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Influence of drip irrigation methods and sensor-based irrigation scheduling on the phenological development of chilli (Capsicum annuum L.)








Abstract
Water scarcity and increasing competition for water resources have made efficient irrigation management a critical component of sustainable agricultural production. Chilli (Capsicum annuum L.), a shallow rooted and moisture sensitive crop requires precise water management to ensure optimum growth and reproductive development. Fluctuations in soil moisture during critical phenological stages can adversely affect crop growth and yield. Therefore, maintaining optimal soil moisture throughout the crop growth period is essential for achieving stable growth and productivity. Hence, a field experiment was conducted during rabi 2022–23 and 2023–24 at Water Technology Centre fields, College Farm, College of Agriculture, PJTAU, Rajendranagar, Hyderabad, Telangana, India to evaluate the “Influence of drip irrigation methods and sensor-based irrigation scheduling on the phenological development of chilli (Capsicum annuum L.). The treatments studied under split plot design were surface drip irrigation (I₁) and subsurface drip irrigation (I₂) included under main plots (I-drip irrigation methods) and soil moisture sensor-based irrigation triggering (S₁), plant water stress sensor-based irrigation triggering (S₂), ET sensor-based irrigation triggering (S₃) and irrigation scheduling at 1.0 Epan by manual (control) (S₄) under sub plots (S-irrigation scheduling approaches). Phenological observations such as days to 50% flowering, days to maturity, vegetative phase, flower initiation to fruit initiation, fruit initiation to first picking and first picking to last picking were recorded and analysed. The results indicated that drip irrigation methods did not significantly influence most of the phenological parameters. However, irrigation scheduling approaches significantly affected days to maturity and days from fruit initiation to first picking during both years. ET sensor-based irrigation triggering recorded the earliest maturity (69.8 and 69.3 days) and reduced the duration from fruit initiation to first picking (18.3 and 16.8 days) compared to other treatments, indicating better synchronization of crop growth with water availability.
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Introduction
[bookmark: _GoBack]Chilli (Capsicum annuum L.) occupies a prominent place among spice crops and contributes greatly to the agricultural economy of India (Parthasarathy et al., 2008). In 2023-24, the chilli was cultivated in India over an area of about 9.90 lakh hectares, with a production of 32.08 lakh tonnes and an average productivity of 3229 kg ha-1. Telangana ranked third in area and second in production and productivity accounting for 3.92 lakh acres, 7.94 lakh tonnes and 2021 kg ac-1 respectively (Spices Board, 2023-24). In India, chilli is cultivated under a wide range of agro-climatic conditions. However, despite its importance, the productivity of chilli is often constrained by improper water management and fluctuating soil moisture conditions, particularly in semi-arid regions. Chilli is a relatively shallow rooted crop and is highly sensitive to variations in soil moisture, particularly during critical growth stages such as flowering and fruit development. Under semi-arid regions, where water resources are limited and irrigation efficiency is often low, improper irrigation scheduling can lead to moisture stress or excessive irrigation, ultimately affecting crop growth, phenology and yield (Bhavitha et al., 2024). 
Drip irrigation has emerged as one of the most efficient irrigation methods as it delivers water directly to the root zone in a controlled manner (Paul et al., 2013; Kumar et al., 2016), thereby reducing evaporation  (Phuntsho et al., 2011, Tadese, 2025) and deep percolation losses while improving water use efficiency (Kadasiddappa et al., 2017). In recent years, the integration of sensor-based irrigation technologies has gained considerable attention in precision agriculture for optimizing irrigation timing, improving resource use efficiency and promoting sustainability (Charania and Li, 2020; Karunathilake et al., 2023). These technologies enable real-time monitoring (Lipper et al., 2014; Bogoviz et al., 2023) of soil–plant–atmosphere interactions and facilitate precise irrigation management based on crop water requirements and help to maintain optimum soil moisture conditions during critical crop phenophases, thereby improving crop growth, nutrient uptake and productivity while conserving irrigation water (Uzturk and Buyukozkan, 2024). However, despite the increasing adoption of drip irrigation systems, information on the comparative performance of different sensor-based irrigation scheduling approaches under surface and subsurface drip irrigation in chilli remains limited, particularly under semi-arid agro-climatic conditions. Therefore, the present study was undertaken to evaluate the influence of different drip irrigation methods and sensor-based irrigation scheduling on the phenology and growth dynamics of chilli.
Material and methods
The experiment entitled “Influence of drip irrigation methods and sensor-based irrigation scheduling approaches on the phenological development of chilli (Capsicum annuum L.)” was laid out in a split plot design with eight treatments at Water Technology Centre fields, College Farm, College of Agriculture, PJTAU, Rajendranagar, Hyderabad, Telangana, India during the period of rabi 2022-23 and 2023-24. The experimental area is situated in Southern Telangana Zone and categorized under semi-arid climate. The treatments studied were I1-Surface drip irrigation, I2-Subsurface drip irrigation and S1-Soil moisture sensor based irrigation triggering (16.8 and 23.6% lower and higher threshold values), S2-Plant water stress sensor based irrigation triggering (0.3 and 0 CWSI lower and higher threshold values), S3-ET sensor based irrigation triggering (1.0 ETc), S4-Irrigation is scheduled at 1.0 EPan by manual (control) under drip irrigation methods (I) and irrigation scheduling approaches (S) respectively. The irrigation scheduling was done based on evaporation data recorded from USWB Class A Open pan evaporimeter situated at Agricultural Research Institute, Rajendranagar, Hyderabad in S4 treatment. Whereas, in remaining all the treatments of irrigation scheduling approaches, irrigation was automatically triggered based on the pre-set threshold values. 
The phenophases such as days to 50% flowering (DFF), maturity, vegetative phase, flower initiation to fruit initiation, fruit initiation to first picking, first picking to last picking were recorded treatment wise and expressed in terms of number and the average value was calculated. The analysis of variance (ANOVA) for split plot design was worked out (Gomez and Gomez, 1984) to test the statistical significance for all the phenophases at 5% level of significance. 
Results and discussion
Days to 50% flowering (DAT) 
Data pertaining to days to 50% flowering was recorded at flowering stage and furnished in the Table 1. The overview of data revealed that the days to 50% flowering in chilli was not significantly influenced by drip irrigation methods and irrigation scheduling approaches. The days to 50% flowering was recorded as 46.5 and 48.2 days during first year of study and 47.1 and 49.2 days during second year of study for surface and subsurface drip, respectively between drip irrigation methods. The results of non-significant influence of drip irrigation methods on days to 50% flowering were also reported by Vadar and Subbaiah (2016) in summer okra.  Among irrigation scheduling approaches, it was ranged from 46.3 to 48.2 days and 47.2 to 49.0 days during both the years, respectively. The above results were in accordance with the findings of Maind et al. (2018).
Days to maturity (first picking) (DAT)
Days to maturity was recorded before the first harvest of chilli and presented in the Table 1. From the analysis of variance, it can be clearly concluded that drip irrigation methods could not exert a significant influence on days to maturity, on contrary to this irrigation scheduling approaches influenced days to maturity significantly during both the years of study respectively. 
With regard to irrigation scheduling approaches, significantly lowest number of days to maturity (69.8 and 69.3 days) were observed under ET sensor based irrigation triggering over other treatments and at par with irrigation scheduling at 1.0 Epan by manual (70.0 and 69.2 days) during both the years respectively which could be attributed to the fact that plants with regular irrigation enhances the photosynthetic process and nutrient uptake ultimately allowing the plants to allocate more resources to fruit development rather than diverting energy towards survival mechanisms. The mean values of irrigation scheduling approaches also adhered to the similar trend. Likewise drip irrigation methods, the interaction between drip irrigation methods and irrigation scheduling approaches did not show any significant influence on days to maturity during two years of experimentation.
Vegetative phase (DAT) and flower initiation to fruit initiation
The data on days to vegetative phase (before the initiation of flowering) and days to flower initiation to fruit initiation were recorded and furnished in the Table 1 & 2 respectively. From the table, it can be opined that vegetative phase and days to flower initiation to fruit initiation in chilli were not significantly influenced by drip irrigation methods and irrigation scheduling approaches during first and second years, respectively. However, the interaction of drip irrigation methods and irrigation scheduling approaches also did not exert any significant influence on days to vegetative phase.
With regard to drip irrigation methods, the days to vegetative phase and flower initiation and fruit initiation were recorded as 41.9 and 43.3 days and 7.1 and 7.8 days during first year and 42.7 and 43.8 days and 7.4 and 8.3 days for surface and subsurface drip during second year respectively. Whereas, among irrigation scheduling approaches, the range of days to vegetative phase and varied flower initiation and fruit initiation between 41.7 to 43.4 and 6.8 to 8.0 days and 42.5 to 44.0 and 7.2 to 8.5 days during both the years respectively.



Table 1. Phenophases of chilli (DAT) as influenced by drip irrigation methods and irrigation scheduling approaches 
	Treatments
	Days to 50% flowering 
	Days to maturity (first picking) 
	Vegetative phase 

	
	2022-23
	2023-24
	Mean
	2022-23
	2023-24
	Mean
	2022-23
	2023-24
	Mean

	Main Plot-Drip irrigation methods  (I)

	I1
	46.5
	47.1
	46.8
	70.8
	70.0
	70.4
	41.9
	42.7
	42.3

	I2
	48.2
	49.2
	48.7
	70.3
	69.7
	70.0
	43.3
	43.8
	43.6

	S.Em±
	0.6
	0.5
	0.6
	0.3
	0.3
	0.4
	0.4
	0.5
	0.4

	CD (p=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	Sub plot-Irrigation scheduling approaches (S)

	S1
	46.3
	47.2
	46.8
	71.3
	70.7
	71.0
	41.7
	42.5
	42.0

	S2
	47.0
	47.8
	47.4
	71.0
	70.2
	70.6
	42.2
	42.8
	42.5

	S3
	48.2
	49.0
	48.6
	69.8
	69.3
	69.5
	43.4
	44.0
	43.8

	S4
	47.8
	48.6
	48.2
	70.0
	69.2
	69.6
	43.2
	43.7
	43.5

	S.Em±
	0.6
	0.7
	0.7
	0.4
	0.4
	0.3
	0.6
	0.6
	0.5

	CD (P=0.05)
	NS
	NS
	NS
	1.2
	1.1
	1.0
	NS
	NS
	NS

	Interaction (M x S)

	S.Em±
	1.0
	1.0
	1.1
	0.6
	0.5
	0.5
	0.8
	0.9
	0.7

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

	Interaction (S x M)

	S.Em±
	0.9
	0.9
	1.0
	0.5
	0.5
	0.4
	0.8
	0.9
	0.7

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



 Days to fruit initiation to first picking
The days to fruit initiation to first picking was computed after recording the data on days to fruit initiation and first picking and furnished in the Table 2. The analysis of variance presented in the table indicated that drip irrigation methods did not exert any significant influence on days to fruit initiation to first picking. Whereas, irrigation scheduling approaches influenced the number of days to fruit initiation to first picking significantly during both the years respectively. With regard to interaction, drip irrigation methods and irrigation scheduling approaches could not exert any significant influence on days to fruit initiation to first picking during both the years of study respectively.
The days to fruit initiation to first picking among drip irrigation methods was recorded as 19.2 and 21.8 days and 17.5 and 19.9 days for subsurface and surface drip during both the years respectively. Among irrigation scheduling approaches, the days to fruit initiation to first picking was registered significantly lower in case of ET sensor based irrigation triggering  (18.3 and 16.8 days) over other treatments and comparable with irrigation scheduling at 1.0 Epan by manual (19.0 and 17.2 days) during first and second year, respectively. On contrary to the above, the significantly higher number of days to fruit initiation to first picking was recorded under soil moisture sensor based irrigation triggering (23.0 and 21.0 days) which remained at par with plant water stress sensor based irrigation triggering (21.7 and 19.8 days) during first and second year, respectively. The reason for higher number of days between fruit initiation to first picking might be probably due to less frequent irrigations caused the water stress at peak periods of water consumption which ultimately decreased the physiological processes, uptake of nutrients and translocation of assimilates from source to sink (Farooq et al., 2009; Praba et al., 2009). 
Days to first picking to last picking
Days to first picking to last picking was computed and presented in the Table 2. The overview of the data revealed that, the drip irrigation methods did not show any significant influence on days to first to last picking. Whereas, during first year, irrigation scheduling approaches exerted non-significant effect but during second year, there was a significant effect. The interaction between drip irrigation methods and irrigation scheduling approaches could not exert any significant influence on days to first to last picking.
During first year of study, with respect to irrigation scheduling approaches, the days to first picking to last picking ranged between 74.7 to 76.0 days. While, in the second year, significantly lower number of days to first picking to last picking was observed under ET sensor based irrigation triggering (74.0 days) compared to that of other treatments and remained at par with irrigation scheduling at 1.0 Epan by manual (74.2 days). Likewise the second year, the mean effect also adhered to the similar trend. The reason for non-significant effect at first year could be due to coincidence of rainfall with maturity lowered the water stress and increased the translocation of assimilates from source to sink which eventually resulted in uniform maturity. 





Table 2. Days to different stages of chilli as influenced by drip irrigation methods and irrigation scheduling approaches 
	Treatments
	Flower initiation to fruit initiation
	Fruit initiation to first picking
	First picking to last picking

	
	2022-23
	2023-24
	Mean
	2022-23
	2023-24
	Mean
	2022-23
	2023-24
	Mean

	Main Plot-Drip irrigation methods  (I)

	I1
	7.1
	7.4
	7.3
	21.8
	19.9
	20.9
	75.9
	75.7
	75.8

	I2
	7.8
	8.3
	8.0
	19.2
	17.5
	18.3
	74.7
	74.4
	74.5

	S.Em±
	0.4
	0.4
	0.5
	0.5
	0.5
	0.4
	0.4
	0.5
	0.4

	CD (p=0.05)
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS
	NS

	Sub plot-Irrigation scheduling approaches (S)

	S1
	6.8
	7.2
	7.0
	23.0
	21.0
	22.0
	76.0
	76.2
	76.1

	S2
	7.2
	7.5
	7.3
	21.7
	19.8
	20.8
	75.7
	75.8
	75.8

	S3
	8.0
	8.5
	8.3
	18.3
	16.8
	17.6
	74.7
	74.0
	74.3

	S4
	7.7
	8.3
	8.0
	19.0
	17.2
	18.1
	74.9
	74.2
	74.5

	S.Em±
	0.5
	0.6
	0.5
	0.6
	0.6
	0.7
	0.5
	0.5
	0.4

	CD (P=0.05)
	NS
	NS
	NS
	1.8
	1.9
	2.1
	NS
	1.6
	1.4

	Interaction (M x S)

	S.Em±
	0.7
	0.8
	0.8
	0.9
	0.9
	0.9
	0.7
	0.8
	0.7

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

	Interaction (S x M)

	S.Em±
	0.7
	0.8
	0.7
	0.8
	0.9
	1.0
	0.7
	0.7
	0.6

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





Conclusion
The investigation conducted during rabi 2022-23 and 2023-24 in chilli concluded that maintaining adequate soil moisture at critical growth stages promotes efficient crop development and reduces delays in phenological events. Therefore, precise irrigation scheduling that ensures optimum moisture availability during key phenophases is essential for improving crop performance and productivity.
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