and interactive effects that are often difficult to detect through conventional experimental designs.
[bookmark: _GoBack]	Therefore, integrating traditional field experimentation with advanced predictive analytics offers a valuable pathway for optimizing weed management strategies in tropical rice-based systems. The current findings from irrigated rice in India not only contribute to the local agronomic knowledge base but also provide a robust comparative framework for enhancing sustainable production practices in Latin American settings (Campos, 2014a; Martínez et al., 2023). This cross-regional convergence highlights the potential of interdisciplinary and adaptive approaches in addressing the challenges posed by agro-environmental variability and climate change.
4. CONCLUSION
	According to the findings of the one-year study, the transplanting method of rice establishment, in conjunction with two hand weedings applied at 20 and 40 DAS/DAT, was the most effective in lowering the weed flora and promoting the weed control efficiency along with production of rice crop when compared to other crop establishment and weed management techniques. However, the transplanting technique of rice establishment in combination with the application of bispyribac sodium @ 25g ha-1 at 30 DAS/DAT proves to be the most cost-effective treatment than other crop establishment and weed management techniques.
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