Effect of fertigation frequency on growth and yield of spinach (Spinacia oleracea L.) under micro-irrigation

ABSTRACT
Fertigation is well known for increasing crop nutrient use efficiency, but not much is known about how frequently crops should receive fertigation. The majority of current research focuses on fertigation methods or total fertilizer dosages, but little is known about how fertigation frequencies affect crop growth. In order to assess the impact of varying fertigation frequencies on the growth and yield, a field trial was carried out at the Instructional Farm of the Department of Irrigation and Drainage Engineering, CAET, Dapoli, Maharashtra. Leafy vegetable spinach (Spinacia oleracea L.) was selected for this study in sandy loam soil which had favourable physical and chemical characteristics. Using water-soluble NPK and urea fertilizers, the study used a Randomized Block Design (RBD) with four replications and seven fertigation treatments (F1 to F7). Treatments ranged from daily (F1: 30 equal doses) to weekly (F7: 4 doses), representing increasing fertigation intervals. Analysis of Variance (ANOVA) was used in the statistical study to look for significant differences between the treatments. The findings showed that daily fertigation (F1) performed significantly better than all other treatments, with plant height (35.5 cm), and yield (25.83 t/ha). As fertigation intervals increased, a steady reduction in performance was noted. According to the results, high-frequency fertigation improves nutrient uptake, which boosts production and growth.
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1. INTRODUCTION	



	In the context of increasing water scarcity and the urgent need for sustainable agricultural practices, micro-irrigation has emerged as a crucial solution for enhancing water use efficiency in agriculture. Micro-irrigation technologies particularly drip and sprinkler systems are designed to deliver water directly to the plant root zone, minimizing water loss due to evaporation and deep percolation. In India, the adoption of micro-irrigation has grown substantially due to government-backed schemes like the Pradhan Mantri Krishi Sinchayee Yojana (PMKSY), which aim to achieve "Per Drop More Crop" by promoting efficient irrigation (Sampath & Ravikumar, 2025).
	Despite such initiatives, only about 20% of the total irrigated area in India has adopted micro-irrigation (Gulati et al., 2025). Among the key limitations to realizing the full benefits of micro-irrigation is the lack of optimized fertigation practices. Fertigation is the application of fertilizers through irrigation water; it can significantly improve nutrient use efficiency, reduce environmental losses, and enhance crop yields (Singh et al., 2024). Fertigation ensures 40-60% fertilizer savings, due to “better fertilizer use efficiency” and “reduction in leaching” (Kumar and Singh, 2002). However, while the benefits of fertigation in enhancing plant nutrient uptake are well-documented, limited research has been conducted on the optimal frequency of fertigation for different crops and soil types under micro-irrigation regimes.
	Most existing literature tends to focus on total fertilizer dosage, types of fertilizers, or irrigation methods (Chand & Kishore, 2025), leaving a critical gap regarding how fertigation frequency influences plant growth dynamics, water use efficiency (WUE), and final crop yield. This is especially important for nutrient-responsive crops like leafy vegetables, which have short growth cycles and high water-nutrient demands. Recent studies on a variety of crops have shown how important fertigation frequency is for maximizing nutrient uptake, growth, and resource efficiency.  For instance, Farneselli et al. (2015) showed that while fruit yield was unaffected, increased fertigation frequencies significantly enhanced nitrogen uptake and early-stage growth in processing tomatoes under drip watering. One study found that by enhancing nutrient uptake, particularly phosphorus, high-frequency fertigation significantly improved lettuce production, especially at low nutrient concentrations (Silber et al., 2003). In a similar vein, Rawat et al. (2023) investigated the combined impact of scheduling and fertigation rate on tomatoes grown in polyhouse and found that accurate nutrition timing significantly increased yield, water-use efficiency, and economic returns. The significance of controlling both fertigation rate and frequency was also highlighted by Bali et al. (2021), who showed that improving fertigation rate under sprinkler irrigation in spinach increased yields even in saline desert conditions. According to Prabhakara (2007), daily or weekly fertigation produced better growth, fruit quality, and yield in tomatoes and green chilies than less frequent schedules. In contrast, Saroch et al. (2016) demonstrated that biweekly fertigation improved production and water-use efficiency in brinjal under drip irrigation more effectively than weekly or monthly schedules. Frequent fertigation increases crop yield in addition to optimizing nutrient availability. Fertigation at 1-, 3-, or 7-day intervals, produced significantly higher yields (67.75, 65.13, and 63.29 t ha⁻¹, respectively) in subsurface drip-irrigated tomatoes than biweekly fertigation (54.32 t ha⁻¹), along with improvements in nitrogen uptake and use efficiency (Badr & Abou El-Yazied, 2007). 
	In this study, spinach (Spinacia oleracea L.) was chosen as the experimental crop due to its high economic and nutritional value, as well as its sensitivity to changes in water and nutrient availability. Spinach is rich in iron, folic acid, calcium, and vitamin C, making it a dietary staple in many households (Kumari et al., 2025). Its rapid growth cycle also makes it suitable for short-term field experiments to evaluate fertigation impacts.
	The findings from this study are expected to offer evidence-based recommendations for optimizing fertigation schedules, especially for nutrient-intensive crops like spinach. This will contribute toward enhancing the productivity and sustainability of micro-irrigation systems in India, aligning with national goals for efficient water and nutrient management in agriculture (Biswas et al., 2025).
2. MATERIALS AND METHODS
2.1. Experimental Site
	The study was carried out at the Instructional Farm of the Department of Irrigation and Drainage Engineering, College of Agricultural Engineering and Technology, Dr. BSKKV, Dapoli. The location comes under the coastal belt of Konkan region of Maharashtra, India. Experimental site soil was classified as sandy loam, with high sand content, making it well-drained and easy to cultivate. The soil pH was within the normal range and suitable for most crops and EC indicated low salt content, which is good for plant growth.
2.2. Experimental Design
	Raised beds were systematically prepared to ensure optimal drainage and soil aeration. The spinach variety A. Anupama was sown uniformly in rows on these beds to ensure proper plant population and facilitate efficient drip fertigation. An in-line drip irrigation system equipped with 4 LPH drippers was installed to ensure uniform water application. Two laterals with a 16 mm diameter and 0.5 m emitter spacing were laid on each bed, with lateral-to-lateral spacing of 0.50 m.
	Fertigation was initiated from the 15th day after sowing (15 DAS), following successful germination and the complete establishment of the spinach crop. To meet the recommended dose of fertilizer (RDF) of 80:60:60 kg/ha (N:P2O5:K2O) (Gowda et al., 2022), a combination of 19:19:19 NPK fertilizer and urea was used. Based on nutrient content, 188 grams of 19:19:19 and 30 grams of urea were calculated to supply the total required proportion of nitrogen, phosphorus, and potassium. These were dissolved in 1 litre of water to prepare a concentrated stock solution, which served as the base nutrient mix for fertigation. According to the treatment plan (i.e., daily dose, alternate doses, etc.), the total nutrient dose was split into the required number of doses and administered in multiple applications to analyse the effect of different fertigation treatments on the spinach crop. For field application, the required volume of the stock solution was diluted in 10 litres of water and injected into the main irrigation line, ensuring consistent nutrition and irrigation water delivery to the crop root zone through the drip network.
Table 1: Fertigation treatments with dose frequency and stock solution per dose
	Treatments
	No. of Doses
	Stock Solution
(ml/dose)

	F1
	D0
	30
	33.33

	F2
	D1
	15
	66.67

	F3
	D2
	10
	100.0

	F4
	D3
	8
	125.0

	F5
	D4
	6
	166.6

	F6
	D5
	5
	200.0

	F7
	D6
	4
	250.0


Where,		
	D0: Daily fertigation with 30 doses at 33.33 ml/dose each.
	D1: Fertigation on alternate days with 15 doses at 66.67 ml/dose. 
	D2: Fertigation every third day with 10 doses at 100.00 ml/dose.
	D3: Fertigation every fourth day with 8 doses at 125.00 ml/dose.
	D4: Fertigation every fifth day with 6 doses at 166.67 ml/dose.
	D5: Fertigation every sixth day with 5 doses at 200.00 ml/dose.
	D6: Fertigation every seventh day with 4 doses at 250.00 ml/dose
2.3. Data Collection
	To evaluate the effect of different fertigation frequency on the growth and yield of spinach, throughout the crop growth phase, a number of biometric and yield-contributing factors were measured at 10-day intervals i.e., 15 DAS, 25 DAS, 35 DAS and 45 DAS. As shown in Figure 1, plants were marked for taking biometric observations, including plant height and number of leaves throughout the crop growth period. The yield of the spinach crop was recorded at the time of harvest for each treatment. A Randomized Block Design (RBD) was used for the experimental setup, and Analysis of Variance (ANOVA) procedures were used to statistically evaluate the data acquired in order to assess the significance of treatment effects.
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Fig. 1: Spinach plants marked for taking biometric observations
3. RESULTS AND DISCUSSION
3.1. Plant Height
	To evaluate the effects of varying fertigation frequency, plant height was measured at 10-day intervals during the growth period. The measurements were taken from the base to the tip of the tallest leaf. The results are presented below.
Table 2: Effect of different fertigation frequencies on plant height (cm)
	Treatments
	Average plant height (cm)

	
	15 DAS
	25 DAS
	35 DAS
	45 DAS

	F1
	4.50
	15.50
	26.50
	35.50

	F2
	4.50
	14.75
	25.50
	33.75

	F3
	3.75
	12.50
	24.50
	31.50

	F4
	4.25
	11.75
	23.00
	29.75

	F5
	3.75
	10.50
	21.25
	28.00

	F6
	3.75
	9.50
	19.75
	25.25

	F7
	4.00
	9.50
	18.00
	24.00

	SE(d)
	0.63
	0.79
	0.96
	0.66

	CD @ 5%
	1.32
	1.65
	1.99
	1.37

	C.V. %
	3.16
	1.34
	0.85
	0.45
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Fig. 1: Spinach plant height under different fertigation treatments and growth stages
	The data presented in Table 2 and shown in Figure 1, showed a consistent increase in plant height across all treatments. Among the treatments, F1 recorded the highest plant height at all stages, reaching at an average height of 35.50 cm at 45 DAS, followed by F2 with height of 33.75 cm and F3 with 31.50 cm at 45 DAS. The lowest plant height was observed in treatment F7 with an average height of 24 cm at 45 DAS. These results clearly indicated that spinach crop response very well under more frequent applications, especially under daily fertigation. The better synchronization of nutrient supply with plant demand, which results in enhanced nutrient uptake and growth efficiency, may be the reason for F1's higher performance. Additionally, the reduction of plant height at lower fertigation frequency (F4–F7) emphasizes how crucial it is to provide a steady supply of nutrients for spinach to continue growing at its highest potential.
3.2. Number of leaves
	The number of leaves per plant was recorded at 10-day intervals to study the influence of fertigation frequency on spinach leaf development. Leaf count is a critical indicator of photosynthetic capacity and overall plant productivity. The observed data are presented below.
Table 3: Effect of different fertigation frequencies on number of leaves
	Treatment
	Average Number of Leaves

	
	15 DAS
	25 DAS
	35 DAS
	45 DAS

	F1
	3.50
	7.00
	10.75
	13.00

	F2
	2.50
	6.00
	9.75
	11.50

	F3
	3.25
	5.50
	8.50
	10.75

	F4
	2.25
	4.75
	7.75
	9.75

	F5
	2.75
	5.00
	7.25
	8.75

	F6
	3.00
	5.25
	7.00
	8.50

	F7
	3.00
	4.75
	7.00
	7.75

	SE(d)
	0.494
	0.353
	0.534
	0.556

	CD 5%
	1.027
	0.735
	1.111
	1.157

	C.V. %
	3.450
	1.307
	1.303
	1.124




Fig. 2: Number of leaves under different fertigation treatments and growth stages
	Based on the data presented in Table 3 and Figure 2, it was observed that the number of leaves increased progressively across all treatments over time, with F1 (daily fertigation dose) consistently resulting in the maximum number of leaves at all growth stages, peaking at an average of 13 leaves at 45 DAS, followed by F2 with an average of 11.50 leaves and F3 with an average of 10.75 leaves at 45 DAS. The lowest number of leaves was recorded in F7 with an average 7.75 leaves at 45 DAS. . These results clearly indicated that spinach crop response very well under more frequent applications, especially daily fertigation indicates that nutrient scheduling significantly influences spinach growth.
3.3. Yield
	For every replication and treatment, crop yield was measured after harvesting spinach.  Each plot's harvested spinach was meticulously gathered, weighed on a digital scale, and recorded in kilograms for each replication. To standardize the data for comparison between treatments, these raw yield figures were subsequently transformed to tonnes per hectare (t/ha). The treatment-wise yields are presented below.
Table 4: Effect of different fertigation frequencies on yield of spinach
	Treatment
	Yield/Treatment
(t/ha)

	F1
	25.83

	F2
	23.83

	F3
	22.25

	F4
	20.42

	F5
	19.33

	F6
	18.47

	F7
	17.58

	SE(d)
	0.29

	CD 5%
	0.61

	C.V. %
	1.87




Fig. 3: Yield per hectare under different fertigation treatments
	The data presented in Table 4 and Figure 3, showed that the yield of spinach varied significantly among the different fertigation treatments. The maximum yield of 25.83 t/ha was recorded under treatment F1, which received daily fertigation dose. This was followed by F2 with yield of 23.83 t/ha and F3 with yield of 22.25 t/ha. A progressive decline in yield was observed from treatment F1 to F7, with the lowest yield of 17.58 t/ha recorded in F7, which received the least frequent fertigation. This pattern clearly indicates a positive correlation between fertigation frequency and total yield. 
4. CONCLUSION
	The present study systematically evaluated the influence of varying fertigation frequencies on the growth and yield of spinach (Spinacia oleracea L.) under micro-irrigation conditions using a controlled field experiment. Plant performance parameters, including plant height, number of leaves per plant and yield, were found to be significantly and consistently positively correlated with the frequency of fertigation. With the highest average plant height (35.5 cm), leaf count (13 leaves per plant), and yield (25.83 t/ha), daily fertigation (F1) was the most successful of the seven treatments evaluated. These results were statistically superior to those of less frequent fertigation regimes. All growth indices and yield gradually decreased as fertigation intervals increased from daily to weekly (F1 to F7). These results clearly show that in spinach, a nutrient-responsive and rapidly developing green vegetable, more frequent nutrient supply improves nutrient absorption efficiency and fosters normal physiological development. The consistent and coordinated delivery of water and nutrients to the root zone, which ensures minimal leaching losses and enhanced nutrient assimilation, is probably what causes the increased performance under daily fertigation.
	This study highlights the crucial significance that fertigation frequency has in determining crop output. Current fertigation management systems, which mostly concentrate on total fertilizer dosage or application techniques, frequently ignore this element. The results provide strong empirical evidence supporting the integration of high-frequency fertigation in nutrient and irrigation scheduling, particularly for short-duration, high-value crops like spinach cultivated in sandy loam soils under micro-irrigation systems. In addition to optimizing growth and yield, the results indicate that daily fertigation improves resource usage efficiency, which is crucial in environments that are nutrient-sensitive and water-limited.
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