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Abstract: The proficient supply of water and nutrients is a key factor for successful vegetable
production under greenhouses. This field experiment was conducted during 2018–2019 under
a completely randomized design to evaluate the effects of drip irrigation and nutrient schedule
on soil water dynamics and the productivity of greenhouse tomato. The experiment consisted
of two irrigation schedules, i.e., I1 (irrigation applied from week 1 to 2 on the basis of 100% pan
evaporation (Epan), week 3 to 8 on the basis of 40% of Epan, week 9 to 14 on the basis of 60% of Epan,
week 15 to 20 on the basis of 80% of Epan, week 21 to 24 on the basis of 100% of Epan) and I2

(irrigation applied on the basis of 100% of Epan throughout the crop period) with a five-nutrient
schedule, viz., F1 (100% NPK applied through the conventional method), F2 (100% N applied through
fertigation + PK through the conventional method), F3 (100% NK applied through fertigation + P
through the conventional method), F4 (100% NPK applied through fertigation) and F5 (50% NPK
applied through the conventional method + 150% NPK applied through fertigation). The soil
moisture content (SMC) and its depletion were measured during growing season. The tomato yield
was significantly higher under I2. However, water use efficiency (WUE) was significantly higher
under I1 treatment. Among the nutrient schedules, the yield and WUE were significantly higher in
F5 treatment. The net returns were highest under F5 and lowest under F1. The Benefit:Cost ratio
was highest in F4 and lowest under F1. The irrigation level I2 (irrigation applied on the basis of
100% of Epan throughout the crop period) with fertigation treatment F4 (100% NPK applied through
fertigation) was the best strategy for obtaining the maximum productivity of tomato under the
greenhouse. It can be concluded that the drip-based fertigation enhances the crop yield and net
returns and therefore may be promoted to increase the income of the farmers.

Keywords: nitrogen; nutrient uptake; soil moisture content; tomato; yield

1. Introduction

Since tomato (Lycopersicum esculentum) is a high-value cash crop, it is being cultivated
under a protected environment in Northwest India [1]. It is one of the low-calorie vegetables
and is an excellent source of antioxidants, dietary fiber, minerals and vitamins, and hence
serves as an economical source to meet daily nutritional requirements [2]. In India, it is
cultivated in all agroclimatic zones over an area of 796.87 thousand ha with an annual
production of 20.71 million tonnes (mt) [3]. It is a major off-season vegetable crop of the
mid and low hills of Himachal Pradesh (HP), grown over an area of about 13.1 thousand ha
with 5.39 mt production per annum. The proper management of water and nutrient supply
is essential for the effective growth of vegetables, including tomato, in HP. The excessive
use of water and chemical fertilizers have caused environmental problems [4,5] including
contamination of the groundwater and releasing nitrous oxide into the atmosphere [6].
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Therefore, the proper management of water and fertilizer inputs is an important aspect of
vegetable production under protected environments.

Drip irrigation saves the irrigation water as it applies a proper amount of water at the
appropriate time [7]. The precise application of water with drip irrigation saves water as
well as providing a favorable environment to crops by reducing the humidity that builds
up in greenhouses, resulting in better crop yield and quality [8]. Fertigation supplies
fertilizer to crops directly in the root zone at the appropriate time and concentration [9,10].
It maintains the optimal nutrient levels and water supply which leads to higher yield and
fertilizer use efficiency. It also helps in saving labor, optimizes soil–air–water relations
thereby enhancing productivity [11]. The fertilizer requirement of crops is reduced up
to 15–25 percent with the fertigation technique without reducing the yield of crop [12].
Drip-based fertigation provides a scope of varied applications of nutrients at different crop
growth stages [13]. Moreover, the nutrients’ application through fertigation with frequent
intervals leads to constant nutrient availability [14,15].

The tomato is a sensitive crop and is severely affected by changes in climatic conditions.
Temperature variation (i.e., an increase in the optimal temperature) causes pollen abortion
and sometimes a complete failure of fruit sets occurs [16]. Therefore, it is important to
maintain favorable environment conditions to have better crop growth [17]. Keeping this in
view, tomatoes are cultivated under greenhouses. Greenhouse cultivation is not only highly
productive but also helps to conserve water and soil [18]. It provides greater scope in
vegetable production due to higher yield and better quality with efficient use of resources.
Greenhouse cultivation pays well for small and marginal farmers because it helps them
to produce a higher number of crops in one year and particularly during the off-season,
which helps to increase their income. With an increasing population, the consumption of
vegetables has increased and the demand for vegetables will be 225 mt by 2020, which
will further increase to 350 mt by 2030. Greenhouse cultivation has gained significant
importance for growing quality off-season vegetables [19].

The indeterminate cultivars of the tomato tend to grow vertically, thus covering
the vertical space in the greenhouse and the vegetative and reproductive stages of these
cultivars overlap due to their growth habit. Therefore, the crop requires nutrients at regular
intervals for better fruit size and vegetative growth of the plant. Hence, the application of
fertilizers through drip irrigation may prove to be an effective technique for the cultivation
of tomato in greenhouses [20]. Since tomato crop is a heavy feeder of nutrients, having
higher nutrient requirements and also with better root proliferation under a greenhouse, the
plants are likely to behave differently under different soil moisture regimes and fertigation
levels. Keeping this in view, it is necessary to evaluate the optimum dose of water along
with the nutrients for better crop growth particularly in Himalayan conditions. Therefore,
the present study evaluates the effects of various levels of drip irrigation and fertigation on
water-use efficiency and the yield of tomato, and recommends a suitable strategy for water
and nutrient management through drip irrigation and fertigation under a greenhouse.

2. Materials and Methods
2.1. Experimental Site

The study was conducted at the research farm of Chaudhary Sarwan Kumar Himachal
Pradesh Agricultural University, Palampur, in a naturally ventilated greenhouse with
tomato as a test crop during 2018–2019. The study site was located at 32◦6′ N latitude
and 76◦3′ E longitude at an elevation of 1290 m above mean sea level. The climate of
the study area was sub-humid with maximum and minimum temperatures of 36 ◦C and
2 ◦C, experienced in June and January, respectively. The average annual rainfall was about
2500 mm and relative humidity varied from 46 to 84%. The soils in general were deep,
having average soil depths of about 120–150 cm. The basic soil properties of the study site
are shown in Table 1.
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Table 1. Basic Soil Properties of study site.

Soil Property Values

Sand (%) 38
Silt (%) 42
Clay (%) 20
Textural class Loam
Bulk density (Mg/m3) 1.22
Particle density (Mg/m3) 2.31
Porosity (%) 47.19
Saturated hydraulic conductivity (×10−6 m/s) 1.47
Water holding capacity (%) 56.78
Mean weight diameter (mm) 0.92
Infiltration rate (m/s) 2.75 × 10−5

pH 5.69
Electrical Conductivity (dS/m) 0.26
Organic carbon (g/kg) 12.60
Available nitrogen (kg/ha) 165.62
Available phosphorus (kg/ha) 19.74
Available potassium (kg/ha) 218.85

2.2. Experimental Design

The experiment plots (raised strips with dimensions of 3.0 m × 0.5 m) were arranged
in a completely randomized design, with two irrigation levels and five fertigation schedules
replicated thrice. The two irrigation levels, i.e., I1 (Irrigation applied from week 1 to 2 on
the basis of 100% Epan, week 3 to 8 on the basis 40% of Epan, week 9 to 14 on the basis
of 60% of Epan, week 15 to 20 on the basis of 80% of Epan, week 21 to 24 on the basis of
100% of Epan) and I2 (Irrigation applied on the basis of 100% of Epan during the entire crop
period) with five nutrient schedules, viz., F1 (100% NPK applied through the conventional
method), F2 (100% N applied through fertigation + PK applied through the conventional
method), F3 (100% NK applied through fertigation + P applied through the conventional
method), F4 (100% NPK applied through fertigation) and F5 (50% NPK applied through the
conventional method + 150% NPK applied through fertigation). In total, eight plants were
grown per plot at a spacing of 30 cm. The tomato hybrid (Palam Tomato Hybrid-1) was
transplanted on 20 April 2018, and harvested during the last week of August 2018. The
treatment details of the experiment are given in Table 2.

Table 2. Details of treatments imposed.

Treatment Details of the Treatment

A. Irrigation schedule

I1

Drip irrigation applied from Week 1 to 2 on the basis of 100% of PE, Week 3 to 8 on the basis of 40% of PE,
Week 9 to 14 on the basis of 60% of PE, Week 15 to 20 on the basis of 80% of PE, Week 21 to 24 on the basis
of 100% of PE

I2 Drip irrigation applied on the basis of 100% PE from week 1 to till harvest

B. Nutrient schedule

F1 100% NPK applied through the conventional method

F2 100% N applied through Fertigation + 100% P and K applied through the conventional method

F3 100% NK applied through Fertigation + 100% applied through the conventional method

F4 100% NPK applied through Fertigation

F5 150% NPK applied through Fertigation + 50% NPK through the conventional method

Total number of treatment combinations = 10 (2 × 5)
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2.3. Irrigation Water and Evaporation

The gravity-fed drip irrigation system was installed and managed to ensure the
uniform application of water in a naturally ventilated greenhouse. The sub-main line with
16 m length was installed and connected with 15 laterals at 45 cm distance. The length of
each lateral was 3 m having 8 inline drippers at 30 cm spacing. The average flow rate of
each dripper was 0.60 L/h and the amount of irrigation water was calculated on the basis
of average Epan. The fertilizers were added in the fertigation tank of 30 L capacity and
supplied to main line using a venturi injector. The layout of the irrigation system is shown
in Figure 1.
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2.4. Fertilizers Application

The recommended dose of nitrogen, phosphorous and potassium is 150:120:60 kg/ha.
In nutrient schedules, the fertilizer doses were calculated as per the treatments and applied
via basal and fertigation at different intervals from the second fortnight of transplanting
to 15 days prior to final harvest. In the conventional method, half of N and the full dose
of P and K were applied as basal and the remaining half of N as top dressing after one
month of transplanting; whereas, in nutrient schedules, water-soluble fertilizers including
urea, mono-ammonium phosphate and potassium sulphate were applied through the drip
fertigation system.

2.5. Soil Moisture Content (SMC) and Soil Water Stock (SWS)

The gravimetric method was used to determine the soil moisture content (SMC) at
various depths (0–7.5, 7.5–15 and 15–30 cm). The volumetric moisture content (Ө) was
obtained by multiplying the soil moisture content at a particular depth and bulk density
of that particular depth. The product of ‘Ө ’ and soil depth yielded the soil water stock
(SWS) [21].
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2.6. Soil Moisture Depletion

The soil profile water depletion (∆Sz) was calculated during tomato crop growth by
taking the difference of water stocks during related intervals [22] with the help of the
equation given below.

∆Sz =
∫ z

0

∫ t1

t2

dθ

dt
dzdt (1)

where
∆Sz is the profile water depletion (mm) for 0–7.5, 7.5–15 and 15–30 cm depths, t is the

time, dz is the depth (m) and Ө is the volumetric wetness (m3/m3).

2.7. Biological Yield

Five plants were taken from each plot at final harvest time and placed into different
paper bags. The fresh weight of plants was measured and thereafter the plants were oven-
dried at 65 ◦C temperature to determine the dry biomass. The tomato fruit was ready for
picking after 50 days of transplantation. After every picking, the fruits were weighed to
obtain the total fruit yield.

2.8. Total Water Use and Water Use Efficiency

The total quantity of irrigation water applied during the crop growth period was
considered as total irrigation water used in crop production. The water use efficiency was
obtained by dividing the fruit yield by the total water applied [23].

WUE =
Yf

TWA
(2)

where WUE is water use efficiency (g/m2/mm), Yf is the fruit yield (g/m2) and TWA is the
amount of total water applied (mm).

2.9. Soil Sampling and Analysis

The surface (0–15 cm) and subsurface (15–30 cm) soil samples were collected from each
plot before transplanting and at harvest. The samples were air-dried and passed through a
2 mm sieve size. The pH of processed samples was determined by glass electrode using
soil suspension in a ratio of 1:2 (soil:water) and the electrical conductivity was determined
using an EC meter [24]. The soil texture and aggregate size distribution were determined
by the international pipette method [25] and Yoder’s apparatus [26], respectively. The core
sampler method was used for determination of the bulk density of soil [27] and the particle
density was determined by the Pycnometer method [28]. The water-holding capacity was
determined by Keen’s box method [25]. Infiltration rate was determined by using the
double-ring infiltrometer method [21]. The wet oxidation method was used for estimating
the organic carbon [29]. Available nitrogen was determined by the alkaline permanganate
method [30], available phosphorus by using (0.5 M NaHCO3) Olsen’s method [31] and
available potassium was determined with neutral 1N ammonium acetate and the extract
analyzed by flame photometer [24].

2.10. Economic Analysis

The net returns for different treatments were computed by the total input cost subtracted
from the gross returns for that treatment. The benefit–cost (B:C) ratio for different treatments
was calculated by dividing the net returns with the cost of cultivation for that treatment.

2.11. Statistical Analysis

A two-way ANOVA was used to analyze the data using SAS 9.1 statistical software.
The treatments’ mean effects were compared by Duncan’s multiple range test (p ≤ 0.05).
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3. Results
3.1. Soil Water Studies
3.1.1. Soil Moisture Content (SMC) and Soil Water Stock (SWS)

The SMC showed considerable variations under various drip irrigation levels and
was also influenced by different nutrients applied through fertigation (Table 3). The SMC
determined at 15 DAT was non-significant for the 0–7.5 cm soil depth but was significantly
(p ≤ 0.05) higher in I2 (0.33 and 0.39 m3/m3) than I1 (0.31 and 0.36 m3/m3) for 7.5–15
and 15–30 cm soil depths, respectively. Among nutrient schedules, the SMC was non-
significant for 0–7.5 cm soil depth. The SMC was significantly higher in F5 (0.33 m3/m3) and
F2 (0.33 m3/m3) than F3 (0.31 m3/m3) but was statistically similar with F4 (0.32 m3/m3)
and F1 (0.32 m3/m3) for 7.5–15 cm soil depth, and the SMC was significantly higher in
F2 (0.40 m3/m3) as compared to F1 (0.37 m3/m3), F4 (0.36 m3/m3) and F5 (0.36 m3/m3)
but was statistical similar with F3 (0.38 m3/m3) for 15–30 cm soil depth. The interaction
between various irrigation levels and nutrient schedules was non-significant.

Table 3. Effect of drip irrigation and nutrient schedule on soil moisture content (m3/m3).

Treatments
15 DAT 45 DAT 75 DAT 105 DAT

0–7.5
cm

7.5–15
cm

15–30
cm

0–7.5
cm

7.5–15
cm

15–30
cm

0–7.5
cm

7.5–15
cm

15–30
cm

0–7.5
cm

7.5–15
cm

15–30
cm

Irrigation (I)
I1 0.27 A 0.31 B 0.36 B 0.19 B 0.24 B 0.29 B 0.30 B 0.35 B 0.40 B 0.38 B 0.43 B 0.51 B

I2 0.28 A 0.33 A 0.39 A 0.23 A 0.27 A 0.32 A 0.33 A 0.38 A 0.44 A 0.41 A 0.46 A 0.54 A

p value 0.151 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fertigation (F)
F1 0.28 a 0.32 ab 0.37 b 0.20 a 0.24 b 0.30 a 0.30 a 0.35 c 0.41 b 0.37 b 0.41 b 0.51 b

F2 0.28 a 0.33 a 0.40 a 0.21 a 0.27 a 0.30 a 0.33 a 0.38 ab 0.44 a 0.41 a 0.47 a 0.54 a

F3 0.28 a 0.31 b 0.38 ab 0.21 a 0.26 ab 0.32 a 0.31 a 0.34 c 0.41 b 0.39 ab 0.46 a 0.54 a

F4 0.27 a 0.32 ab 0.36 b 0.22 a 0.26 ab 0.31 a 0.30 a 0.39 a 0.41 b 0.41 a 0.42 b 0.50 b

F5 0.28 a 0.33 a 0.36 b 0.22 a 0.25 ab 0.30 a 0.31 a 0.36 bc 0.42 ab 0.40 a 0.46 a 0.52 ab

p value 0.789 0.021 0.000 0.631 0.034 0.092 0.068 0.000 0.000 0.002 0.000 0.000
Interaction (I × F) ns ns ns ns ns ns ns * * ns ns *
p value 0.818 0.187 0.434 0.210 0.056 0.367 0.453 0.042 0.000 0.792 0.321 0.017

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability: ns denotes
non-significant and * denotes significant interaction.

The SMC was significantly (p ≤ 0.05) higher in I2 (0.23, 0.27 and 0.32 m3/m3) than
I1 (0.19, 0.24 and 0.29 m3/m3) for 0–7.5, 7.5–15 and 15–30 cm soil depths, respectively.
Among nutrient schedules, the SMC was non-significant for 0–7.5 and 15–30 cm soil depths
and at 7.5–15 cm soil depth, the SMC was significantly higher in F2 (0.27 m3/m3) than
F1 (0.24 m3/m3) but was statistically similar with F3 (0.26 m3/m3), F4 (0.26 m3/m3) and
F5 (0.25 m3/m3) at 45 DAT. The interaction between various irrigation levels and nutrient
schedules was non-significant.

The SMC at 75 DAT was significantly higher in I2 (0.33, 0.38 and 0.44 m3/m3) than
I1 (0.30, 0.35 and 0.40 m3/m3) for 0–7.5, 7.5–15 and 15–30 cm soil depths, respectively.
Among nutrient schedules, the SMC was non-significant for 0–7.5 cm soil depth. The SMC
was significantly higher in F4 (0.39 m3/m3) as compared to F5 (0.36 m3/m3),
F1 (0.35 m3/m3) and F3 (0.34 m3/m3) but was statistical similar with F2 (0.38 m3/m3)
for the 7.5–15 cm soil depth and the SMC was significantly higher in F2 (0.44 m3/m3) than
F4 (0.41 m3/m3), F3 (0.41 m3/m3) and F1 (0.41 m3/m3) but was statistically similar with
F5 (0.42 m3/m3) for 15–30 cm soil depth. The interaction between various irrigation levels
and nutrient schedules was non-significant at the 0–7.5 cm soil depth but significant for
7.5–15 and 15–30 cm soil depths, which may be due to better root growth promoted by
fertigation, and the plants required a lower amount of water at the flowering stage which
helps to increase the soil moisture in different layers of soil [32,33].

The SMC was significantly higher in I2 (0.41, 0.46 and 0.54 m3/m3) than I1 (0.38, 0.43
and 0.51 m3/m3) for 0–7.5, 7.5–15 and 15–30 cm soil depths, respectively. Among nutrient
schedules, the SMC was significantly higher in F2 (0.41 m3/m3) and F4 (0.41 m3/m3) and
F5 (0.40 m3/m3) than F1 (0.37 m3/m3) but was statistically similar with F3 (0.39 m3/m3)
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for the 0–7.5 cm soil depth and the SMC was significantly higher in F2 (0.47 m3/m3),
F3 (0.46 m3/m3) and F5 (0.46 m3/m3) as compared to F4 (0.42 m3/m3) and F1 (0.41 m3/m3)
for 7.5–15 cm soil depth. The SMC was significantly higher in F2 (0.54 m3/m3) and
F3 (0.54 m3/m3) as compared to F4 (0.50 m3/m3) and F1 (0.51 m3/m3) but was statistically
similar with F5 (0.52 m3/m3) for the 15–30 cm soil depth at 105 DAT. The interaction
between various irrigation levels and nutrient schedules was non-significant for 0–7.5 and
7.5–15 cm soil depths but was significant at the 15–30 cm soil depth which could be due to
less water being required by plants at the maturity stage, as compared to the vegetative
growth stage, and water was stored in the 15–30 cm soil layer [32,33].

The soil water stock (SWS) calculated at monthly intervals (i.e., 15 DAT, 45 DAT,
75 DAT and 105 DAT) for 0–7.5, 7.5–15 and 15–30 cm soil depths during the crop growth
period are given in Table 4. The SWS determined at 15 DAT was non-significant for the
0–7.5 cm soil depth and was significantly (p ≤ 0.05) higher in I2 (25.07 and 58.26 mm) than
I1 (23.03 and 53.84 mm) for 7.5–15 and 15–30 cm soil depths, respectively. Among nutrient
schedules, the SWS was non-significant for 0–7.5 cm soil depth. The SWS was significantly
higher in F5 (24.51 mm) than F3 (23.24 mm) but was statistically similar with F2 (24.45 mm),
F1 (24.34 mm) and F4 (23.70 mm) for the 7.5–15 cm soil depth and the SWS was significantly
higher in F2 (60.10 mm) as compared to F1 (55.40 mm), F4 (54.42 mm) and F5 (53.26 mm),
but was statistically similar with F3 (57.06 mm) for 15–30 cm soil depth. The interaction
between various irrigation levels and nutrient schedules was non-significant.

Table 4. Effect of drip irrigation and nutrient schedule on soil water stock (mm).

Treatments

15 DAT 45 DAT 75 DAT 105 DAT

0–7.5 cm 7.5–15 cm 15–30 cm 0–7.5 cm 7.5–15 cm 15–30 cm 0–7.5 cm 7.5–15 cm 15–30 cm 0–7.5 cm 7.5–15
cm 15–30 cm

Irrigation (I)
I1 20.48 A 23.03 B 53.84 B 14.23 B 18.18 B 43.45 B 22.54 B 25.92 B 59.35 B 28.45 B 31.90 B 76.35 B

I2 21.33 A 25.07 A 58.26 A 17.35 A 20.36 A 47.83 A 24.45 A 28.78 A 65.78 A 30.75 A 34.44 A 80.60 A

p value 0.149 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fertigation (F)
F1 21.35 a 24.34 ab 55.40 b 14.64 b 18.32 c 44.34 a 22.83 a 26.22 b 61.67 b 27.76 b 30.88 b 76.86 b

F2 20.68 a 24.45 ab 60.10 a 15.95 ab 19.98 a 45.30 a 24.80 a 28.73 a 66.39 a 30.48 a 34.97 a 81.40 a

F3 21.03 a 23.24 b 57.06 ab 15.66 ab 19.76 ab 47.73 a 23.51 a 25.43 b 61.14 b 29.47 ab 34.36 a 81.16 a

F4 20.31 a 23.70 ab 54.42 b 16.48 a 19.86 ab 46.38 a 22.86 a 29.52 a 60.80 b 30.49 a 31.37 b 75.03 b

F5 21.14 a 24.51 a 53.26 b 16.22 ab 18.43 b 44.45 a 23.48 a 26.85 b 62.83 ab 29.78 ab 34.26 a 77.94 ab

p value 0.790 0.021 0.000 0.033 0.034 0.092 0.068 0.000 0.000 0.002 0.000 0.000
Interaction (I × F) ns ns ns ns ns ns ns * * ns ns *
p value 0.810 0.186 0.434 0.223 0.056 0.366 0.453 0.042 0.000 0.791 0.321 0.017

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability: ns denotes
non-significant and * denotes significant interaction.

The SWS was significantly higher in I2 (17.35, 20.36 and 47.83 mm) than I1 (14.23, 18.18
and 43.45 mm) for 0–7.5, 7.5–15 and 15–30 cm soil depths, respectively. Among nutrient
schedules, the SWS was significantly higher in F4 (16.48 mm) than F1 (14.64 mm) but was sta-
tistically similar with F5 (16.22 mm), F2 (15.95 mm) and F3 (15.66 mm) for the 0–7.5 cm soil
depth and at 7.5–15 cm soil depth, the SWS was significantly higher in F2 (19.98 mm)
as compared to F5 (18.43 mm) and F1 (18.32 mm), but was statistically similar with
F3 (19.76 mm) and F4 (19.86 mm). The SWS was non-significant for the 15–30 cm soil
depth at 45 DAT. The interaction between various irrigation levels and nutrient schedules
was non-significant.

The SWS at 75 DAT was significantly higher in I2 (24.45, 28.78 and 65.78 mm) than
I1 (22.54, 25.92 and 59.35 mm) for 0–7.5, 7.5–15 and 15–30 cm soil depths, respectively.
Among nutrient schedules, the SWS was non-significant for 0–7.5 cm soil depth. The SWS
was significantly higher in F4 (29.52 mm) and F2 (28.73 mm) as compared to F5 (26.85 mm),
F1 (26.22 mm) and F3 (25.43 mm) for the 7.5–15 cm soil depth and the SWS was significantly
higher in F2 (66.39 mm) than F4 (60.80 mm), F3 (61.14 mm) and F1 (61.67 mm), but was
statistically similar with F5 (62.83 mm) for 15–30 cm soil depth. The interaction between
various irrigation levels and nutrient schedules was non-significant at the 0–7.5 cm soil
depth but significant for 7.5–15 and 15–30 cm soil depths, respectively. The SWS was
significantly higher in I2 (30.75, 34.44 and 80.60 mm) than I1 (28.45, 31.90 and 76.35 mm)
for 0–7.5, 7.5–15 and 15–30 cm soil depths, respectively. Among nutrient schedules, the
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SWS was significantly higher in F2 (30.48 mm) and F4 (30.49 mm) than F1 (27.76 mm) but
was statistically similar with F3 (29.47 mm) and F5 (29.78 mm) for 0–7.5 cm soil depth, and
the SWS was significantly higher in F2 (34.97 mm), F3 (34.36 mm) and F5 (34.26 mm) as
compared to F4 (31.37 mm) and F1 (30.88 mm) for 7.5–15 cm soil depth. The SWS was
significantly higher in F2 (81.40 mm) and F3 (81.16 mm) as compared to F4 (75.03 mm) and
F1 (76.86 mm) but was statistically similar with F5 (77.94 mm) for the 15–30 cm soil depth
at 105 DAT. The interaction between various irrigation levels and nutrient schedules was
non-significant for 0–7.5 and 7.5–15 cm soil depths but significant at 15–30 cm soil depth.

The total profile water stock determined for 0–7.5, 7.5–15 and 15–30 cm soil depths
during crop growth period are given in Table 5. The 8.0–9.5% increase in total profile water
stock was observed in I2. It was significantly higher than I1 at 0–7.5, 7.5–15 and 15–30 cm
soil depths. Among the nutrient schedule, the total profile water stock was significantly
higher in F2 than F1 which was statistically similar with F5, F4 and F3 at the 0–7.5 cm soil
depth and the total profile water stock was significantly higher in F2, which was statistically
similar with F4, and lower in F1 treatment at 7.5–15 and at 15–30 cm soil depth. The total
profile water stock was significantly higher in F2 than all other treatments. The results
showed that total soil water stock at the 15–30 cm soil depth was higher than the 0–7.5 and
7.5–15 cm soil depths and soil water stock was higher in I2 than I1 due to a higher quantity
of water application in I2 treatment.

Table 5. Effect of drip irrigation and nutrient schedule on total profile water stock (mm).

Treatments
Soil Depth

0–7.5 cm 7.5–15 cm 15–30 cm

Irrigation (I)
I1 85.69 B 99.03 B 232.99 B

I2 93.88 A 108.64 A 252.47 A

p value 0.000 0.000 0.000
Fertigation (F)
F1 86.58 b 99.76 c 238.27 c

F2 91.92 a 108.14 a 253.20 a

F3 89.67 ab 102.79 bc 247.09 b

F4 90.14 ab 104.44 ab 236.64 c

F5 90.61 ab 104.05 b 238.47 c

p value 0.027 0.000 0.000
Interaction (I × F) ns ns *
p value 0.486 0.062 0.000

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability: ns denotes
non-significant and * denotes significant interaction.

3.1.2. Soil Profile Water Depletion

The soil profile water depletion determined at monthly intervals (i.e., 15–45 DAT,
45–75 DAT and 75–105 DAT) for 0–7.5, 7.5–15 and 15–30 cm soil depths during the crop
growth period are given in Table 6. The soil profile water depletion was calculated at
15–45 DAT and was significantly higher in I1 (6.25 mm) than I2 (3.97 mm) for 0–7.5 cm
soil depth. The soil profile water depletion was non-significant for 7.5–15 and 15–30 cm
soil depths, respectively. Among nutrient schedules, the soil profile water depletion was
non-significant for 0–7.5 cm soil depth and at 7.5–15 cm soil depth the soil profile water
depletion was significantly higher in F5 (6.08 mm) and F1 (6.02 mm) than F3 (3.49), but was
statistically similar with F2 (4.48 mm) and F4 (3.84 mm). The soil profile water depletion
was significantly higher in F2 (14.80 mm) as compared to F4 (8.04 mm) but was statistically
similar with F1 (11.07 mm), F3 (9.34) and F5 (8.81 mm) at the 15–30 cm soil depth. The
interaction between various irrigation levels and nutrient schedules was non-significant.
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Table 6. Effect of drip irrigation and nutrient schedule on soil profile water depletion (mm).

Treatments
15–45 DAT 45–75 DAT 75–105 DAT Total Profile Depletion

0–7.5 cm 7.5–15 cm 15–30 cm 0–7.5 cm 7.5–15 cm 15–30 cm 0–7.5 cm 7.5–15 cm 15–30 cm 0–7.5 cm 7.5–15 cm 15–30 cm

Irrigation (I)
I1 6.25 A 4.85 A 10.39 A −8.32 A −7.74 A −15.89 A −5.90 A −5.98 A −17.0 A −7.97 A −8.87 A −22.52 A

I2 3.97 B 4.71 A 10.43 A −7.10 B −8.42 A −17.96 A −6.30 A −5.66 A −14.8 A −9.42 A −9.36 A −22.34 A

p value 0.003 0.777 0.970 0.026 0.184 0.114 0.474 0.440 0.077 0.071 0.296 0.892
Fertigation (F)
F1 6.71 a 6.02 a 11.07 ab −8.19 a −7.90 ab −17.33 ab −4.93 a −4.66 b −15.20 a −6.41 a −6.54 a −21.46 a

F2 4.73 a 4.48 ab 14.80 a −8.84 a −8.76 b −21.09 b −5.68 a −6.24 bc −15.00 a −9.80 a −10.52 c −21.30 a

F3 5.37 a 3.49 b 9.34 ab −7.86 a −5.67 a −13.41 a −5.96 a −8.93 d −20.03 a −8.45 a −11.12 c −24.10 a

F4 3.83 a 3.84 ab 8.04 b −6.38 a −9.66 b −14.42 a −7.63 a −1.86 a −14.23 a −10.19 a −7.67 ab −20.61 a

F5 4.92 a 6.08 a 8.81 ab −7.26 a −8.42 b −18.38 ab −6.30 a −7.41 cd −15.11 a −8.64 a −9.75 bc −24.68 a

p value 0.134 0.004 0.015 0.058 0.001 0.006 0.063 0.000 0.066 0.053 0.000 0.187
Interaction (I × F) ns ns ns ns ns ns ns * * ns ns ns
p value 0.901 0.647 0.945 0.089 0.102 0.091 0.818 0.006 0.025 0.959 0.213 0.283

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability: ns denotes
non-significant and * denotes significant interaction.

The soil profile water depletion was significantly higher in I1 (−8.32 mm) than
I2 (−7.10 mm) for the 0–7.5 cm soil depth. The soil profile water depletion was non-
significant for 7.5–15 and 15–30 cm soil depths, respectively. Among nutrient sched-
ules, the soil profile water depletion was non-significant for the 0–7.5 cm soil depth and
at the 7.5–15 cm soil depth the soil profile water depletion was significantly higher in
F3 (−5.67 mm) as compared to F5 (−8.42 mm), F2 (−8.76 mm) and F4 (−9.66 mm), but was
statistically similar with F1 (−7.90 mm). The soil profile water depletion at 15–30 cm was
statistically higher in F4 (−14.42 mm) and F3 (−13.41 mm) than F2 (−21.09 mm) but was
statistically similar with F1 (−17.33 mm) and F5 (−18.38 mm) at 45–75 DAT. The interaction
between various irrigation levels and nutrient schedules was non-significant.

The soil profile water depletion was calculated at 75–105 DAT and was non-significantly
under various drip irrigation levels. Among nutrient schedules, the soil profile water deple-
tion was non-significant for 0–7.5 and 15–30 cm soil depths and at the 7.5–15 cm soil depth
the soil profile water depletion was significantly higher in F4 (−1.86 mm) and significantly
lower in F3 (−8.93 mm) in comparison to other treatments. The interaction between various
irrigation levels and nutrient schedules was non-significant for 0–7.5 cm and significant for
7.5–15 and 15–30 cm soil depths, respectively.

The total soil profile water depletion calculated for 0–7.5, 7.5–15 and 15–30 cm soil
depths is given in Table 6. The results showed that the depletion of profile water occurred
at 15–45 DAT and thereafter, the recharge of water was observed. The higher recharge
of groundwater obtained in I2 compared to I1 may be due to a higher quantity of water
application in the I2 treatment. The total soil profile water depletion was non-significant
among different drip irrigation levels at 0–7.5, 7.5–15 and 15–30 cm soil depths. Among the
nutrient schedules the total soil water depletion was non-significant at 0–7.5 and 15–30 cm
soil depths and total soil profile water depletion was significantly higher in F1 as compared
to F3 and F2 but was statistically similar with F4. The interaction between various irrigation
levels and nutrient schedules was non-significant.

3.2. Nutrient Uptake

The available soil NPK calculated for 0–15 and 15–30 cm soil depths at harvesting of
crop are given in Table 7. The available nitrogen (N) was non-significant for 0–15 cm and
15–30 cm soil depths under different irrigation levels. Among different nutrient schedules,
the available nitrogen (N) was significantly higher in F5 than all other treatments for both
0–15 cm and 15–30 cm soil depths. The interaction between various irrigation levels and
nutrient schedules was non-significant. The available phosphorus (P) was non-significant
for the 0–15 cm soil depth, but was significantly higher under I1 than I2 for the 15–30 cm
soil depth. Under nutrient schedules, the available phosphorus (P) was non-significant
for the 0–15 cm soil depth but was significantly higher under F1 as compared to F2 and F3
but was statistically similar with F5 and F4 for the 15–30 cm soil depth, because P applied
at the time of transplanting as a basal dose helps to increase its availability to the roots of
plants [34–36]. The interaction between various irrigation levels and nutrient schedules
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was non-significant for the 0–15 cm soil depth and was significant at the 15–30 cm soil
depth which may be due to the fact that the drip fertigation helps to provide nutrient at the
root zone and is taken up by the plant root, but after meeting the required P deposited in
the subsurface layer [33,37].

Table 7. Effect of drip irrigation and nutrient schedule on available NPK (kg/ha).

Treatments
0–15 cm 15–30 cm

N P K N P K

Irrigation (I)
I1 184.94 A 41.13 A 240.61 B 172.70 A 30.44 A 162.93 A

I2 184.45 A 44.76 A 248.12 A 180.92 A 27.98 B 165.03 A

p value 0.921 0.075 0.000 0.051 0.024 0.283
Fertigation (F)
F1 178.40 bc 43.43 a 192.52 e 156.40 a 33.00 a 136.49 d

F2 138.58 d 41.97 a 213.42 d 175.83 ab 25.18 c 157.65 c

F3 196.58 b 43.05 a 269.50 b 179.20 a 27.65 bc 186.70 a

F4 160.33 cd 43.26 a 257.87 c 177.42 a 28.21 abc 165.04 c

F5 249.59 a 43.02 a 288.50 a 195.22 a 31.99 ab 174.02 b

p value 0.000 0.991 0.000 0.000 0.000 0.000
Interaction (I × F) ns ns * ns * ns
p value 0.132 0.553 0.000 0.282 0.003 0.076

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability: ns denotes
non-significant and * denotes significant interaction.

The available potassium (K) was significantly higher in I2 than I1 for the 0–15 cm soil
depth and was non-significant for the 15–30 cm soil depth under different irrigation levels.
Among different nutrient schedules, the available potassium was significantly higher in F5
and lower in F1 in comparison to other treatments for the 0–15 cm soil depth, and for the
15–30 cm soil depth available potassium (K) was significantly higher in F3 and lower in F1
in comparison to other treatments, because fertigation helps to increase the availability of
potassium in the root zone as compared to other fertilizer application methods [34–36,38].
The interaction between various irrigation levels and nutrient schedules was significant for
the 0–15 cm soil depth due to even distribution of nutrients in fertigation which increases
the fertilizer use efficiency [39]. It was non-significant for the 15–30 cm soil depth.

3.3. Total Water Use and Water Use Efficiency

The effect of drip irrigation levels and the nutrient schedule on total water use and
water use efficiency in tomato is given in Table 8. The total profile water depletion calcu-
lated in I1 and I2 irrigation levels during tomato growth was −14.8 and 26.6 mm at the
0–0.30 m profile depth (Table 6). The total crop water use was significantly lower under the
I1 treatment as compared to I2. The total water use among different nutrient schedules
was non-significant.

Table 8. Effect of drip irrigation and nutrient schedule on biological yield, total water use and water
use efficiency.

Treatments Fruit Yield (kg/m2) Straw Yield (kg/m2) Total Water Use (mm) Water Use Efficiency
(g/m2/mm)

Irrigation (I)
I1 6.97 B 3.85 B 353.74 B 19.71 A

I2 7.33 A 3.88 A 608.38 A 12.06 B

p value 0.019 0.041 0.000 0.000
Fertigation (F)
F1 6.38 b 3.37 c 486.90 a 13.95 b

F2 7.09 ab 3.46 b 479.69 a 15.72 ab

F3 7.34 a 4.14 a 477.64 a 16.51 a

F4 7.33 ab 4.17 a 482.84 a 16.26 a

F5 7.62 a 4.20 a 478.23 a 17.00 a

p value 0.000 0.000 0.736 0.000
Interaction (I × F) ns ns ns ns
p value 0.962 0.183 0.943 0.140

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability:
ns denotes non-significant.
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The water use efficiency was significantly higher in I1 than I2. In the I1 treatment,
with a lower amount of water used, the yield was maintained as compared to I2 which
helps to increase the water use efficiency [40–44]. The lowest water use efficiency in I2
was mainly due to a higher amount of water used as compared to the I1 treatment. Under
different nutrient schedules, the water use efficiency was significantly higher in F5, F4 and
F3 compared to F1 but was significantly similar with F2 because F5 treatment gives the
nutrients which fulfil the plants’ requirements and the crops give better responses and
produced maximum water use efficiency with an optimum yield [33]. The interaction
between irrigation levels and nutrient schedules was non-significant.

3.4. Biological Yield

The effect of drip irrigation levels and the nutrient schedule on the biological yield of
tomato is given in Table 8.

The data revealed that significantly higher fruit and straw yields were recorded in
I2 than I1. Among different nutrient schedules, the fruit yield was significantly higher in
F5 and F3 as compared to F1 but was statistically similar with F2 and F4. The straw yield
was also significantly higher in F5, F3 and F4 in comparison to F1 and F2 treatments due
to the higher dose of fertilizers applied through fertigation in F5, which leads to greater
availability of nutrients to the plant for better growth and development, leading them to
produce maximum yield [20,45,46]. The interaction between irrigation levels and nutrient
schedule was non-significant.

3.5. Economics Analysis

The effect of drip irrigation levels and nutrient schedules on net returns and the B:C
ratio in tomato is given in Table 9.

The net returns and B:C ratio were significantly higher under I2 as compared to I1.
Among different nutrient schedules, the net returns were significantly higher in F5 than
F1 but were statistically similar with F3 and F4 treatment. The B:C ratio was significantly
higher in F4 and lower in F1. The higher B:C ratio in F4 was due to higher yields with a
lower cost of cultivation in comparison to other irrigation levels and nutrient schedules
because the B:C ratio not only depends upon the total yield of crop, but it also depends
upon the cost of inputs used during the growing period of that crop [36]. The treatment
with a 100 per cent recommended dose of fertilizer through fertigation has a maximum
benefit cost ratio (3.75). The interaction between irrigation levels and nutrient schedules
was non-significant.

Table 9. Effect of drip irrigation and nutrient schedule on net returns and B:C ratio.

Treatments Net Returns (Rs.) B:C Ratio

Irrigation (I)
I1 162.14 B 3.45 B

I2 173.12 A 3.69 A

p value 0.000 0.000
Fertigation (F)
F1 146.52 c 3.26 c

F2 166.34 b 3.60 b

F3 173.94 ab 3.68 b

F4 173.56 ab 3.75 a

F5 177.80 a 3.49 b

p value 0.000 0.000
Interaction (I × F) ns ns
p value 0.291 0.137

Note: Different letters in columns represent significant difference at p ≤ 0.05 level of probability:
ns denotes non-significant.
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4. Discussion
4.1. Soil Water Studies

The different levels of drip irrigation and fertigation significantly affected the avail-
ability of moisture content at different soil layers. Our results showed that the SMC was
observed to be higher in I2 as compared to I1 treatment which may be due to a higher
amount of water applied, which compensates the evaporation and drainage losses and
maintains the availability of water [47]. The drip irrigation with optimum levels helps to
maintain the favorable moisture regimes which maintain the growth and development
of the plant [48]. The SWS was also significantly higher in I2 than I1 because more water
penetrated into the deeper layers in the drip system of irrigation, which increases the
availability of water in the soil and the crop utilized the water very effectively [45]. The soil
profile water depletion was higher in I2 than I1 due to a higher water application which may
be due to higher percolation in I2 than I1. The greater availability leads to higher uptake of
water by plants and more water losses through the transpiration in I2 as compared to I1 [49].
So, the I2 can be recommended as one of the best water management methods for efficient
tomato cultivation under drip irrigation systems. Among nutrient schedules, SMC was
significantly higher in F2 and F4 than F1 at different soil depths because fertigation helps
with better root development of the crop, which will lead to the absorption of more water
as compared to other methods. The depletion of soil profile water was significantly higher
in the F5 treatment because the increase in levels of NPK leads to better development of
root and shoot parameters of the crop and they absorb more water from the soil [50,51].
The appropriate scheduling of irrigation is very important for maximum crop production;
it consists of knowledge about crop characteristics and the amount of water required at
different growth stages. Our study revealed that the optimum level of drip irrigation
maintains the soil moisture conditions and produces the maximum yield of tomato.

4.2. Total Water Use and Water Use Efficiency

The water use efficiency is mainly governed by the water obtained from rainfall, soil
profile storage and irrigation water, and crop yield. The appropriate irrigation method with
optimum levels helps to achieve the maximum water use efficiency [52]. The drip irrigation
method is the best method for efficient management of water and produced maximum
water use efficiency [53]. Drip irrigation reduces the evaporation and percolation losses
and provides favorable soil moisture conditions by maintaining the soil moisture in the
root zone of the plant [51,52]. Our results showed the optimum levels of drip irrigation
and fertigation that help to achieve the maximum water use efficiency with optimum
crop yield. The data showed that the total water use was significantly higher in I2 than I1
due to a higher application of water. The water use efficiency was significantly higher in
I1 than I2. In I1 treatment, with a lower amount of water used the yield was maintained
due to minimum losses of N due to leaching and supply of nutrients directly into the
root zone, which helps to increase the water use efficiency [41–43]. The lowest WUE in
I2 was mainly due to a higher amount of water used as compared to I1 treatment. Under
different nutrient schedules, the water use efficiency was significantly higher in F5 and
lower in F1. The higher water use efficiency in F5 was due to higher marketable yield
because water use efficiency directly depends on the yield of crop [40,54] and the lower
water use efficiency in F1 may be associated with the nutrient solution that leaches at every
irrigation. So, fertigation with optimum nutrients was useful practice for improving water
use efficiency [36,55].

4.3. Soil Nutrient Status and Crop Yield

The availability of nutrients plays an important role in maintaining the growth and
development of plants with optimum yield. The drip irrigation and fertigation is an
effective method for obtaining the maximum fertilizer use efficiency [47,56]. Our study
evaluated the optimum levels of irrigation and fertilizers through drip irrigation and
the data showed that the NPK uptake was higher under the I2 than I1 due to frequent
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application of water and fertilizer with low concentrations and efficient utilization as
they were directly placed into the root zone as compared to other irrigation methods.
The drip irrigation with optimum levels maintained the balance ratio between supply
and required uptake of nutrients which results in higher shoot and root growth of the
plant and provides better nutrient uptake from the soil with minimal losses [57]. The
influence of fertigation indicates that with the increase in NPK application there was a
corresponding increase in nutrient uptake. The total nitrogen (N) uptake was significantly
higher in F5 than all other treatments because, with an increasing N rate and more frequent
application, more accumulation occurred in the soil [58]. The fertigation allowed the
efficient use of nutrients by reducing the leaching losses and it is a more controllable method
of nutrient application [43]. The total phosphorus (P) uptake was significantly higher under
F1 because P is immobile naturally in the soil and its application as a basal dose at the
time of transplanting through the conventional method helped to increase their availability
to the roots of plants [39–41]. The total potassium (K) uptake was significantly higher in
F5 and F3 and lower in F1 because, in these treatments, K was applied through fertigation
which helps to increase the availability of potassium in the root zone as compared to other
fertilizer application methods [39–42]. The uptake of NPK increase in fertigation may be
due to a combined effect between the crop nutrient uptake and nutrient availability in
the soil as compared to conventionally applied fertilizers which, by and large, results in
uneven distribution of nutrients in the root zone [12]. The optimum levels of drip irrigation
and fertigation are necessary for maximum crop production.

Crop yield is always considered as an economic index in the development of crop.
These data revealed that significantly higher fruit and straw yield were recorded in
I2 than I1. The highest fruit yield in I2 might be due to a higher quantity of water ap-
plied which leads to improving the plant shoot and root growth, which might have resulted
in increased nutrient uptake and produced a higher yield in comparison to I1 [54,59,60].
The fruit and straw yield under different nutrient schedules was significantly higher in F5
treatment due to a higher dose of fertilizers applied through fertigation in F5, which leads
to a greater availability of nutrients to the plant for their better growth and development,
which leads them to produce maximum yield [20,45,46]. The increase in the NPK fertilizer
rate leads to an increase in the number of fruits per plant and total yield of crop [61]. The
fruit and straw yield were significantly higher in F5 as compared to other treatments, which
may be attributed to the application of a greater amount of fertilizer through fertigation
and plants give better responses to F5 treatment.

4.4. Economics and Returns

The net returns and B:C ratio are the most important parameters to determine the
cost-effectiveness of any treatment. The ultimate objective of any treatment is to achieve
profit in terms of net return and B:C ratio. The net returns and B:C ratio was significantly
higher under I2 as compared to I1 because I2 treatment gives the higher marketable yield,
which increases the net returns and B:C ratio [62]. Among different nutrient schedules, the
net returns were significantly higher in F5, which was statistically similar with F3 and F4
and lower in F1 treatment. The B:C ratio was significantly higher in F4 and lower in F1.
The higher B:C ratio in F4 was due to higher yields with lower costs of cultivation in
comparison to other irrigation levels and nutrient schedules because the B:C ratio not only
depends upon the total yield of crop, but it also depends upon cost of inputs used during
the growing period of that crop [31]. The treatment with a 100 per cent recommended dose
of fertilizer through fertigation has a maximum benefit cost ratio (3.75).

5. Conclusions

Based on the results of the present study, it can be concluded that the application of
drip irrigation on the basis of 100% of Epan was the most suitable treatment with higher
soil moisture content leading to higher crop yield, higher net returns and higher B:C
ratio. The application of 100% RDF through fertigation was the most suitable fertigation
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schedule compared to other treatments as it resulted in better plant growth and higher
yield. However, it is difficult to obtain not only the maximum water use efficiency but
also the highest yield at the same time because a decreased quantity of water leads to
greater WUE; albeit a higher yield cannot be achieved at a lower irrigation rate. Therefore,
irrigation on the basis of 100% of Epan and 100% RDF through fertigation overall showed
better performance and should be recommended for tomato cultivation under greenhouse
conditions. Overall, the cultivation of tomato under a greenhouse should be encouraged in
the temperate Himalayan region among smallholder farmers owing to small land holdings
in this region. The fertigation schedule may be optimized according to the crop growth
stages in future studies as it may lead to lower application of fertilizers resulting in more
profit for the farmers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15112086/s1. Table S1: Discharge rate, variation and uniformity
coeffcient of different plots.
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