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Abstract: Protected cultivation is a resource-efficient method of crop production, however, at the
same time, it is resource intensive. An optimum rate and time of fertilizer application is required in
order to maximize crop yield vis-a-vis resource use efficiency. However, these aspects are scarcely
studied for tomato under low- and medium-tech greenhouses in Indian humid sub-tropics. In this
regard, a two-year study was conducted to assess the effect of four NPK fertilization rates (i.e., 120,
100, 80, and 60% of the recommended dose of fertilizers, RDF) and three fertigation scheduling
approaches—fertigation at different stages in different proportions of NPK, along with an additional
treatment, i.e., farmers’ practice (soil-based application of recommended NPK) for tomatoes under a
naturally ventilated polyhouse. The plant growth attributes, the tomato yield- and quality-related
traits, the nutrient (NPK) accumulation by the plants, the water use efficiency (WUE), and economics
were studied in response to different fertigation rates and scheduling approaches. These parameters
were affected by both the rates of NPK fertilization and their time of application (scheduling) over
the different growth stages. Among the different rates and time of fertigation, the recommended dose
of fertilizer (100% RDF) (i.e., 300 kg N, 150 kg P,Os, and 150 kg K,O per ha and their scheduling
as 15% N, 10% P,0Os, and 10% KO of RDF during 15-45 days after transplanting (P1); 40% N, 40%
P,0s5, and 40% K,O of RDF during 47-76 DAT (P;); 30% N, 40% P,0Os, and 40% K,O of RDF during
77-107 DAT (P3); and 15% N, 10% P,Os, and 10% K, O of RDF during 108-138 DAT (P4)) was found
to be the optimum for fruit yield, WUE, and economics of tomato under protected condition.

Keywords: Solanum lycopersicum; greenhouse; growth; yield; WUE; economics; polyhouse

1. Introduction

The tomato (Solanum Iycopersicum L.) is the most popular fruiting vegetable across
the world. Its high nutritive value and attractive look mean that it is often considered as
the “poor man’s orange” [1]. Its fruits possess handsome amounts of health-promoting
nutrients, namely vitamin A, vitamin C, and a variety of minerals [2]. In addition, it also
contains a considerable amount of lycopene—a powerful antioxidant that helps to reduce
oxidative stress [3].

Tomatoes are cultivated both in open and protected conditions in greenhouses, requir-
ing specialized growing practices. Contrary to open-field-grown tomatoes, the modified
microclimate under the protected structure of a greenhouse, depending on the cladding
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materials and the environment control mechanisms, provides multiple benefits—several
folds of yield increase, an extended growing season, better quality fruits, and a good
market price [4-6]. In India, among the different types of greenhouse structures, naturally
ventilated polyhouses (plastic greenhouse) are the most common. Unlike climate-controlled
greenhouses, the microclimate of naturally ventilated polyhouses (NVP) is often influenced
by the ambient environment [6], and, hence, the crop growth and yields [5].

At present, the ever-increasing population, rapid industrialization, the increasing
urban population, and the impact of unpredictable rainfall have raised the competition
for available water amongst agricultural operations and non-agricultural uses, thereby
reducing the share of water for agriculture [7]. The requirement of water for agricultural
activity will increase by 20% to meet the 70% increase in food production in order to feed
9.6 billion of world population by 2050 [8]. The application of water through a network of
tubing, i.e., drip irrigation, is a highly efficient irrigation method, with a water application
efficiency of 90%, thanks to the drip irrigation system, which enables the supply of fertilizers
along with irrigation water (fertigation) as per the need of the crop and stage.

The principal factors that influence evapotranspiration or irrigation requirements
are air temperature, thermal radiation, humidity, and wind speed. Since these weather
parameters vary with time and space, the irrigation scheduling of different crops also
varies with time and space in different agro-climatic regions [9]. The advent of water-
soluble fertilizers has enabled us to supply nutrients more precisely and timely, along
with the irrigation water through the drip method (fertigation). It has been established
from research that split fertilizer application improves nutrient efficiency, favors better
growth and development, increases the yield potential, and reduces the nutrient losses [10].
Fertigation scheduling (when and how much to apply) for a particular crop, including
tomato, can also vary depending on the phenological stages, the soil, and environmental
factors. Hence, in order to assure sustainable production, as well as realizing the high
crop productivity of greenhouse-grown crops, proper and timely nutrient application
synchronization with crop demand is essential for a particular region [11].

It is a matter of fact that the information related to the fertigation need of tomato
under medium-tech greenhouse, i.e., the NVP available in other parts of the country or
world, will not be applicable to a particular region. Therefore, a two-year study was
undertaken to optimize the rate of fertilizers (major nutrients, NPK) and their scheduling
with drip irrigation for tomato cultivation under NVP in order to achieve the full potential
under protected conditions in the Indian humid sub-tropical regions of the north-western
Himalayas.

2. Materials and Methods
2.1. Growth Conditions

The studies were undertaken at the Vegetable Research Center (VRC) of G.B.P.U.A.T,,
Pantnagar, India, in a naturally ventilated polyhouse (plastic greenhouse) of 500 m? area
from October to April 2020-2021 and 2021-2022. The polyhouse was 25 m in length,
20 m in width, with 6.5 m ridge height and 4 m gutter height, and it was covered with
standard greenhouse plastic film (200p thick, UV stabilized). The coordinates of VRC were
29° N and 79.3° E, having an elevation of 243.84 m MSL. The experimental area had a
humid sub-tropical climate, where temperature ranged from 32 to 43 °C during summer
(May—June) and 0 °C to 9 °C during winter (January). The average lower and upper ranges
of temperature and relative humidity during the cropping period under the polyhouse
were 18.6 °C and 28.7 °C, and 30.3% and 56.6%, respectively. The physical and chemical
properties of the experimental area were analyzed before experimentation by collecting
soil samples at 0 to 15 cm depth randomly, and a representative sample was prepared by
mixing. The basic soil properties comprised the following: soil texture—sandy loam; field
capacity—16.35%; soil organic carbon—0.75%; soil pH—7.30; and soil EC—0.2 dS/m. The
available soil N, P, and K was 175.6, 38.15, and 178.09 kg/ha, respectively.
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This study was carried out in randomized block design with two factors and one
additional treatment. Of the two factors, the first one was the fertigation rates (F) (i.e.,
for nitrogen, phosphorus, and potassium, NPK), whereas the second one was the NPK
scheduling through the drip system (S). Soil application of the recommended dose of NPK
fertilizers (RDF), i.e., farmers’ practices, was kept as the control. The treatment details are
presented in Table 1.

Table 1. Treatment details—four fertigation levels (A) and three fertigation scheduling approaches
(B) applied in tomato.

A. Fertigation levels (recommended dose of fertilizers—RDF): 4

1. F;—120% RDF
2. F)—100% RDF
3. F3—80% RDF
4. F4—60% RDF

B. Scheduling, i.e., delivery of NPK fertigation during growth stages: 3

Growth Stage No. of splits Nutrients applied
N P,05 K,O
S1 (Scheduling 1)
15-45 DAT (Pq) 4 15% of total N 10% of total P,Os5 10% of total K,O
46-76 DAT (P») 4 40% of total N 40% of total P,Os 40% of total K,O
77-107 DAT (P3) 4 30% of total N 40% of total P,Os5 40% of total K,O
108-138 DAT (Py) 4 15% of total N 10% of total P,Os 10% of total K,O
S, (Scheduling 2)
1545 DAT (P,) 4 25% of total N 25% of total P,Os5 25% of total K,O
46-76 DAT (P,) 4 25% of total N 25% of total P,Os 25% of total K,O
77-107 DAT (P3) 4 25% of total N 25% of total P,Os 25% of total K,O
108-138 DAT (Py) 4 25% of total N 25% of total P,Os5 25% of total K,O
S3 (Scheduling 3)
15-45 DAT (P;) 4 20% of total N 20% of total P,Os 20% of total K,O
46-76 DAT (P;) 4 30% of total N 30% of total P,Os5 30% of total K,O
77-107 DAT (P3) 4 30% of total N 30% of total P,Os5 30% of total K,O
108-138 DAT (Py4) 4 20% of total N 20% of total P,Os 20% of total K,O

DAT—Days after transplanting.

The tomato cv. Heemsona F; seeds were grown in the same polyhouse that was used
for experimentation in plastic pro/plug trays. Twenty-five-day-old seedlings at the 3—4 leaf
stage were transplanted in the month of October at a spacing of 60 cm x 50 cm during
both years of experimentation. The recommended dose of fertilizers (100% RDF), 300 kg
N, 150 kg P,0Os, and 150 kg of K;O per ha were applied. Fertigation was started 15 days
after planting (DAT) and the fertilizer dose changed as per treatment scheduling. The
water-soluble fertilizers (Ms. Indian Farmers Fertilizer Cooperative Ltd., Maharashtra,
India) were used for fertigation. In farmers’ practice plots, commercial fertilizers—urea,
single super phosphate, and murate of potash—were applied as per common practices.
Drip laterals with turbulent-flow-type drippers, having a discharge exponent of 0.5 and
discharge rate of 4 L per hours spaced at 50 cm intervals, were used for irrigation and
fertigation. Water distribution uniformity was about 90%. Soil moisture was maintained
between 22 and 30 kPa during the cropping period. One dripline per plant row was laid
before tomato transplanting on the planting bed. The fertilizer solution containing the
measured quantity of water-soluble fertilizers as per treatments was supplied through
ventury with irrigation water.

Standard protocols were followed to record the data at various growth and devel-
opment stages. The single stem of the tomato plants was retained, and all side shoots
were removed at regular intervals. The main stem was supported with plastic thread that
was supported with overhead trellis wire. Regular crop management activities, such as
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training, pruning, pinching, etc., were carried out. In the initial stage of plant establishment,
carbendazim 50% WP and metalaxyl 8% + mancozeb 64 WP were applied at recommended
doses to manage soilborne fungi, and co-formulation of Azoxystrobin 18.2 + Difenocona-
zole 11.4% was applied to control foliar fungal diseases. The neem-based formulation and
imidacloprid 17.8% SL were applied as per the need to manage sucking insects.

2.2. Plant Growth Parameters

In each treatment, five plants were arbitrarily selected and tagged to determine the
growth and yield parameters of tomato. The experiment was completed after 180 days
and 186 days after planting during the first and second year of study, respectively. The
plant height was measured from the base to the growing point, starting from 30 days after
planting, at regular intervals to last harvest. During every pruning, the number of side
branches or shoots plant’l, was removed, and their number was counted at 30, 60, 90, 120,
150, and 180 days after planting. Flower cluster and fruit number per plant were recorded
from each tagged plant in each treatment and replication. The mean weight of fruit per
plant was also calculated.

2.3. Fruit Yield Parameters

During each harvest, harvested fruit number and weight were measured for each
selected plant across all of the treatments and replications, and yield and mean fruit weight
were obtained by summing up harvests.

2.4. Fruit Quality Parameters

The total soluble solids of selected fruits from five tagged plants were measured with
a hand refractometer. The ascorbic acid content of three randomly selected heads from
tagged plants was determined using the “2,6-dichlorophenol-indophenol Visual Titration
Method”, as proposed by Ranganna [12].

2.5. Nutrient Uptake by Plants

The micro-Kjeldhal method [13] was used to determine nitrogen content (%). Phos-
phorus content (%) was estimated as reported by Olsen et al. [14]. Potassium content (%)
was estimated using a flame photometer in the triacid digest [15]. The nitrogen, phospho-
rus, and potassium uptake levels were calculated as shown below and the contents were
presented as kg/ha.

N content (%) x Dry matter production (kg ha_l)
100

N uptake (kg ha_l) =

P content (%) x Dry matter production (kg ha71>
100

P uptake (kg ha’l) =

K content (%) x Dry matter production (kg ha_1>
100

K uptake (kg ha_l) =

2.6. Water Use Efficiency

The quantity of applied water in different treatments through the drip system (Table 2)
was also worked out, as per Allen et al. [9].

V=Kp x Ep x Kc x Sp x Sr x Wp

where, V = Amount of water required by plant/day, Ep = PAN evaporation in mm, Kp = Pan
coefficient, Kc = Crop coefficient at various different stages of growth, Sp = Spacing between
plants, Sr = Row spacing, and Wp = Fraction of wetted soil area.
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Table 2. Irrigation water applied (mm) in the years 2020-2021 and 2021-2022 during the tomato
growth period in naturally ventilated polyhouse.

Total Water Applied through Drip Irrigation System (mm)

Fertigation Levels

2020-2021 (I Year) 2021-2022 (II Year)
120% 926.10 882.00
100% 922.26 878.16
80% 918.42 874.32
60% 914.58 870.48
Control 1060.02 1015.92

The pH of the irrigation water was 7.0 and its electrical conductivity was 0.08 dSm™".
Water use efficiency (WUE) (kg ha—! mm~!) was worked out by dividing total fruit yield
by the water requirement of the crop (mm).

2.7. Economics

The cost of cultivation of tomato under NVP was worked out taking consideration
of fixed cost and the cost of inputs separately for each treatment. The output, i.e., yield
obtained separately for each treatment, was converted into gross return in Indian rupees
(INR) based on the local market prices. The net return, or net income, was calculated by
deducting the cost of cultivation from the gross income. The benefit—cost ratio (B:C) was
also worked out by following formula:

Gross return

B : Cratio = —
Cost of cultivation

2.8. Statistic

The data set was analyzed statistically using control vs. rest analysis methods, as
proposed by Rangaswamy [16]. The least significant difference (p = 0.05) was worked out
to signify differences amongst the treatments.

2.9. Technique for Order Preference by Similarity to Ideal Solutions (TOPSIS)

The multi-objective decision making and evaluation using TOPSIS was analyzed
to find the best way of obtaining higher yield, better quality, water use efficiency, and
economic superiority simultaneously using Deng et al. [17]. The calculation was performed
in the following five steps:

1.  Creation of a matrix, called an “evaluation matrix”, consisting of m alternatives and n
criteria as follows:

where, Vijj (i=12,.......,mandj=1,2,... ... , 1) represents the jth measurement
(no. of flower clusters/plant, no. of fruits/plant, average weight of fruit, yield, and
water use efficiency) from ith treatment. In this study, m =13 and n = 5;

2. Construction of normalized decision matrix: For attributes, comparisons comparable
scales are needed, which are obtained by normalization. To calculate the normalized
value of Zj;, the vector normalization approach divides the rating of each attribute by
its sum, as follows:

Zij = Wi

where, Z;; is the normalized Vj; and Wj is the weight of the jth evaluated index. In this
study, W; was considered 1, as all evaluated parameters were treated equally;

W

Estimation of the positive (Zmax, Z") and negative (Zyin, Z~) ideal solutions;
4. Computation of Euclidean distance (V;* and V;~) with Z* and Z~, as follows:



Agronomy 2023, 13, 665

6 of 18

5. Computation of the comprehensive benefit evaluation index (C;) for all of the treat-
ments, as follows:
- i
' D + Dy
3. Results
3.1. Plant Growth Parameters

The pooled data that were obtained during the two years of study (Tables 3 and 4) indi-
cate significant influence of the various levels of fertigation and scheduling approaches on
the growth attributes of tomatoes that were grown under NVP. The plant height (324.01 cm)
and the number of side shoots (22.31) recorded under treatment F; (fertigation at 120%
of NPK) were significantly higher than the other fertigation levels and were statistically
similar to F,. Whereas significantly lower plant height (295.02) and side shoots (19.19) were
recorded under the lowest rate of fertilizer application, i.e., F4 (fertigation at 60% of RDEF).
A significantly larger plant height of 320.62 cm at final harvesting was measured under
scheduling S, which was statistically similar to Ss; similar trends were also observed for
the side shoots. Almost similar trends were observed during the entire growth stages. The
fertigation treatment registered a 10.13% higher plant height than the farmers’ practices.

Table 3. Height of tomato plants as affected by fertigation levels and scheduling at different growth
stages of tomato (2-years pooled data).

Treatments

Fq: 120% of RDF
F>: 100% of RDF
F3: 80% of RDF
F4: 60% of RDF
sEm =+
LSD (5%)

S1: Scheduling 1 #
Sy: Scheduling 2
S3: Scheduling 3

sEm +
LSD (5%)

Control
Rest
sEm =+
LSD (5%)

sEm &+
LSD (5%)

Plant Height (cm)
30 DAT 60 DAT 90 DAT 120 DAT 150 DAT At Final Harvest
Fertigation levels
77.1a 123.7 a 1723 a 2243 a 274.7 a 3240a
74.6 ab 121.0 a 168.9 ab 2224 a 270.0 a 316.6 ab
72.8 bc 118.9 ab 165.2 ab 216.4 ab 261.7b 305.6 bc
70.6 ¢ 1145b 161.2b 2099 b 254.7b 295.0 ¢
1.27 2.22 2.72 3.67 441 5.32
3.70 6.48 7.93 10.72 12.87 15.52
Scheduling
74.8 a 123.1a 171.3 a 223.81 a 273.5a 320.6 a
729 a 116.0b 162.4Db 212.0b 257.0b 298.2b
73.85a 119.4 ab 167.0 ab 219.0 ab 265.4 ab 312.1a
1.10 1.92 2.35 3.18 3.82 4.60
NS 5.61 6.87 9.29 11.15 13.44
Control vs. Rest
65.3b 1113 a 156.6 a 204.5 a 2458 a 281.8b
738 a 119.5a 166.9 a 2183 a 265.38 a 3103 a
2.29 4.00 4.90 6.62 7.95 9.58
6.67 NS NS NS NS 27.97
Interaction (F x S)
2.19 3.84 4.7 6.36 7.64 9.20
NS NS NS NS NS NS

DAT—days after transplanting; # Scheduling at 15-25 DAT, 26-76 DAT, 77-107 DAT, and 108-138 DAT differently
for 51-S3, as described in Table 1; Same letters within each column’s factor did not show significance according to
Fisher’s protected LSD test (p = 0.05); NS—non-significant.
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Table 4. Number of primary branches per plant as affected by fertigation levels and scheduling at
different growth stages of tomato (2-years pooled data).

Treatments

Number of Side Shoots Plant—1

30 DAT 60 DAT 90 DAT 120 DAT 150 DAT At Final Harvest
Fertigation levels (F)
F1: 120% of RDF 2.36a 6.17 a 10.65 a 14.21 a 18.27 a 2231 a
Fy: 100% of RDF 230a 592 ab 10.21a 13.97 ab 16.76 ab 20.82 ab
F3: 80% of RDF 2.18a 5.64 bc 9.94 ab 12.65 be 16.04b 19.72b
F4: 60% of RDF 211a 5.39¢ 9.30b 12.15¢ 14.97 b 19.19b
sEm + 0.10 0.15 0.25 0.47 0.62 0.58
LSD (5%) NS 0.44 0.72 1.38 1.82 1.68
Scheduling (S)
S1: Scheduling 1 # 2.28a 6.15a 10.58 a 1391 a 17.68 a 21.57 a
Sy: Scheduling 2 219a 543D 9.65b 12.31Db 1536 b 19.38b
S3: Scheduling 3 224 a 5.77 ab 9.85b 1351 a 16.49 ab 20.59 ab
sEm + 0.08 0.13 0.21 0.41 0.54 0.50
LSD (5%) NS 0.38 0.63 1.19 1.57 1.45
Control vs. Rest
Control 192 a 481b 8.90 a 10.76 a 13.70 a 17.50 a
Rest 224a 578 a 10.02 a 13.24 a 16.51 a 20.51a
sEm + 0.18 0.27 0.45 0.85 1.12 1.04
LSD (5%) NS 0.80 NS NS NS NS
Interaction (F x S)
sEm + 0.16 0.26 0.42 0.81 1.07 0.99
LSD (5%) NS NS NS NS NS NS
DAT—days after transplanting; * Scheduling at 15-25 DAT, 26-76 DAT, 77-107 DAT, and 108-138 DAT differently
for S;-S3, as described in Table 1; Same letters within each column’s factor did not show significance according to
Fisher’s protected LSD test (p = 0.05); NS—non-significant.
3.2. Fruit Yield Parameters
The maximum number of fruits per plant was observed in F, (66.6), and it does not
show statistical variation from F;, whereas an apparently lower number of fruits was
recorded in treatment Fy (57.8). A significantly higher number of fruits (64.9) per plant~!
was recorded under scheduling S, statistically similar to S3. The number of fruits per
plantf1 in the fertigation treatments (62.2) was significantly higher than the control (54.3)
(Table 5). The data that were pooled for both of the years indicate significantly higher
fruit weight (102.3 g) and yield (182.0 t ha™!) in the treatment of 100% of RDF (F,), with
no statistical difference from 120% of RDF (F;) when comparing with 80% (171.3 t ha™!)
or 60% (161.9 t ha~!) of RDF. The scheduling of the fertilizer also showed a significant
influence on the fruit weight and yield of tomato. The highest average fruit weight of
100.3 g and yield of 180.4 t ha~! was recorded in scheduling S;. The pooled data revealed
that the fertigation treatments registered a 19.6% higher yield over the farmers’ practices
(145.2 t ha—!), whereas 100% RDF registered a 12.42% higher yield over 60% of RDF.
Table 5. Impact of fertigation doses and their scheduling on growth and yield attributing parameters
in tomato (2-years pooled data).
Treatments No. of F;{Xfilc lusters  \15 of Fruits Plant~1 Average Fruit Weight (g) Yield (t ha=1)
Fertigation levels (F)
F1: 120% of RDF 19.8 a 63.9 97.7 ab 177.7 ab
F»: 100% of RDF 19.1a 66.6 a 102.3 a 182.0a
F3: 80% of RDF 18.0b 60.6 ab 94.0 be 171.3b
F4: 60% of RDF 17.1b 57.8b 87.0c 1619 ¢
sEm + 0.36 1.42 1.94 2.99
LSD (5%) 1.05 4.14 5.67 8.72
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Table 5. Cont.

No. of Flower Clusters

Treatments Plant—1 No. of Fruits Plant—! Average Fruit Weight (g) Yield (tha=1)
Scheduling (S)

S1: Scheduling 1 # 19.1a 64.9 a 100.3 a 1804 a
Sy: Scheduling 2 17.6b 59.6 b 90.3b 164.7 b
S3: Scheduling 3 18.1b 62.1ab 95.2b 1741 a

sEm + 0.31 1.23 1.68 2.59
LSD (5%) 091 3.59 491 7.55
Control vs. Rest
Control 15.1b 54.3b 78.7b 145.2b
Rest 185a 62.2 a 953 a 173.7 a
sEm + 0.65 2.56 3.50 5.38
LSD (5%) 1.90 7.47 10.22 15.71
Interaction (F x S)
sEm + 0.62 245 3.36 5.17
LSD (5%) NS NS NS NS

DAT—days after transplanting; * Scheduling at 15-25 DAT, 26-76 DAT, 77-107 DAT, and 108-138 DAT differently
for S-Sz, as described in Table 1; Same letters within each column’s factor did not show significance according to
Fisher’s protected LSD test (p = 0.05); NS—non-significant.

3.3. Fruit Quality Parameters

It is evident from Table 6 that the content of the total soluble solid (TSS) of tomato
fruits was influenced significantly through the variation in fertigation doses. Increasing
the NPK dose through fertigation increased the TSS content in the tomato fruits. The
maximum TSS content of 11.45 °B was registered in treatment F;, followed by F; (10.51 °B).
The TSS in the fertigation treatments (10.46 °Brix) was significantly higher than the control
(8.52 °Brix) based on the pooled value. The ascorbic acid contents in fruits obtained with
120% (26.30 mg 100 mL~1) or 100% (25.25 mg 100 mL~1) of RDF were statistically similar;
however, they were significantly better over 80% (25.03 mg 100 mL~1) or 60% (24.52 mg
100 mL~!) of RDF. The ascorbic acid content in the fertigation plots was 8.69% higher
compared to the control plots. The influence of the scheduling of nutrient levels and the
interaction of both were non-significant for both the ascorbic acid content and the TSS of
tomato fruits.

3.4. Uptake of Plant Nutrients

The uptake of nutrients by tomato plants that were grown under NVP was significantly
affected through the variation in levels of fertigation doses and its delivery (Table 7).
Increasing the dose of NPK through irrigation resulted in increased nitrogen absorption
throughout the growth stages of the crops. Across the different phases of crop growth
(vegetative, flowering, fruiting, and harvesting), the maximum application of NPK (120%)
through drip irrigation (F;) recorded significantly higher nitrogen uptake by the plants from
the soil, though it was statistically similar to F, (100% of RDF). Whereas the minimum value
was recorded in the plants that were receiving fertigation at 60% of RDF (131.0 kg ha™1).
The scheduling of the fertigation levels, i.e., the application of nutrients at different growth
stages, also had a significant impact on the nitrogen that was assimilated by the plants.
The highest nitrogen uptake of 145.5 kg ha~! was observed in treatment S;, while the
minimum value of 138.5 kg ha~! was recorded in plants under S,. Assessing the nitrogen
uptake between the treatments of control and fertigation revealed a statistical difference.
At final harvesting, the nitrogen uptake in the plants under the control was 133.4 kg ha™?,
as compared to 142.9 kg ha~! under the fertigation treatments (Table 7).
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Table 6. Impact of fertigation dose and its application on fruit quality characteristics of tomato
(2-years pooled data).

Treatments TSS (°Brix) Ascorbic Acid (mg 100 mL~1)
Fertigation Levels (F)

Fy: 120% of RDF 1145 a 26.30 a

F;: 100% of RDF 10.51b 25.25 ab

F3: 80% of RDF 10.09 be 25.03b

F4: 60% of RDF 9.80 ¢ 2452 b
sEm + 0.21 0.43
LSD (5%) 0.62 1.25

Scheduling (S)

S;: Scheduling 1 # 10.46 a 25.45a
Sy: Scheduling 2 10.46 a 25.13 a
S3: Scheduling 3 1047 a 2525a

sEm + 0.18 0.37
LSD (5%) NS NS
Control vs. Rest
Control 8.52b 23.25a
Rest 10.46 a 25.27 a
sEm + 0.38 0.77
LSD (5%) 1.11 NS
Interaction (F x S)
sEm + 0.36 0.74
LSD (5%) NS NS

DAT—days after transplanting; # Scheduling at 15-25 DAT, 26-76 DAT, 77-107 DAT, and 108-138 DAT differently
for S-Sz, as described in Table 1; Same letters within each column’s factor did not show significance according to
Fisher’s protected LSD test (p = 0.05); NS—non-significant.

Similarly, P and K uptake by tomato was also significantly affected by the fertigation
levels and their scheduling (Table 7). The increasing levels of NPK in fertigation helped in
increasing the amount of P and K absorption by the plants. Throughout the crop growth
and development stages, 120% of RDF registered significantly higher K uptake by the
plants, with no statistical difference from that of 100% of RDF (F;). Similarly, the K uptake
of the plants was also significantly impacted by the scheduling of the fertigation levels. The
pooled analysis of the data revealed a significantly higher P and K uptake in treatment S;
and statistically parity with Sz, while the minimum value was recorded in the plants under
Sy. The control and fertigation treatments revealed that the K uptake by the plants differed
significantly. At harvesting, the P and K uptake by the tomato plants in the fertigation
treatment were 46.32% and 8.54% higher than the control, respectively, on the basis of the
pooled data analysis (Table 7).
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Table 7. Uptake of nitrogen, phosphorus, and potassium in tomato plants at different stages of plant growth (2-years pool data).

Treatments Nitrogen Uptake (kg ha=1) Phosphorus Uptake (kg ha=1) Potassium Uptake (kg ha™1)
Vegetative  Flowering Fruiting Harvesting Vegetative Flowering Fruiting Harvesting Vegetative Flowering Fruiting Harvesting
Stage Stage Stage Stage Stage Stage Stage Stage Stage Stage Stage Stage
Fertigation levels (F)

F1: 120% of RDF 6l.6a 101.5a 1313 a 1544 a 183 a 223 a 29.5a 344a 355a 445 a 66.6 a 789a
F»: 100% of RDF 55.1b 949b 1248 a 1478 a 15.4b 194b 26.6b 31.5b 32.6b 425b 63.9 ab 74.8 ab
F3: 80% of RDF 459 ¢ 85.7 ¢ 1155b 138.5b 125¢ 16.5¢ 23.7 ¢ 293 ¢ 29.7 ¢ 405 ¢ 60.6 bc 71.8 bc
F4: 60% of RDF 38.3d 78.1d 108.0 c 131.0c 9.5d 13.5d 20.7d 25.6d 26.7d 38.6d 57.8 ¢ 68.7 c

sEm + 1.08 1.64 2.45 2.40 0.382 0.38 0.61 0.45 0.45 0.51 1.42 1.54

LSD (5%) 3.15 4.78 7.14 7.01 1.116 1.12 1.78 1.30 1.60 1.51 4.14 4.50

Scheduling (S)

Sy: Scheduling 1 # 52.8a 92.7 a 1225a 1455 a 158 a 19.8 a 27.0a 32.0a 329a 422a 64.9 a 76.2a
Sy: Scheduling 2 458D 85.6 b 1154 b 138.5b 119c¢ 159c 231c¢ 28.4 ¢ 29.1c¢ 409 a 59.6 b 714b
S3: Scheduling 3 520a 91.8a 1218 a 144.7 a 14.1b 18.1b 253b 30.2b 31.3b 415a 62.1 ab 73.1ab

sEm + 0.94 1.42 2.12 2.08 0.33 0.33 0.53 0.39 0.39 0.45 1.23 1.34
LSD (5%) 2.73 414 6.19 6.07 0.97 0.97 1.54 113 1.38 NS 3.59 3.90
Control vs. Rest
Control 40.7Db 80.6b 1104 a 1334 a 58b 9.8b 17.0b 219b 23.0b 352b 54.3Db 67.8Db
Rest 50.2a 90.0 a 1199 a 1429 a 139a 179a 25.1a 30.2a 3l.1a 415a 622a 73.6a
sEm + 1.95 2.95 441 4.33 0.69 0.69 1.10 0.80 0.99 0.93 2.56 2.78
LSD (5%) 5.68 8.62 NS NS 2.01 2.01 3.21 2.35 2.88 2.71 7.47 8.11
Interaction (F x S)
sEm + 5.45 8.27 12.37 415 1.93 1.93 3.08 2.25 0.77 0.89 2.45 7.79
LSD (5%) NS NS NS NS NS Ns NS NS NS NS NS NS

# Scheduling at 15-25 DAT, 26-76 DAT, 77-107 DAT, and 108-138 DAT differently for 5;-S3, as described in Table 1; Same letters within each column’s factor did not show significance
according to Fisher’s protected LSD test (p = 0.05); NS—non-significant.
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3.5. Water Use Efficiency (WUE)

The data depicted in Table 8 show that WUE was significantly varied through the
fertigation levels and their scheduling, whereas their interactive effect was non-significant.
The water consumption by tomato plants that were grown under NVP that are presented in
Table 2 reveal that F, recorded the maximum WUE (195.2 and 209.5 kg ha~! mm™~!), which
was statistically at par with F;. The scheduling of nutrients also significantly affected WUE.
The highest WUE was observed for scheduling S;, which was significantly higher than the
others and was followed by S3. Significant variation was also noted for WUE amongst the
control and the other fertigation levels. However, the lowest WUE of 144.3 kg ha~! mm !
and 153.6 kg ha~! mm~! was recorded in the control, as compared to 186.5 kg ha—! mm ™!
and 199.3 kg ha~! mm ™! in the treatments that were subjected to fertigation during first
and second year of studies, respectively.

Table 8. Impact of fertigation levels and scheduling on water use efficiency in tomato plants.

Treatments Water Use Efficiency (kg ha—! mm~1)
(2020-2021) (2021-2022)
Fertigation Levels (F)
F1: 120% of RDF 190.0 ab 201.8 ab
F»: 100% of RDF 1952 a 209.5a
F3: 80% of RDF 184.0b 198.7b
F4: 60% of RDF 1749 c 1873 c
sEm =+ 294 3.03
LSD (5%) 8.60 8.80
Scheduling (S)

S;: Scheduling 1 # 193.0a 207.3 a
Sy: Scheduling 2 176.7 b 190.2 ¢
S3: Scheduling 3 186.5 a 198.1b

sEm + 2.55 2.71
LSD (5%) 7.44 7.62
Control vs. Rest
Control 1443 Db 153.6 b
Rest 186.5 a 199.3 a
sEm + 5.31 5.44
LSD (5%) 15.50 15.87
Interaction (F x S)
sEm + 5.1 5.2
LSD (5%) NS NS

# Scheduling at 15-25 days after transplanting (DAT), 26-76 DAT, 77-107 DAT, and 108-138 DAT differently for
51-S3, as described in Table 1; Same letters within each column’s factor did not show significance according to
Fisher’s protected LSD test (p = 0.05); NS—non-significant.

3.6. Technique for the Order Preference by Similarity to an Ideal Solution (TOPSIS)

Multi-objective decision making and evaluation using TOPSIS was performed to
obtain the optimal combination of fertigation rates and scheduling in tomato under NVP
(Table 9). The results showed that the number of flower clusters and the number of fruits
per plant, the average fruit weight, the fruit yield, and the water use efficiency were
determined not only by the fertigation levels and their scheduling methods, but also by
their interaction. In this study, the maximum number of flower clusters per plant, number
of fruits per plant, average fruit weight, yield, and water use efficiency were achieved
when F, was applied through S;. The TOPSIS analysis identified the best alternative for the
simultaneous optimization of the number of flower clusters and number of fruits per plant,
average fruit weight, fruit yield, and water use efficiency. The results of TOPSIS showed
that F, in combination with S; could simultaneously achieve higher yield-related traits
along with maximum water use efficiency.
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Table 9. TOPSIS analysis of the number of flower clusters and number of fruits per plant, fruit yield,
average fruit weight, and water use efficiency for different fertigation levels and scheduling methods
for tomato plants under polyhouse condition.

Treatments Vi V, V3 V4 Vs v;* \" C; Rank
F1$; 0.30 0.29 1.31 0.30 0.36 0.023 0.153 0.866 3
F1S; 0.29 0.27 1.21 0.28 0.27 0.033 0.183 0.845 7
F1S;3 0.28 0.29 1.21 0.29 0.28 0.030 0.174 0.851 6
F»Sq 0.30 0.31 1.34 0.31 0.30 0.003 0.055 0.947 1
F»,S, 0.29 0.29 1.23 0.30 0.29 0.024 0.156 0.864 4
F»S;3 0.31 0.29 1.33 0.28 0.29 0.014 0.119 0.893 2
F35; 0.28 0.29 1.23 0.29 0.29 0.028 0.170 0.854 5
F3S, 0.26 0.26 1.18 0.26 0.25 0.056 0.238  0.807 11
F3S;3 0.28 0.26 1.17 0.29 0.27 0.045 0.213 0.824 9
F4Sq 0.27 0.27 1.21 0.28 0.27 0.042 0.205 0.829 8
F4S, 0.23 0.24 0.97 0.24 0.23 0.093 0.305 0.765 12
F4S;3 0.27 0.27 1.14 0.26 0.26 0.050 0.225 0.816 10

Control 0.23 0.24 1.00 0.24 0.21 0.093 0.305 0.765 13
z* 0.31 0.31 1.34 0.31 0.36
VA 0.23 0.24 0.97 0.24 0.21

V1, V3, V3, Vy, and V5 represent respective normalized values; Z* represents positive and Z~ represents negative
ideal solutions; V;* and V;~ represent the distance between each alternative and positive and negative ideal
solution, respectively; C; represents the comprehensive benefit evaluation index for different treatments; R
represents the Spearman correlation coefficient between comprehensive benefit index rank and single attribute
index rank.

3.7. Correlation Analysis

The plant height (PH) was strongly positively and significantly correlated with the
number of flower clusters per plant (NFCP), the number of fruits per plant (NFP), the
fruit yield (FY), and the water use efficiency (WUE). The results in Table 10 indicate that
the number of side shoots per plant (NSS) was positively correlated with all of the other
parameters studied here. The number of flower clusters per plant (NFCP) was strongly
positively correlated with the plant height (cm), the number of fruits per plant (NFP),
the average fruit weight (AFW), the fruit yield (FY), and the water use efficiency (WUE).
The correlation analysis of the tomatoes revealed that the plant height (PH), the number
of flower clusters per plant (NFCP), the number of fruits per plant (NFP), the average
fruit weight (AFW), and the water use efficiency (WUE) were strongly positively and
significantly associated with the fruit yield (FY). The ascorbic acid (AA) revealed a positive
and significant correlation with the number of side shoots (NSS), the number of flower
clusters (NFCP) and the number of fruits per plant, and the average fruit weight (AFW),
whereas it shows a non-significant correlation with the plant height (PH) and the water use
efficiency (WUE). Furthermore, a strong relationship between the fruit yield and WUE was
evident over all the fertigation and scheduling treatments (Figure 1).

Table 10. Simple correlation coefficient among growth, yield, and quality parameters.

Variables PH NSS NECP NFP AFW FY TSS AA WUE
PH 1 0.474*  0591*  0.623**  0479*  0.584**  0.541** 0.175 0.608 **
NSS 1 0.427 **  0.461 ** 0.407*  0.469*  0450*  0381*  0.479*
NFCP 1 0.669**  0.782*  0.565**  0.523*  0.427*  0.647 **
NFP 1 0.730*  0.672*  0.415*  0.393*  0.608 **
AFW 1 0.606 **  0.444*  0396*  0.659 **
FY 1 0.320*  0.522**  0.805**
TSS 1 0.289 0.373 %
AA 1 0.557 **
WUE 1

* Significant at 5% level of probability, ** Significant at 1% level of probability. Characters: PH—Plant height
(cm), NSS—Number of side shoots, NFCP—Number of flower clusters per plant, NFP—Number of fruits per
plant, AFW—Average fruit weight (g), FY—Fruit yield (t), TSS—Total soluble solids (°Brix), AA—Ascorbic acid
(mg 100 mL~1), and WUE—Water use efficiency (kg ha=! mm~1).
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Figure 1. Relationship between fruit yield and water use efficiency of tomato during 2020-2021 and
2021-2022.

3.8. Economics

Among the different fertigation levels, the highest cost of cultivation was computed in
the treatment receiving a fertigation dose of 120% of NPK (INR 65,173.0) and was gradually
reduced to INR 63,251.5 with the reduction in fertigation to 60% of RDF (Table 11). The
conventional approach of fertilization, along with surface irrigation, registered the cost
of cultivation of INR 67,520.8. Out of the three scheduling approaches studied here, the
highest cost of cultivation was recorded in S; (INR 65,966.5) and the lowest was under
scheduling S; (INR 62,255.2). Among the fertigation levels, the highest gross return of INR
179,216.7, net return of INR 113,589.7, and B:C ratio of 2.76 was observed in treatment F,
(100% of RDF).

Table 11. Effect of fertigation level and scheduling on the economics of tomato cultivation (2-years
pooled data).

Fertigation Cost of Cultivation (Rs.) Gross Return (Rs.)
Levels Scheduling Scheduling
Sl Sz S3 Mean Sl Sz S3 Mean
Fy: 120% of RDF 63,065.5 66,776.7 65,676.7 65,173.0 177,050 170,550 174,550 174,050.0
F>: 100% of RDF 62,752.9 66,464.1 65,364.1 64,860.4 182,400 176,850 178,400 179,216.7
F3: 80% of RDF 62,058.6 65,769.8 64,670.0 64,166.1 171,100 154,900 167,150 164,383.3
F4: 60% of RDF 61,143.9 64,855.3 63,755.2 63,251.5 161,650 141,150 158,650 153,816.7
Mean 62,255.2 65,966.5 64,866.5 173,050 160,862 169,687
Control 67,520.80 134,800
Treatments Net return B:C ratio
Scheduling Scheduling
Fertigation levels S1 S S3 Mean S S S3 Mean
Fq: 120% of RDF 113,984.50 103,773.30 108,873.30 108,877.03 2.81 2.55 2.66 2.67
F5: 100% of RDF 117,347.12 110,385.92 113,035.92 113,589.65 291 2.66 2.73 2.76
F3: 80% of RDF 109,041.38 88,635.18 102,480.47 100,052.34 2.76 2.35 2.58 2.56
F4: 60% of RDF 128,006.06 76,294.81 94,894.81 99,731.89 2.64 217 2.48 243
Mean 117,094.77 94,772.30 104,821.12 2.78 243 2.61
Control 67,279.20 1.99

Scheduling at 15-25 days after transplanting (DAT), 26-76 DAT, 77-107 DAT, and 108-138 DAT differently for
S1-S3, as described in Table 1; B:C ratio—benefit: cost ratio.
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The higher cost of cultivation at the higher fertigation levels and scheduling S; was
attributed to the extra expenditure on water-soluble fertilizer, electricity, and extra resources
on harvesting and packaging. The highest returns (gross and net), along with B:C ratio, at
100% of fertigation levels and scheduling S; was attributed to the higher yield under the
optimum nutrient supply, as required by the crop.

4. Discussion
4.1. Plant Growth and Fruit Yield

The fertigation rate and time of application through irrigation caused a significant
effect on the tomato crop performance, but in different ways. The plant height was signifi-
cantly influenced by the fertigation treatments. The plant height increased with the increase
in fertilizer level from 60% to 120% RDEF. A similar response of fertigation on cotton was
reported by Kakade et al. [18]. The increase in plant height in the fertigation levels seemed
to be due to the increase in fertilization, especially the nitrogen level, that was delivered
though drip irrigation, as compared to the traditional method of fertilization. Since nitrogen
takes part in cell elongation and cell division, plant growth is directly related to nitrogen
availability. The increasing rate of nitrogen application has also promoted the growth of
brinjal plants [19]. The higher vegetative growth of tomato under S;, as compared to other
scheduling approaches, could be attributed to the timely availability of nutrients and as per
the demand of the crop according to the different stages of growth, resulting in fulfilling
the nutritional need of the crop, which leads to better photosynthesis expressed in terms of
higher vegetative growth, as observed by Tanaskovik et al. [20] in tomato plants.

The fruit set in tomato is directly correlated to the temperature—both at higher-
and lower-than-optimal temperatures (26/22 °C, day/night), the fruit set is affected, due
to reduced pollen viability and germination because of reduced stigma receptivity [21].
However, the optimum temperatures of NVP can help us to achieve more efficient water and
nutrient utilization, thereby resulting in enhanced tomato fruit yield [22]. The maximum
number of fruits per plant with a higher mean fruit weight obtained in the optimized rate
of fertigation resulted in a higher total fruit yield. Furthermore, it has been reported that
the altered microclimate in protected structures shows a positive effect on the physiological
processes of plants and a consequent effect on growth and yield, as reported in cucumbers
by Khapte et al. [23]. Hence, the higher yield under drip fertigation was believed to be due
to the frequent application of nutrients through the drip system, which probably helped
to maintain higher plant nutrient uptake, as well as maintaining regular availability of
nutrients to plants and avoiding the leaching of fertilizers applied with measured quantity.
Fertilizers that are applied in a traditional way are usually not utilized efficiently. In
contrast, in drip fertigation, the nutrients are delivered directly near to the root zone,
where maximum root activity occurs, thus, high fertilizer use efficiency is achieved [24].
Hebbar et al. [25] recorded significantly higher tomato fruit yield (7.92 t/ha) with the
application of a 100 per cent recommended dose of water-soluble fertilizer in comparison
with a furrow-irrigated control (5.21 t ha~!). The highest yield of tomato under scheduling
51 in our study might be accredited to the upsurge in all of the yield-related attributes as a
result of the balanced and timely application of nutrients (i.e., NPK) through the cultivation
cycle, which perhaps improved the accessibility as well as the absorption of elements by
the plants.

4.2. Fruit Quality Attributes

Microclimate parameters such as air temperature, relative humidity, and photosyn-
thetically active radiation were in a quite favorable range in NVP, which resulted in an
encouraging response, not only on plant growth, development, and yield, but also on fruit
quality traits, as also reported earlier [26]. The quality traits such as the contents of dry
matter and total soluble solids were also considerably higher in the fruits that were grown
under NVP, where optimum growing conditions were available. Furthermore, some of
the tomato fruit quality attributes (TSS, firmness, and color) were found to be favorably
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affected by a certain level of water deficit [26]. The ascorbic acid content, which was higher
with the higher levels of fertigation, is thought to be ascribed to the increased synthesis
and catalytic activity of certain (co)enzymes, due to higher absorption of nitrogen, which is
instrumental in ascorbic acid synthesis. The results are in line with those that were reported
by Sumati et al. [27] in cucumber and Jeeleni et al. [28] in broccoli.

4.3. Nutrient (NPK) Uptake

The higher uptake of NPK by plants with fertigation at 120% of RDF was possibly due
to the higher amount of dry matter production. Moreover, a greater NPK absorption at
a higher fertigation rate might be related to an augmented soil nutrient availability with
an upper rate of application and a decline in losses via leaching and volatilization, which,
finally, upsurges the elements that the plants uptake. These results tie well with those
of Debbarma and Bhatt [29] on broccoli, who reported that, during harvest, N, P, and K
uptake by broccoli plants under fertigation was considerably increased in comparison
with soil fertilization in the two years of their study. Ughade et al. [30], in their two-year
study, assessed the response of irrigation along with fertigation scheduling on tomatoes
under a polyhouse and recorded significantly higher total N, P, and K uptake by the plants
with 100% of RDF, as compared to rest of the fertigation levels. Higher mineral uptake
under scheduling S; might be attributed to a greater dry matter, which represents the
outcome of the balanced and split fertilizer application throughout the cultivation period,
as per crop necessity, which, finally, elicits plant growth and development. These outcomes
are coherent with those stated by Shedeed et al. [31] in tomato plants. The relationships
among the growth, the yield, and the quality parameters were analyzed, and the positive
correlation was significant.

4.4. Water Use Eefficiency

Vankooten et al. [32] proclaimed that the water use efficiency in protected cultiva-
tion structures is very high, while it is affected by numerous aspects, comprising region,
structures, the type of soil, the plant species, and the agronomic practices. Sagar et al. [33]
compared the water demands under a polyhouse to that of open environments for growing
tomatoes. In their study, the average water needs for tomato were 0.2149 and 0.2924 L
per day per plant, respectively; demonstrating that the water that was supplied in the
polyhouse was 30% less than that of the open environment. Saxena et al. [34] stated that
decreasing the water amount via a drip system is supportive in increasing the WUE in
different vegetable crops. The highest WUE in our study was under fertigation with 100%
of RDE. This may be associated with the increased yields when 100% RDF was applied,
which resulted in the higher WUE. Increasing the fertigation rate from 100 to 120% of
RDF was not so active in the superior yield fraction. A similar finding was observed
by Kashyap et al. [35] in broccoli and by Edossa and Emana [36] in green pepper. Like-
wise, Ankush et al. [37] also reported the peak WUE in tomato through fertigation using
drip irrigation.

4.5. Economic Benefit

The economic benefits—gross return as well as net return and B:C ratio—were appar-
ently higher with the application of 100% of RDF (F,) in the form of water-soluble fertilizers
through drip irrigation in combination with fertigation scheduling Sq, in comparison with
other rates and times of fertilizer application. As compared to the traditional method of
irrigation, drip irrigation and using optimum fertigation scheduling have been found to
improve crop yields along with water use efficiency and economic benefits of tomato crop
in the previous studies [34,37].



Agronomy 2023, 13, 665 16 of 18

Furthermore, TOPSIS analysis was employed as a tool to find the optimum combi-
nation of irrigation and nutrient level by some researchers [38]. Similarly, by using this
analysis, we found that the F, fertigation level in combination with S; scheduling could
simultaneously provide a higher number of flower clusters and number of fruits per plant,
average fruit weight, fruit yield, and water use efficiency.

5. Conclusions

From this study, we conclude that fertigation with 100% RDF (F;, 300:150:150 kg N,
P,0s5, and KO per ha) in form of water-soluble fertilizes that are supplied through drip
irrigation as per scheduling S; (15%, 10%, and 10% of respective N, P;Os, and K,O of RDF
between 15 and 45 DAT; 40%, 40%, and 40% of respective N, P,Os, and K,O of RDF between
47 and 76 DAT; 30%, 40%, and 40% of respective N, P,Os, and K,O of RDF between 77 and
107 DAT; and 15%, 10%, and 10% of respective N, P,Os, and K,O of RDF between 108 and
138 DAT) was the most optimum for obtaining the highest fruit yield, WUE, and economic
benefit. The TOPSIS analysis also revealed that F; and S; combination was optimal for
balancing the different yield-related traits and water use efficiency in tomato cultivation
under a naturally ventilated polyhouse in the subtropical humid plains of India.
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