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Growth and yield response of ginger plants (Zingiber officinale Rosc.) to drip fertigation levels and schedules

ABSTRACT 

	A two year field experiment was conducted at College of Agriculture, Vellayani, Thiruvananthapuram, Kerala during March, 2022 to November, 2023 to assess the effects of different fertigation levels and scheduling intervals on the growth and yield responses of ginger (Zingiber officinale Rosc.). The study included five fertigation levels [F1:50, F2:75, F3: 100, F4:150, F5: 200 percent of the recommended dose of fertilizers (RDF) of KAU, 2016] as the main plot treatments, three fertigation intervals (S1: 3 days, S2: 7 days, and S3: 15 days) as sub plot treatments with two control treatments. Results revealed that the fertigation levels, schedules, and their interactions had no significant influence on the number of days to sprouting and sprouting percentage. The treatment combination F4S1 recorded the highest plant height, number of tillers, and root dry weight at 180 days after planting (DAP). The leaf length and leaf area were also found to be significantly highest in F4S1 at 120 and 180 DAP. Fertigation with 150% RDF at three days intervals resulted in 46 percent more yield gain as compared to the conventional method (control 2). The study underscores the importance of optimized fertigation strategies in enhancing nutrient use efficiency, growth, and productivity in ginger cultivation.
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1. INTRODUCTION 

Ginger (Zingiber officinale Rosc.), a significant spice crop of the family Zingiberaceae, is primarily valued for its aromatic and pungent rhizome, which constitutes the central economic part of the plant. Due to its broad adaptability, diverse uses, and resilient nature, ginger cultivation has expanded beyond its native range in Southeast Asia to tropical and subtropical regions across the globe. As of 2023, global ginger production is predominantly led by countries such as India, Nigeria, China, Nepal, Indonesia, Thailand, Bangladesh, Peru, Sri Lanka, and Cameroon (FAO, 2024).
Ginger is a shallow-rooted crop characterized by a prolonged growth cycle and high nutrient demands. Its growth period comprises three distinct phases: an active growth stage [120–135 days after planting (DAP)], a phase of slow vegetative growth and rhizome development (120–180 DAP), and a senescence period during which the rhizomes mature (from 180 DAP until harvest). Due to these extended and critical growth stages, ginger requires a continuous and adequate supply of nutrients throughout its lifecycle. Fertilizer recommendations for ginger vary considerably across different Indian states, ranging from 36–225 kg nitrogen (N), 20–115 kg phosphorus (P₂O₅), and 48–200 kg potassium (K₂O) per hectare (Dinesh et al., 2012). Despite advancements in precision agriculture, ginger cultivation in India largely continues to depend on conventional fertilizer application methods such as broadcasting, which may pose significant threats to sustainable agricultural practices.
Drip fertigation, the process of delivering fertilizers through drip irrigation systems, has the potential to address these inefficiencies while contributing to several Sustainable Development Goals (SDGs), including zero hunger (SDG 2), clean water and sanitation (SDG 6), life on land (SDG 15), climate action (SDG 13), and responsible consumption and production (SDG 12) (Atapattu et al., 2024). Drip fertigation allows fertilizers to be delivered directly into the active root zone of plants, culminating in enhanced nutrient uptake, growth, and yield (Der et al., 2018). Moreover, it significantly reduces nutrient leaching losses that are commonly observed with surface irrigation methods (Brar et al., 2020). Compared to conventional field-based fertilization techniques, plant-focused fertigation systems minimize nutrient wastage, reduce environmental pollution, and conserve water, labour, and fertilizer resources.
Fertigation maintains appropriate nutrient concentrations within the soil solution of the wetted root zone, thereby optimizing nutrient availability and uptake. Studies have shown that fertigation can reduce fertilizer use by up to 25 percent (Vaishnava et al., 1996). However, excessive fertilizer application through fertigation can lead to salt accumulation in the root zone, potentially impairing nutrient absorption. Therefore, fertigation programs must be carefully designed to align with crop-specific nutrient requirements (Sureshkumar et al., 2016). Additionally, fertigation scheduling is crucial, as the frequency and timing of fertilizer applications significantly influence crop growth and yield (Hari et al., 2024). Given this context, the present study was undertaken to determine the optimal fertigation levels and scheduling for ginger cultivation in Kerala. 

2. material and methods 

The research was conducted at the Instructional Farm, College of Agriculture, Vellayani, (8°30' N latitude and 76°54' E longitude) of Kerala Agricultural University, for two years from March 2022 to November 2023. The experimental site was situated at an elevation of 29 m above mean sea level (MSL). The weather parameters are critical for the optimal growth of irrigated ginger, and key climatic variables such as maximum and minimum temperatures, relative humidity, and rainfall were monitored during the growth period. During the active growing phase, the crop was exposed to higher temperatures. In 2022 and 2023, the average maximum temperature during the active development phase was 32.5°C and 33.1°C, while the average minimum temperature was 23.1°C and 22.3°C. However, during the rhizome maturation period (max. temp. 30.9oC and 31.5oC and min. temp. 22.9oC during 2021 and 2022, respectively) and rhizome development period (max. temp. 30.8oC and 31.9oC and min. temp. 22.9oC and 23.6oC during 2021 and 2022, respectively), the temperature was slightly lowered (Fig. 1 and 2). Rainfall distribution showed marked variation between the years. During 2022, average rainfall was 53.14 mm, of which 45 percent of the total rainfall was received during the active growth phase and plants received an equal rainfall distribution during the rhizome development as well as the maturation period. In contrast to the first year, out of the total 56.64 mm of rainfall received, 72 percent of the total rainfall was received during the rhizome maturation stage. The initial active growth and rhizome developmental stage received only 14-15 percent of the rainfall each (Fig. 3). Relative humidity ranged from 84.30% to 90.81% during the first year and from 75.7% to 86.3% in the second year. The soil at the experimental site was red loam belonging to the Vellayani series (order oxisol), sandy clay loam in texture, slightly acidic (pH 5.84), with an electrical conductivity of 0.14 dS m⁻1. The organic carbon content of the soil was high (1.8%), with medium available nitrogen content (405 kg ha-1), phosphorus content (36.96 kg ha-1), and potassium content (311.92 kg ha-1).
The recommended dose of manures and fertilizers for cultivation of ginger in Kerala is FYM @ 30 t ha-1 and 75:50:50 kg NPK ha-1year-1. Full dose of phosphorus and half dose of potassium were applied as basal doses, while half of the nitrogen was applied at 60 days after planting (DAP). The remaining potassium and nitrogen were applied at 120 DAP (KAU, 2016). A drip fertigation package specifically designed for open precision farming of ginger cultivation in Kerala is currently unavailable. Therefore, the study was designed to standardize fertigation dosage and scheduling, thereby optimizing nutrient management for open precision farming of ginger in Kerala.
The experiment was carried out in a split plot design with three replications. The main plot treatments comprised of five fertigation levels (50, 75, 100, 150, and 200% RDF), and the subplot treatments included fertigation schedules at intervals of 3, 7, and 15 days. Fertigation doses were applied from 20 DAP to 180 DAP in equal splits. Phosphorus fertilizer (Rajphos – 20% P2O5) was applied as a basal dose across all fertigation treatments. Two control treatments were followed. Control 1 followed the fertigation recommendation developed for microrhizomes of ginger (Shylaja et al., 2018), modified to suit the crop period of ginger, with an RDF application of 75:50:50 NPK kg ha-1 in 65 equal splits. Control 2 followed the package of practices recommended for the cultivation of ginger by Kerala Agricultural University (KAU, 2016). Water soluble fertilizers such as urea (46% N), muriate of potash (60% K2O), and 19:19:19 NPK were used for fertigation treatments. 
The ginger variety 'Aswathy,' released by Kerala Agricultural University, was used for the study. Ginger rhizomes weighing 15 g were planted in raised beds (plot dimension 3 m x 1m ), leaving a spacing of 25 cm between rows and 25 cm between plants. The beds were mulched using live mulch (dry leaves) in three splits: at planting (15 t ha-1), and at 60 and 120 DAP (7.5 t ha-1 each). Earthing up was performed after each mulching, and irrigation was given on alternate days for all treatments. Irrigation was scheduled based on the pan evaporation rate and crop coefficient values. Irrigation depth of the crop was calculated using the formula, Etc = Ep x Kp x Kc; Where, Etc = evapotranspiration of the crop (mm), Ep = pan evaporation (mm), Kp = pan factor (0.7) and Kc = Crop coefficient [Initial growth stage: 0.55, crop development stage: 0.85, Mid season stage: 1.00, Late season stage: 0.60 (Arjun, 2009)]. The quantity of water required by the plant was calculated using the following formula; 
V = Etc x Sp x Wa,
where, V = volume of the water required per plant, Wa = Wetted area, Sp - spacing of crops in m2 (0.25 m × 0.25 m).
The time taken for sprouting was recorded, and the total number of plants that sprouted at 60 DAP was counted to determine the sprouting percentage. Five random plants per bed were selected, and growth attributes such as plant height, number of tillers, leaf length, and leaf width were recorded at 90, 120, and 180 DAP (PPV & FRA, 2007). Leaf area was calculated using the formula: leaf area = k × leaf length × leaf breadth (k = 0.6695) and expressed in cm2 (Joseph, 1992). Ginger rhizomes were harvested, cleaned, and dried to a constant weight in a hot air oven at 60 ± 5°C and dry weights were expressed as g plant-1. The data collected during two years of experimentation were pooled and subjected to analysis of variance (ANOVA) using KAU RAISIN version 1.0.0 (R and AI Solutions in INferential Statistics) (Gopinath et al., 2021). 

[bookmark: _Hlk199787954]Fig 1. Maximum temperature during the growth period of crop during 2022 and 2023.

Fig 2. Minimum temperature during the growth period of the crop during 2022 and 2023.


[bookmark: _Hlk199787986]Fig 3. Rainfall during the growth period of the crop during 2022 and 2023.


3. results and discussion

3.1 Effect of fertigation on sprouting of ginger 






Fig 4. Effect of fertigation levels and schedules on days taken for sprouting (days) of ginger plants.





Fig 5. Effect of fertigation levels and schedules on sprouting percentage (%) of ginger plants.

The effect of fertigation levels and schedules on the number of days taken for sprouting and sprouting percentage are depicted in Fig. 4 and Fig. 5. The analysis of two-year data revealed that neither the main effects of fertilizer levels and scheduling nor their interaction had a significant influence on the number of days to sprouting or the sprouting percentage. The control, C2 raised as per package of practices of Kerala Agricultural University recorded significant difference in sprouting during the first year compared to the drip fertigation treatments. This observation may be attributed to the fact that fertigation was initiated only 20 days after planting. Consequently, it might not have affected the early physiological processes associated with sprouting. The results were in accordance with the observations in turmeric (Thakur, 2018 and Aglave, 2022), and gladiolus (Fullabhai, 2018 and Prasad, 2020).
3.2 Effect of fertigation on growth parameters

The influence of varying fertigation levels, application schedules, and their interactions on growth parameters of ginger such as plant height, girth and tiller production at 90, 120, and 180 DAP is provided in Table 1 and 2. Fertigation levels significantly influenced the plant height with a consistent linear increment from 90 to 180 DAP (Table 1). Plants that received higher fertigation dosages (F3, F4, and F5) exhibited greater elongation during the early growth phases (90 - 120 DAP). However, at 180 DAP, F4 (150 percent RDF) produced significantly taller plants (58.51 ± 4.87 cm), followed by the succeeding fertigation level F5 (56.37 ± 3.09 cm). Lower fertigation dose, F1 (50 percent of RDF), was consistently less effective in promoting plant height across all stages of growth. Likewise, fertigation levels had a substantial impact on plant girth (Table 1). Higher fertigation rates (F3, F4, and F5) exhibited higher plant girth at 90, 120, and 180 DAP, whereas lower fertigation doses were less effective. Fertigation levels influenced the number of tiller production at 120 and 180 DAP (Table 2). Significantly maximum number of tillers was noticed in F3 (4.89±0.29), F4 (5.17±0.59), and F5 (5.10±0.55) at 120 DAP. Similarly, F4 and F5 continued to produce a significantly higher number of tillers at 180 DAP. The leaves production was also significantly influenced by the fertigation levels during 90, 120, and 180 DAP (Table 2). During 120 and 180 DAP, plants treated with F4 and F5 showed on par and significantly higher leaf production.

Fertigation schedules with shorter intervals S1 (every 3 days) and S2 (every 7 days) were more effective in enhancing the plant height during the earlier stages of the plant growth phase (90 DAP). This effect can likely be attributed to the more frequent and uniform supply of nutrients resulting from short interval application of fertilizers. The plant height at fertiliser schedule, S1 recorded 34.41 ± 3.33 cm and 57.18 ± 3.79 cm at 120 and 180 DAP, respectively. However, fertigation schedules did not exert a statistically significant influence on plant girth, suggesting that stem diameter development may be less responsive to the frequency of fertigation. Frequent fertigation intervals (S1) continued to elicit a better response from ginger plants in the number of tillers and leaves produced at all growth stages. Tiller production was hiked in the fertigation schedule S1 (3 days) during 90 DAP (3.34 ± 0.29), 120 DAP (5.18 ± 0.53), and 180 DAP (10.27 ± 1.54). Similarly, the S1 was significantly superior in leaf production of ginger during all stages of observation. The fertigation schedule S3 (15 days interval) remained inferior in influencing the growth parameters of ginger at all stages. The frequent and precise availability of nutrients and water in the wetted root zones might have helped the plants to uptake more nutrients and attributed to higher vegetative growth (Supriya et al. 2020). The positive effect of split fertigation has also been recorded by Baladha et al. (2020) in gladiolus and Mohd et al. (2020) in ginger.	Bottom of Form
The interaction between fertigation levels and schedules had a significant effect on plant height and tiller production at 180 days after planting (DAP). Among the treatments, the combination F₄S₁ (Fertigation with 150% of the recommended dose of fertilizers at 3 day intervals) recorded significantly superior growth parameters at 180 DAP. However, the treatment combinations exerted no significant influence on plant girth and number of leaves at different stages of observation. The results agree with previous investigations that marked the favourable response of ginger plants to increased fertiliser application in terms of growth (Lee et al., 1981, Aiyadurai, 1996, and Ajithkumar and Jayachandran, 2001). Elevated plant nutrient levels may accelerate more translocation of assimilates, which in turn increases plant growth and tiller formation (Lawlor, 2002). This might have led to the linear growth response of ginger plants to higher fertigation levels (Supriya et al., 2020). The results of the present study corroborate with the findings of Sadarunnisa et al. (2010) and Sangeetha et al. (2017) in turmeric, Kakade et al. (2015) in onion and Manjunatha et al. (2023) in ginger.
A comparison between drip fertigation treatments and the conventional soil application of fertilizers, as per the package of practices recommendations of Kerala Agricultural University, revealed significant differences in plant height (at 120 and 180 DAP), girth, number of tillers and leaves (at 90, 120, and 180 DAP). The conventional application of fertilizers and irrigation can result in more losses of added nutrients through runoff, leaching losses etc. While; the application of water soluble fertilizers in the wetted root zone of plants ensured more availability of nutrients and produced a markable variation in the growth of plants (Sadarunnisa et al., 2010).




Table 1. Effect of fertigation levels and schedules on the plant height (cm) and girth (cm) of ginger plants at 90, 120, and 180 days after planting (DAP) (pooled mean of 2022 and 2023).
	Treatments
	Plant height 
	Girth of shoot (cm)

	
	90 DAP 
	120 DAP
	180 DAP
	90 DAP
	120 DAP
	180 DAP

	Fertigation levels (F)

	F1 
	21.26±2.71b
	30.10±3.25c
	52.16±1.83d
	1.46±0.11b
	1.79±0.13b
	2.18±0.19b

	F2
	21.98±2.34b
	31.38±2.17bc
	52.87±2.69cd
	1.50±0.18b
	1.82±0.15b
	2.13±0.10b

	F3
	23.80±2.67a
	33.20±3.15ab
	54.52±2.63c
	1.71±0.17a
	2.04±0.16a
	2.37±0.14a

	F4
	23.16±2.94a
	34.68±3.01a
	58.51±4.87a
	1.74±0.13a
	2.05±0.13a
	2.45±0.10a

	F5
	23.66±2.48a
	33.68±3.57ab
	56.37±3.09b
	1.73±0.16a
	2.09±0.12a
	2.37±0.16a

	SEm(±)
	0.27
	0.73
	0.54
	0.05
	0.05
	0.04

	CD (0.05)
	0.87
	2.40
	1.78
	0.17
	0.16
	0.14

	Fertigation schedules (S)

	S1
	23.57±2.98a
	34.41±3.33a
	57.18±3.79a
	1.68±0.18
	2.00±0.18
	2.33±0.19

	S2
	23.47±2.21a
	32.55±3.29b
	55.11±3.43b
	1.61±0.19
	1.96±0.20
	2.30±0.20

	S3
	21.27±2.37b
	30.87±2.65c
	52.38±2.82c
	1.59±0.20
	1.91±0.18
	2.27±0.18

	SEm(±)
	0.32
	0.37
	0.41
	0.03
	0.03
	0.02

	CD (0.05)
	0.93
	1.08
	1.20
	NS
	NS
	NS

	Interaction (F x S)

	F1S1
	21.23±3.61
	30.03±2.29
	53.81±0.67cde
	1.47±0.11
	1.83±0.13
	2.24±0.15

	F1S2
	21.80±2.30
	31.00±5.20
	51.62±2.02ef
	1.41±0.12
	1.79±0.18
	2.15±0.27

	F1S3
	20.73±3.18
	29.27±2.77
	51.04±1.56f
	1.50±0.13
	1.74±0.11
	2.13±0.22

	F2S1
	22.67±1.85
	32.30±1.30
	54.62±1.89cd
	1.57±0.20
	1.85±0.20
	2.11±0.09

	F2S2
	22.13±2.48
	31.87±2.64
	52.98±2.66def
	1.50±0.21
	1.81±0.13
	2.15±0.10

	F2S3
	21.13±3.24
	29.97±2.36
	51.01±2.94f
	1.42±0.18
	1.80±0.17
	2.13±0.14

	F3S1
	25.23±2.83
	35.13±1.91
	55.47±3.03cd
	1.83±0.10
	2.12±0.12
	2.39±0.17

	F3S2
	24.17±2.06
	32.53±3.48
	55.22±1.22cd
	1.69±0.14
	2.05±0.20
	2.39±0.16

	F3S3
	22.00±2.86
	31.93±3.91
	52.89±3.32def
	1.63±0.23
	1.95±0.15
	2.33±0.13

	F4S1
	24.83±2.65
	37.60±1.42
	62.58±1.90a
	1.72±0.01
	2.03±0.09
	2.44±0.11

	F4S2
	24.27±2.25
	34.17±2.14
	59.57±2.89b
	1.73±0.13
	2.11±0.12
	2.47±0.16

	F4S3
	20.37±2.18
	32.27±2.79
	53.40±4.18def
	1.78±0.21
	2.01±0.18
	2.45±0.06

	F5S1
	23.87±3.84
	36.97±1.93
	59.41±1.16b
	1.84±0.05
	2.15±0.09
	2.47±0.21

	F5S2
	24.97±1.21
	33.17±4.02
	56.14±2.19c
	1.71±0.21
	2.05±0.16
	2.35±0.09

	F5S3
	22.13±1.50
	30.90±1.73
	53.57±2.55cdef
	1.65±0.16
	2.06±0.13
	2.28±0.14

	SEm(±)
	0.71
	0.82
	0.91
	0.07
	0.06
	0.05

	CD (0.05)
	NS
	NS
	2.68
	NS
	NS
	NS

	Treatment Mean (T)
	22.77
	32.61
	54.89
	1.63
	1.96
	2.30

	C 1
	23.63
	33.07
	54.58
	1.64
	1.99
	2.30

	C 2
	21.53
	27.12
	47.46
	1.39
	1.73
	2.09

	C 1 vs C 2
	NS
	NS
	S*
	S*
	S*
	S*

	C1 vs T
	NS
	NS
	NS
	NS
	NS
	NS

	C 2 vs T
	NS
	S*
	S*
	S*
	S*
	S*



*Significant at 5% level		NS – Non Significant

Table 2. Effect of fertigation levels and schedules on the number of tillers and leaves per plant of ginger at 90, 120, and 180 days after planting (DAP) (pooled mean of 2022 and 2023).
	Treatments
	Number of tillers per plant
	Number of leaves per plant

	
	90 DAP
	120 DAP
	180 DAP
	90 DAP
	120 DAP
	180 DAP

	Fertigation levels (F)

	F1 
	3.08±0.33
	4.42±0.36c
	8.24±0.64c
	26.78±2.52d
	40.60±3.14c
	72.50±3.08c

	F2
	3.03±0.17
	4.66±0.26bc
	9.11±0.87b
	28.27±2.29cd
	43.07±3.17bc
	78.84±6.99b

	F3
	3.17±0.29
	[bookmark: _Hlk200474510]4.89±0.29ab
	9.34±0.61b
	28.92±2.29bc
	43.70±3.06bc
	81.91±7.06b

	F4
	3.31±0.27
	[bookmark: _Hlk200474532]5.17±0.59a
	10.42±1.39a
	33.05±1.76a
	48.61±4.03a
	92.95±8.35a

	F5
	3.27±0.22
	[bookmark: _Hlk200474550]5.10±0.55a
	10.45±1.19a
	30.21±2.01b
	45.63±3.78ab
	87.73±8.88a

	SEm(±)
	0.06
	0.13
	0.17
	0.56
	0.97
	1.72

	CD (0.05)
	NS
	0.41
	0.54
	1.81
	3.16
	5.61

	Fertigation schedules (S)

	S1
	3.34±0.29a
	5.18±0.53a
	10.27±1.54a
	30.98±2.50a
	46.99±4.82a
	88.76±11.46a

	S2
	3.15±0.19b
	4.79±0.32b
	9.46±0.93b
	29.40±2.93b
	43.26±3.10b
	82.74±7.14b

	S3
	3.02±0.24c
	4.58±0.44c
	8.80±0.81c
	27.96±2.89c
	42.72±3.59b
	76.86±7.02c

	SEm(±)
	0.04
	0.06
	0.11
	0.43
	0.56
	0.95

	CD (0.05)
	0.13
	0.18
	0.31
	1.26
	1.64
	2.79

	Interaction (F x S)

	F1S1
	3.33±0.40
	4.67±0.38
	8.53±0.35gh
	29.33±1.90
	42.55±1.48
	73.43±0.27

	F1S2
	3.03±0.12
	4.50±0.20
	8.31±0.69gh
	26.09±1.96
	40.53±3.81
	74.12±2.84

	F1S3
	2.87±0.32
	4.10±0.26
	7.87±0.84h
	24.93±1.55
	38.70±3.41
	69.95±3.84

	F2S1
	3.13±0.06
	4.87±0.31
	9.43±1.26cde
	29.11±2.11
	43.60±5.37
	83.44±5.75

	F2S2
	3.07±0.21
	4.67±0.21
	9.26±0.72def
	28.58±1.44
	43.23±0.55
	79.73±6.50

	F2S3
	2.90±0.17
	4.45±0.05
	8.63±0.60fg
	27.11±3.34
	42.37±3.15
	73.33±6.45

	F3S1
	3.40±0.36
	5.07±0.23
	9.72±0.73bcd
	30.83±1.81
	46.43±0.81
	87.43±6.24

	F3S2
	3.13±0.12
	4.90±0.10
	9.40±0.62cde
	28.60±0.97
	41.77±2.97
	82.50±4.58

	F3S3
	2.97±0.21
	4.72±0.42
	8.89±0.23efg
	27.33±2.70
	42.90±3.20
	75.80±6.09

	F4S1
	3.53±0.29
	5.80±0.26
	11.97±0.58a
	33.57±2.16
	52.70±3.46
	102.43±2.04

	F4S2
	3.30±0.17
	5.03±0.35
	10.04±0.91bc
	34.06±0.90
	46.75± 1.88
	91.42±4.31

	F4S3
	3.10±0.17
	4.67±0.42
	9.24±0.83def
	31.52±1.20
	46.38±3.41
	85.01±4.85

	F5S1
	3.30±0.30
	5.50±0.53
	11.69±0.78a
	32.04±2.58
	49.67±3.45
	97.07±7.80

	F5S2
	3.23±0.29
	4.83±0.50
	10.31±0.47b
	29.67±1.05
	44.00±2.54
	85.92±3.71

	F5S3
	3.27±0.15
	4.97±0.55
	9.34±0.85cde
	28.92±0.67
	43.23±1.39
	80.19±4.43

	SEm(±)
	0.10
	0.13
	0.24
	0.95
	1.24
	2.12

	CD (0.05)
	NS
	NS
	0.69
	NS
	NS
	NS

	Treatment Mean (T)
	3.17
	4.85
	9.51
	29.45
	44.32
	82.79

	C 1 
	3.27
	4.87
	9.49
	26.83
	44.60
	84.82

	C 2
	2.87
	4.13
	7.40
	17.83
	34.93
	68.73

	C 1 vs C 2
	NS
	S*
	S*
	S*
	S*
	S*

	C 1 vs T
	NS
	NS
	NS
	S*
	NS
	NS

	C 2 vs T
	S*
	S*
	S*
	S*
	S*
	S*



*Significant at 5% level		NS – Non Significant

3.3 Effect of fertigation on leaf length, leaf breadth and leaf area of ginger:

Fertigation levels and schedules significantly influenced the leaf length and breadth of ginger plants at all stages of observation (90, 120, and 180 DAP) (Fig 6). Among the fertigation levels, F4 (150% RDF through fertigation) consistently recorded the highest leaf length (17.18 ± 1.36, 19.32 ± 1.60, and 21.87 ± 1.45 cm at 90, 120, and 180 DAP respectively) and leaf breadth (2.13 ± 0.09, 2.18 ± 0.09, and 2.45 ± 0.17 cm), closely followed by F5 (200% RDF through fertigation). The lowest values were noted under F1 and F2.
Among the fertigation schedules, S1 was significantly superior in promoting leaf length and breadth compared to S2 and S3. For instance, S1 recorded maximum pooled mean leaf length of 16.11 ± 1.62, 18.71 ± 1.58, and 21.48 ± 1.74 cm and breadth of 2.17 ± 0.11, and 2.40 ± 0.19 cm at 120 and 180 DAP.
Interaction effects were also found significant for leaf length at 120 and 180 DAP and the combination F4S1 (150% RDF with frequency of 3 days interval fertigation) yielded the highest values (20.68 ± 1.03 and 23.58 ± 0.68 cm) at 120 and 180 DAP, respectively, with corresponding increases in leaf breadth (2.26 ± 0.08 and 2.62 ± 0.09 cm) (Fig 7 and 8). This indicates that higher nutrient availability at regular intervals enhanced vegetative growth.
Leaf area followed a similar trend to leaf length and breadth (Fig. 9 and 10). The treatment F4 recorded significantly higher leaf area (23.72 ± 2.40, 27.46 ± 3.33, and 35.26 ± 4.57 cm²) across all stages, while the lowest was observed in F1. Among fertigation schedules, S1 recorded the maximum leaf area (21.79 ± 3.03, 26.48 ± 3.52, and 34.03 ± 5.50 cm²), significantly higher than S2 and S3. Significant interactions of fertigation levels and schedules were observed at 120 and 180 DAP. The treatment F4S1 produced significantly higher leaf area (30.58 ± 2.74 and 40.82 ± 0.88 cm², respectively), followed by F5S1, reinforcing the role of both optimal nutrient dosage and regular supply in maximizing leaf development. Increased availability of nutrients might have contributed to more cell division, elongation, and expansion of more plant cells. This positive effect of the nutrients helps in enlarging the area and number of leaves (Singh et al., 2014). The higher fertilizers can steadily increase the number of leaves in ginger (Ajithkumar and Jayachandran, 2001). The trend of variations in leaf parameters was similar to the findings of Singh et al. (2014) in ginger, Kakade et al. (2015) in onion, Sangeetha et al. (2017) in turmeric, Rani et al. (2018) in onion, and Manjunatha et al. (2023) in ginger.
Control treatment, C1 produced significantly more leaf length and breadth as compared to control C2. C1 was found to have more leaf breadth than C2 at all growth stages. The treatment mean (2.03, 2.10, and 2.29 cm) was significantly superior to control C2 (1.88, 1.95, and 2.11 cm) during 90, 120, and 180 DAP. The leaf breadth and leaf area of control treatment C1 were not significantly different with treatment mean. C2 produced significantly lower values as compared to C1 and treatment mean. Application of fertilizers in more splits along with the irrigation water might have improved the absorption and nutrient use efficiency of plants (Chongtham et al., 2016). The cumulative effect of additional water and nutrients absorbed might have contributed to more growth characteristics of leaves. This was in correlation with the findings of Sharma et al. (2012) in potato, Krishnamoorthy et al. (2012) in turmeric, Chongtham et al. (2016) in potato, Gupta et al. (2020) in garlic, and Manjunatha et al. (2023) in ginger.



Fig 6. Effect of fertigation levels and schedules on leaf length and breadth (cm) of ginger plants at 90, 120, 180 DAP (pooled mean of 2022 and 2023). 



Fig 7. Effect of interactions of fertigation levels and schedules on leaf length (cm) of ginger plants at 90, 120, 180 DAP (pooled mean of 2022 and 2023). 




Fig 8. Effect of interactions of fertigation levels and schedules on leaf breadth (cm) of ginger plants at 90, 120, 180 DAP(pooled mean of 2022 and 2023).



Fig 9. Effect of interactions of fertigation levels and schedules on leaf area (cm2) of ginger plants at 90, 120, 180 DAP(pooled mean of 2022 and 2023).



Fig 10. Effect of interactions of fertigation levels and schedules on leaf area (cm2) of ginger plants at 90, 120, 180 DAP(pooled mean of 2022 and 2023).


Fig 11. Effect of fertigation levels and schedules on rhizome dry weight (g) of ginger plants at 90, 120, 180 DAP(pooled mean of 2022 and 2023).



Fig 12. Effect of interactions of fertigation levels and schedules on the rhizome dry weight (g) of ginger plants at 90, 120, 180 DAP (pooled mean of 2022 and 2023). 

3.4 Effect of fertigation on rhizome dry weight 
Fertigation treatments significantly influenced the rhizome dry weight at all stages (Fig. 11 and 12). F5 (200% RDF through fertigation) recorded the highest rhizome dry weight at 90 (7.61 ± 1.80 g), and at 120 DAP (15.28 ± 2.60 g). At 180 DAP, significantly higher rhizome dry weight was obtained from F4. This suggests that a slightly higher nutrient supply above the recommended dose may enhance rhizome biomass accumulation under fertigation.
Among the fertigation schedules, S1 (3 days interval) again proved superior, with significantly higher rhizome dry weights (5.64 ± 2.09, 12.43 ± 3.46, and 27.48 ± 5.38 g) than S2 and S3. The treatment combination F5S1 recorded the highest rhizome weight during 90 and 120 DAP, and F4S1 registered higher dry root weight at 180 DAP. Control C2 (2.91, 7.88 and 17.04 g) was significantly inferior over C1 (4.65, 11.15 and 23.45 g) and treatment mean (4.72, 10.98, and 24.20 g) during 90, 120, and 180 DAP. Control C1 produced superior yield over treatment mean at 120 DAP and the yield was on par with treatment mean at 90 and 180 DAP. The increased growth parameters like number of leaves, leaf area etc. enhanced photosynthetic area and enzyme activities in the plants. This might have increased the carbohydrate accumulation and translocation of photosynthate assimilation to the storage organs (Der et al., 2018). The results are in agreement with Sadarunnisa et al. (2010) and Krishnamoorthy et al. (2012) in turmeric, Nedunchezhiyan et al. (2016) in elephant foot yam, and Babu et al. (2018) in aggregatum onion.
	
4. Conclusion

The two year fertigation study conducted on ginger revealed that a well managed fertigation scheduling significant enhance plant growth and yield. Fertigation with 150% of the recommended dose of fertilizers (RDF) at three days intervals resulted in yield increments of 46 percent as compared to conventional fertilizer application methods. This highlights the potential of fertigation in enhancing nutrient use efficiency and crop productivity. Fertigation at three-day intervals (S1) outperformed weekly (S2) and fortnightly (S3) applications, indicating that increased frequency improves nutrient availability and uptake, thereby promoting better vegetative and rhizome development. These findings support the adoption of optimized fertigation practices for sustainable and efficient ginger cultivation.
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First year	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	39	37.333333333333336	37.333333333333336	40.333333333333336	36.333333333333336	37.333333333333336	38.333333333333336	36	35.333333333333336	31.666666666666668	35	34	29.666666666666668	34.333333333333336	35.666666666666664	Second year	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	37.766666666666666	40.833333333333336	38.9	39.136666666666663	39.909999999999997	41.81666666666667	42.806666666666665	40.4	43.84	43.18	39.576666666666661	40.57	38.743333333333332	40.223333333333336	39.156666666666666	Pooled mean	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	38.383333333333333	39.083333333333336	38.116666666666667	39.734999999999992	38.121666666666663	39.575000000000003	40.57	38.199999999999996	39.586666666666666	37.423333333333332	37.288333333333334	37.285000000000004	34.204999999999998	37.278333333333336	37.411666666666669	Fertigation levels (F) x Fertigation schedules (S)

Days taken for sprouting (days)



First year	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	65.693333333333328	61.25	60.556666666666672	59.026666666666664	59.026666666666664	69.446666666666673	68.75	70.833333333333329	69.443333333333328	79.166666666666671	79.166666666666671	70.833333333333329	72.86	75.696666666666673	62.5	Second year	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	63.19444444444445	61.111111111111114	60.416666666666664	64.583333333333329	59.027777777777779	60.416666666666664	63.888888888888886	59.722222222222221	59.027777777777779	61.111111111111114	56.944444444444436	59.027777777777793	59.722222222222221	58.333333333333343	57.638888888888893	Pooled mean	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	64.443888888888907	61.180555555555564	60.486666666666672	61.804999999999986	59.027222222222214	64.931666666666672	66.319444444444443	65.277777777777786	64.235555555555564	70.1388888888889	68.055555555555557	64.930555555555557	66.291111111111107	67.015000000000001	60.06944444444445	Fertigation levels (F) x Fertigation schedules (S)

Sprouting percentage (%)



leaf length	90 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	14.37	14.84	15.58	17.18	16.11	16.11	15.76	14.99	leaf length	120 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	16.57	17.16	17.89	19.32	18.47	18.71	17.899999999999999	17.04	leaf length	180 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	19.260000000000002	19.78	20.81	21.87	21.69	21.48	20.67	19.899999999999999	leaf length	180 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	0	0	0	0	0	0	0	0	leaf breadth	90 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	1.94	1.97	2.0299999999999998	2.13	2.08	2.08	2.0099999999999998	1.99	leaf breadth	120 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	2.0299999999999998	2.06	2.0699999999999998	2.1800000000000002	2.17	2.17	2.08	2.06	leaf breadth	180 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	2.14	2.19	2.2599999999999998	2.4500000000000002	2.38	2.4	2.29	2.16	Fertigation levels





F X S interactions on leaf length of ginger (cm)

90 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	14.5	14.47	14.15	15.07	14.98	14.48	16.22	15.7	14.83	18.07	17.399999999999999	16.07	16.7	16.23	15.4	120 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	16.78	16.63	16.3	17.8	16.87	16.809999999999999	18.37	18.03	17.28	20.68	19.829999999999998	17.45	19.920000000000002	18.12	17.37	180 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	19.3	19.21	19.28	20.16	19.78	19.399999999999999	21.46	21.03	19.95	23.58	21.38	20.64	22.88	21.93	20.25	Fertigation levels (F) X Fertigation Schedules (S) 


Leaf length (cm)




F X S interactions on leaf breadth of ginger (cm)

90 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	1.99	1.92	1.91	2.0699999999999998	1.92	1.92	2.08	2.0099999999999998	1.99	2.1800000000000002	2.13	2.08	2.1	2.0699999999999998	2.06	120 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	2.06	2.04	1.98	2.13	2.02	2.0299999999999998	2.11	2.04	2.0499999999999998	2.2599999999999998	2.15	2.12	2.2799999999999998	2.14	2.1	180 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	2.1800000000000002	2.16	2.08	2.2599999999999998	2.1800000000000002	2.14	2.34	2.2999999999999998	2.14	2.62	2.4500000000000002	2.2799999999999998	2.61	2.37	2.16	Fertigation levels (F) X Fertigation Schedules (S) 


Leaf breadth (cm)




leaf area	90 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	17.91	18.829999999999998	20.3	23.72	21.68	21.79	20.440000000000001	19.23	leaf area	120 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	21.72	22.91	24.01	27.46	26.18	26.48	24.19	22.7	leaf area	180 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	26.84	28.31	30.79	35.26	33.950000000000003	34.03	31.01	28.05	Fertigation levels


Leaf area (cm2)




90 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	18.57	17.920000000000002	17.25	20.09	18.47	17.920000000000002	21.76	20.18	18.96	25.58	23.97	21.62	22.98	21.66	20.41	120 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	22.36	22	20.81	24.61	22.06	22.06	25.21	23.93	22.89	30.58	27.74	24.06	29.65	25.22	23.67	180 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	27.49	26.91	26.12	29.73	28.22	26.99	32.869999999999997	31.66	27.83	40.82	34.24	30.72	39.24	34.04	28.56	Fertigation levels (F) X Fertigation schedules (S)


Leaf area (cm2)




90 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	2.25	3.9	4.55	5.3	7.61	5.64	4.6900000000000004	3.84	120 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	7.66	8.99	10.57	12.41	15.28	12.43	11.17	9.34	180 DAP	F1 	F2	F3	F4	F5	S1	S2	S3	19.16	21.58	23.67	29.41	27.16	27.48	24.78	20.34	Fertigation levels


Rhizome dry weight (g)




90 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	3.04	1.82	1.89	4.5199999999999996	3.94	3.25	5.72	3.75	4.2	6.35	5.68	3.86	8.59	8.24	6.01	120 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	8.36	7.96	6.65	9.75	9.43	7.8	12.69	9.43	9.58	14.15	12.91	10.17	17.22	16.11	12.52	180 DAP	F1S1	F1S2	F1S3	F2S1	F2S2	F2S3	F3S1	F3S2	F3S3	F4S1	F4S2	F4S3	F5S1	F5S2	F5S3	20.49	19.89	17.12	23.76	22.54	18.43	27.41	22.6	20.99	34.31	31.39	22.54	31.41	27.48	22.6	Fertigation levels (F) X Fertigation schedules (S)


Rhizome dry weight (g)




Max. Temperature during crop growth period (2022-23)
Max. Temperature	2022	
0 MAP	1 MAP	2 MAP	3 MAP	4 MAP	5 MAP	6 MAP	7 MAP	8 MAP	9 MAP	32.378571428571419	33.403225806451616	33.090000000000003	32.20000000000001	31.613333333333319	30.374193548387087	30.474193548387081	30.923333333333314	31.183870967741932	30.90666666666667	Max. Temperature	2023	
0 MAP	1 MAP	2 MAP	3 MAP	4 MAP	5 MAP	6 MAP	7 MAP	8 MAP	9 MAP	31.978571428571428	33.377419354838715	33.996666666666627	33.651612903225811	32.363333333333351	31.174193548387088	32.251612903225812	30.490000000000006	31.351612903225803	31.8	Growth period of crop [months after planting (MAP)]

Max. Temperature (oC)



Min. Temperature during crop growth period (2022-23)
Min. Temperature	2022	
0 MAP	1 MAP	2 MAP	3 MAP	4 MAP	5 MAP	6 MAP	7 MAP	8 MAP	9 MAP	21.485714285714266	24.396774193548385	22.520000000000003	23.458064516129021	23.433333333333302	22.683870967741932	22.464516129032244	23.173333333333307	23.558064516129029	22.466666666666672	Min. Temperature	2023	
0 MAP	1 MAP	2 MAP	3 MAP	4 MAP	5 MAP	6 MAP	7 MAP	8 MAP	9 MAP	19.142857142857157	20.738709677419337	23.52	24.141935483870981	24.056666666666665	22.69354838709679	23.922580645161265	23.306666666666661	22.816129032258068	21.5	Growth period of crop [months after planting (MAP)]

Min. Temperature (oC)



Rainfall during crop growth period (2022-23)
Rainfall (mm)	2022	
0 MAP	1 MAP	2 MAP	3 MAP	4 MAP	5 MAP	6 MAP	7 MAP	8 MAP	9 MAP	2.6357142857142857	4.5161290322580684E-2	4.4066666666666698	12.645161290322577	6.2733333333333396	4.9677419354838737	5.8766666666666687	2.5133333333333336	8.6806451612903199	5.0933333333333364	Rainfall (mm)	2023	
0 MAP	1 MAP	2 MAP	3 MAP	4 MAP	5 MAP	6 MAP	7 MAP	8 MAP	9 MAP	0.37500000000000017	0.61612903225806537	1.4433333333333325	3.4774193548387085	3.9566666666666652	5.2225806451612868	0.88000000000000012	11.276666666666673	22.122580645161271	7.2700000000000014	Growth period of crop [months after planting (MAP)]

Rainfall (mm)






