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Abstract: In the coastal zone of the Ganges Delta, water shortages due to soil salinity limit the yield
of dry season crops. To alleviate water shortage as a consequence of salinity stress in the coastal saline
ecosystem, the effect of different water-saving (WS) and water-conserving options was assessed on
growth, yield and water use of tomato; two field experiments were carried out at Gosaba, West Bengal,
India in consecutive seasons during the winter of 2016–17 and 2017–18. The experiment was laid
out in a randomized block design with five treatments viz., surface irrigation, surface irrigation +

straw mulching, drip irrigation at 100% reference evapotranspiration (ET0), drip irrigation at 80%
ET0, drip irrigation at 80% ET0 + straw mulching. Application of drip irrigation at 80% ET0 + straw
mulching brought about significantly the highest fruit as well as the marketable yield of tomato
(Solanum lycopersicum L.). The soil reaction (pH), post-harvest organic carbon, nitrogen, phosphorus
and potassium (N, P and K) status and soil microbial population along with the biochemical quality
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parameters of tomato (juice pH, ascorbic acid, total soluble solids and sugar content of fruits) were
significantly influenced by combined application of drip irrigation and straw mulching. Surface
irrigation significantly increased the salinity level in surface and sub-surface soil layers while the
least salinity development was observed in surface mulched plots receiving irrigation water through
drip irrigation. The highest water productivity was also improved from drip irrigation at 80% ET0 +

straw mulched plots irrespective of the year of experimentation. Such intervention also helped in
reducing salinity stress for the tomato crop. Thus, straw mulching along with drip irrigation at 80%
ET0 can be recommended as the most suitable irrigation option for tomato crop in the study area as
well as coastal saline regions of South Asia. Finally, it can be concluded that the judicious application
of irrigation water not only increased growth, yield and quality tomatoes but also minimized the
negative impact of soil salinity on tomatoes grown in the coastal saline ecosystem of Ganges Delta.

Keywords: drip irrigation; mulching; yield; quality; tomato; saline soil

1. Introduction

The cultivated area of the coastal saline zone of West Bengal is 4200 km2. Only 4% of this can
be irrigated with available fresh water in the dry season. The region is, therefore, a mono-cropped
area with full cropping in the wet season (5–6 months). The lands generally remain fallow during
the rest of six to seven months of a year. In most cases, the farmers of the coastal zone are habituated
to follow the traditional cropping systems satisfying their own needs, without thinking of their cost
effectiveness, agro-ecological suitability, and sustainability. However, there is scope to increase farmers’
income by increasing total productivity through judicious repeated use of the same piece of coastal
land without compromising soil health.

Tomatoes are popular in the world as a healthy food rich in nutrients and antioxidants (pro-vitamins,
β-carotene, vitamin C, lycopene, potassium, dietary fiber, calcium) that help to fight against the risk of
certain human diseases and even many forms of cancer [1,2]. India is one of the largest producers of
tomatoes in the world with an estimated production of 18.7 million metric tons in 2015–16 [3]. Though
tomatoes show sensitivity to salt with limited survivability and decreased yield under high salinity
condition [4], salt-tolerant cultivars and advanced salt mitigating technologies have made it possible to
augment crop yield in the saline coastal ecosystem [5].

Proper irrigation timing and amount increase the water use efficiency; consequently, the production
per unit of water will be increased. Improper irrigation timing and amount can lead to the development
of crop water deficit resulting in reduced yield due to water and nutrient deficiencies [6]. Effects of
different irrigation intervals, amounts, and techniques on tomato yield and fruit quality have been
extensively studied in many parts of the world [7–10]. However, identification of the critical irrigation
amount and scheduling of irrigation are the most cost-efficient ways to improve water use efficiency [11].
Amongst the possible salinity alleviating technologies, drip irrigation from water stored during the
monsoon season has been observed as promising in the coastal area [12,13]. The drip irrigation system
can distribute water uniformly, control the water amount precisely, increase crop yields, reduce
evapotranspiration (ET0) and deep percolation losses, decrease dangers of soil degradation and
salinity, reduce energy consumption, improve disease and pest control and is feasible for undulating
sloppy lands [14,15]. The delivery of low amounts of water at a high frequency usually limits
water evaporation and drainage, which results in high water use efficiency (WUE) [16,17]. On an
average, drip irrigation saves about 70 to 80% water as compared to conventional flood irrigation
methods [13,18,19]. For tomatoes, a reasonable irrigation quota is beneficial for optimum yield and
quality. The soluble solids, vitamin C, sugar and acid, and their ratio in the tomato increase with a lower
water supply, resulting in an improved overall quality of tomatoes [20,21]. Moreover, under deficit
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irrigation conditions, the acid invertase, neutral invertase, proline, glucose, and fructose in the tomato
fruits are increased, and this helps the tomato plants to be more adaptive to the drought stress [22].

On the other hand, mulching with both organic (grass, sawdust, corncobs, rice husks, straws of
wheat and rice) and synthetic (plastic sheet—transparent, yellow, green, red, black and white colored)
materials is widely used in vegetable production mainly to reduce the rate of water and nutrient
losses from soils, facilitating moisture distribution, and improving hydrothermal regimes of soils [23].
Besides, mulches are also effective in conserving moisture and directing carbon dioxide from soil to
the plant leaves; thereby, substantially promoting growth, yield, and quality of several crops, as in
tomatoes [24,25].

Although to popularize high value cash crops like tomato, several salt mitigating technologies
have been tested in different salt-affected soil over the world, none of these such technologies have
been made in the coastal Ganges Delta of India. This study aimed to evaluate the effect of different
water-saving (WS) options for enhancing the productivity of tomatoes under coastal saline soil of
Sundarbans (Ganges Delta), West Bengal. Specific objectives of the study were to determine: (i) yield
of tomato under different water-saving options in the coastal saline zone of West Bengal; (ii) water
savings (WS) and productivity (WP) of different irrigation options; and finally, (iii) the nutritional as
well as the post-harvest quality of tomato as influenced by different water-saving options.

2. Materials and Methods

2.1. Experimental Site

Experiments were carried out in two consecutive seasons during winter of 2016–17 and 2017–18
in a farmer’s field of Rangabelia village, Gosaba Block of the state of West Bengal (21.92◦ N, 88.80◦ E,
3.5 m above mean sea level) (Figure 1).
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2.2. The Climatic and Edapahic Condition of Crop Growing Seasons

The agro-meteorological parameters were recorded at an Automatic Weather Station (EM50
Data Collection System, Decagon Inc., München, Germany) situated 50 m from the experimental site.
Experimental site has a typical sub-tropical climate, and the monthly weather data of experimental
years are presented in Figure 2A,B. The maximum and minimum temperature fluctuated between
37.6 ◦C–18.6 ◦C and 28.6 ◦C–8.6 ◦C, respectively. In general, there was a gradual drop in temperature
from November to January. Relative humidity prevailed between 81.1% and 40.5%. The average
rainfall during the experimental period (November to April) was 109.4 mm in 2016–17 and 141.1 mm
in 2017–18. Average of 6.7 h of bright sunshine was recorded during the period of experimentation.
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Figure 2. Monthly variation in temperature and rainfall [A], and relative humidity and solar radiation
[B] of the experimental site during winter season of 2016–17 and 2017–18.

The mineralogy and soil temperature class of the experimental field are mixed and hyperthermic,
respectively. The experimental soils of the area fall under lower deltaic physiographic unit and have
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developed on alluvium with shallow groundwater (≤2 m depth) The experimental soil samples from
0–15 cm, 15–30 cm and 30–45 cm depth (before starting of the experiment) were subjected to various
physical and chemical analyses (Table 1).

Table 1. Physical-chemical properties of the experimental soil at the initial stage of the experiment
(before starting the first year experiment).

Parameter
Soil Depth (cm) Methodology Citation Equipment Used

0–15 15–30 30–45

Physical Properties

Particle Size Distribution
Sand (%) 25.7 24.6 22.7

Hydrometer method [26] HydrometerSilt (%) 28.7 29.0 29.5
Clay (%) 22.7 29.5 47.8

Textural Class Clay Clay Clay Textural triangle [27] -
Bulk Density

(g cm−3) 1.47 1.45 1.43 Soil Core Method [28] -

pH 5.45 5.63 5.61 (in 1:5 :: Soil: Water) [29] µ-processor based
pH-EC-Ion meterEC (dS m−1) 0.56 0.73 0.83 (in 1:5 :: Soil: Water) [29]

Chemical properties

Organic
carbon (%) 0.50 0.41 0.32 Wet oxidation method [30] -

Available N
(kg ha−1) 535.20 574.90 583.70 Hot alkaline KMnO4 Method [31] Kjeldahl apparatus

Available P
(kg ha−1) 14.37 19.43 28.96 0.5 M NaHCO3 extract [32] Spectrophotometer

Available K
(kg ha−1) 127.44 150.52 156.44 Neutral N NH4OAc extract [33] Flame photometer

DTPA
Extractable Zn

(mg kg−1)
2.01 1.71 1.48 DTPA-TEA (pH 7.3) extraction [34]

Atomic Absorption
SpectrophotometerDTPA

Extractable Cu
(mg kg−1)

4.94 4.26 4.40 DTPA extraction [34]

DTPA
Extractable Fe

(mg kg−1)
25.32 23.30 24.28 DTPA extraction [34]

DTPA
Extractable

Mn (mg kg−1)
17.96 19.20 19.70 DTPA extraction [34]

Available S
(mg kg−1) 51.82 66.25 36.20 Turbidimetric method [35] Spectrophotometer

Available B
(mg kg−1) 0.34 0.54 0.51 Hot water extraction [36] Spectrophotometer

2.3. Experimental Design and Crop Management

The experiment was laid out in a randomized block design with five treatments and four
replications. The details of the treatment are given in Table 2. A detailed literature review (Supplementary
Table S1) and a pilot study on the same experimental location before starting of the main research was
carried out before selection of the irrigation management treatments. In both years of experiment,
a hybrid tomato cultivar, i.e., NS 501 of Namdhari Seeds (P) Ltd., was grown. The selected tomato
cultivar is suitable for tropics with tolerance to bacterial wilt and tomato leaf curl virus. In both years of
the experiment, the seedlings of tomato were raised in early December by sowing one seed per plug in
plastic trays using coir pith mixed with bio-fertilizer as media. The plots in the main experimental field
were 4 m long and 3 m wide. The field was disc ploughed, followed by harrowing and cross cultivation
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to prepare a fine tilth. In each year of experimentation, moderate irrigation (20 mm) was provided
to the beds a day before transplanting of the seedlings to keep the soil moist. Disease-free, vigorous
and uniform height seedlings (28 days old) were selected and transplanted in the main experimental
plots at 40 cm row spacing and 60 cm plant to plant spacing. Tomato plants received recommended
doses of NPK fertilizer, i.e., N:P2O5:K2O :: 150:150:100 kg ha−1 respectively, out of which 1

2 N and
all the P2O5 and K2O were applied before planting [37]. The rest of N was applied at 35 days after
transplanting (DAT). Urea, single super phosphate (SSP) and muriate of potash (MOP) were used
as sources of N, P and K, respectively. Chopped rice straw approximately 10 cm long was applied
at 4.0 t ha−1 as mulching material. All other intercultural operations, such as weeding, staking and
need-based plant protection measures were done following best management practices.

Table 2. Details of the treatment.

Treatment Treatment in Abbreviated from

Surface irrigation (at critical growth stages) Surface
Surface irrigation (at critical growth stages) + Straw Mulching Surface + Mulching

Drip irrigation at 100% ET0 Drip 100% ET0
Drip irrigation at 80% ET0 Drip 80% ET0

Drip irrigation at 80% ET0 + Straw Mulching Drip 80% ET0 + Mulching

2.4. Irrigation Management

2.4.1. Establishment of Drip Irrigation System

To evaluate the different WS options for tomato crops grown by smallholder’s farms in the study
area, a gravitational drip system was installed. The area is situated in a remote place with sparse
electric supply. The drip system was made with 1.27 cm flexible PVC pipes as lateral with plastic
emitters. A discharge controller was also fitted with the main laterals for controlling the flow of the
water. A 500 L PVC storage tank was fitted with this drip system to store water at 4.5 m above ground
level. The tank was filled with water through a petrol/kerosene engine water lifting device with the
constant discharge rate as and when required. After the establishment of the entire drip system,
for estimation of precise drip running time, the drip discharge rate (7.8 mL min−1) and drip application
efficiency (87%) were also computed according to Payero et al. [38].

2.4.2. Calculation of Water Requirement

The USWB class A-pan evaporimeter (installed at the experimental site) was used for measuring
daily pan evaporation (Ep). The pan evaporimeter method for estimation of Ep is one of the most popular
and standardized methods for the Indian subcontinent and extensively used by the researchers [39–41].
The reference evapotranspiration (ET0) was obtained by multiplying Ep with pan coefficient (Kp),
i.e., ET0 = Ep × Kp. The pan factor (Kp) value was assumed to be 0.80 as suggested for USWB class
A-pan. After determination of ET0, the crop evapotranspiration (ETcrop) was determined using the
following Equation (1) as suggested by Allen [42]:

ETcrop = Kc × ET0 (1)

where, Kc is the crop coefficient and ETcrop is crop evapotranspiration. For most of the crops, Kc increases
from a low value at the time of crop emergence to the maximum value during the period when the
crop reaches the flowering stage and then declines as the crop approaches maturity. During the growth
of tomato crop, the Kc values in FAO reference table followed Payero et al. [38].
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2.4.3. Estimation of Water Requirement for Drip Irrigation

The water requirement of the crop was computed on a daily basis by the following Equation (2)
(modified by Sukla et al. [43]).

V = ETcrop × Sp × Sr ×Wp (2)

where, V = volume of water required (L day−1 plant−1); Sp = plant to plant spacing (m); Sr = row to row
spacing (m) and Wp = fractional wetted area, which varies with different growth stage (as suggested
by Doorenbos and Pruitt [44]). The water requirement of tomato crop was estimated on a daily basis
for all months considered under study. Daily time to operate the drip irrigation system was worked
out using the application rate per plant. The drip system was scheduled on alternate days; hence,
the total quantity of water delivered was cumulative water requirement of two days. The irrigation
requirement by drip irrigation method was adjusted considering effective rainfall (using the CROPWAT
8.0 software) available at: http://www.fao.org/land-water/databases-and-software/cropwat/en/ and
drip application efficiency.

2.4.4. Estimation of Water Requirement for Surface Irrigation Methods

For scheduling ‘surface irrigation methods’, i.e., ridge-furrow irrigation at critical growth stage
approach (transplanting, active vegetative, flowering, early fruiting and fruit ripening stages),
were followed according to Vijitha and Mahendran [45]. In each irrigation event, 5 cm of water
was applied. The water was applied in the plots from a pond adjacent to the experimental field though
a petrol/kerosene engine water lifting device with constant discharge rate (WBK30FF, Honda with a
discharge rate 1000 L min−1).

2.5. Estimation of Water Salinity

In experimental years, surface water salinity (electrical conductivity or EC) of the farm pond
(the source of irrigation water used) and ground water (from installed Piezometer at the experimental
location at 5.48 m depth) were monitored at weekly intervals. The quality of ground water was
measured with the help of AQUA-CRE conductivity meter; version 2.0.1. The results for surface water
and ground water EC are presented in Supplementary Figures S1 and S2.

2.6. Plant Measurements

2.6.1. Biometrical Measurements

In each plot, second rows on either side were marked for destructive sampling and for recording
other crop growth observations. The middle two rows were marked for the determination of yield.
Five plants from each plot were randomly selected and tagged for recording plant height, total leaves
plant−1 and stem diameter at 45 and 75 days after transplanting.

2.6.2. Yield and Yield Attributes

The fully mature fruits of tomato at 10–20% color break stage (red color and yellow color) were
harvested periodically by manual harvesting. The harvesting was started from 1st April and was
completed by 25th April, in both years. The number of fruits plant−1, the average weight of fruit (g)
were recorded at the time of harvest and the observations were taken from the net plot avoiding the
border effect. Weight of fruits of the net plot area was calculated treatment-wise. All fruits from the
plants were harvested as per the treatment combinations, and fruit yield (in terms of kg plant−1 and
t ha−1) was calculated accordingly.

2.6.3. Leaf Chlorophyll Content

To determine chlorophyll content (chlorophyll a, b and total chlorophyll), 0.5 g of fresh leaves
at 60 days after transplanting (DAT) was sampled and soaked in 10 mL methanol (85%) for 24 h,

http://www.fao.org/land-water/databases-and-software/cropwat/en/
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in the presence of a small amount of Na2CO3; after that, extract were homogenized and centrifuged.
Then the optical density of supernatant was spectrophotometrically measured, and chlorophyll content
calculated by Nornal [46].

2.6.4. Analysis of Leaf Samples

In both years, tomato leaves from each plot were collected at 60 DAT, oven-dried, and ground
for analyzing total N, P and K concentrations at harvest. Nitrogen was estimated by the
micro-Kjeldahl method [31]. For determination of P and K content, plant material was digested
in acid mixture (HNO3:H2SO4:HClO4 = 10:1:4) [30] and estimated by spectrophotometer and flame
photometer, respectively.

2.6.5. Fruit Physical Properties

To determine fruit physical properties, ten fruits were selected randomly from each treatment.
Fruit size was measured in terms of length and diameter of fruits with the help of the Vernier
scale, and the fruit shape index was determined by dividing respective fruit length by its diameter.
Average fruit weight was determined by digital weighing balance and volume was measured by water
displacement technique of harvested fruits. The specific gravity was calculated by dividing weight of
fruit by its volume. Fruit firmness of tomato was determined by a screw type Penetrometer (FT-327,
Facchini, Italy) and the penetrometer reading was expressed in kg cm−2. To measure the average pulp
thickness of tomato fruit, randomly selected fruits were cut and length between pericarp and core-line
was taken with slide-calipers, and the average value was expressed in centimeters. To determine seed
content, fruits were allowed to decay by dipping into the water and thereafter, seeds were separated
from the decayed pulp and counted accordingly. To measure the moisture content of harvested fruits,
freshly harvested fruits were randomly selected according to the treatments and the average fresh
weight was taken by electrical balance; then fruits were cut into small pieces and oven-dried. After 48 h,
the samples were taken out and the average dry weights were measured. The moisture percentage
was calculated by the following Equation (3):

Moisture percentage =
(Fresh sample weight− dry sample weight)

Dry sample weight
× 100 (3)

2.6.6. Fruit Biochemical Properties

Fruit biochemical parameters were determined for assessing the fruit quality. The properties were
determined from the juice extracted from 10 fruits of each replication. The Soluble Solid Concentrate
(SSC) was estimated using a digital refractometer (ATAGO, RX 5000, Tokyo, Japan) and was expressed
as Brix. The total titratable acidity (TA) was determined by volumetric procedure. The known volume of
filtered juice of fresh tomato after necessary dilution was titrated against standard alkali solution (N/10
NaOH) using phenolphthalein indicator and expressed as percentage in terms of citric acid [47]. From
the homogenized juice of sample tomato fruit, pH was measured using a pH meter (Acorn pH 6 Meter,
Oakton Instruments, Vernon Hills, IL, USA). The ascorbic acid content of the tomato fruit was estimated
by using 2,6-dichlorophenolindophenol dye titration method [48]. Total sugars, reducing sugars and
non-reducing sugars were estimated according to the method explained by Khan et al. [49] and were
expressed as percentage (%). The lycopene content of mature tomato (harvested at the same date) was
determined with petroleum-ether extract as suggested by Ranganna [50]. The petroleum-ether extract
was decanted in a separating funnel containing cotton wool. After that, sodium sulphate slurry was
added with petroleum-ether until it became colorless. The absorbance of the extract was measured
with the help of spectrophotometer at 503 nm wavelength.
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2.7. Assessment of Soil Microbes

Initial and post-harvest soil samples (after harvesting of 2nd season crop) were collected with an
auger (5 cm diameter) from the mid-points between rows in five locations of each plot from a depth of
15 cm, 30 cm and 45 cm, and bulked, having almost 200–250 g fresh weight, and immediately stored
in the refrigerated box. The colony-forming units (cfu) of fungi, bacteria, and actinomycetes were
enumerated in Czapek’s Dox medium, nutrient agar, and actinomycetes isolation agar (Hi media),
respectively, following serial dilution technique and agar/pour plate method using a 1 mL soil solution
for plating [51]. The microbes were incubated at 30 ◦C after serial dilution, and spreading of the soil
solution on the respective plates was done. The population of bacteria per plate were scored within
3 days, whereas the population of fungi and actinomycetes were observed after an incubation period
of 5–7 days [52]. The sum of the populations of fungi, bacteria, and actinomycetes was considered for
the total microbial populations.

2.8. Estimation of Water Productivity (WP)

Water Productivity (WP) of the crop was calculated based on the economic yield produce per unit
of total water supply including the amount of plant available soil water on the planting date, amount
of irrigation applied and effective rainfall during the growing season with the help of the following
formula as suggested by Van Halsema and Vincent [53] and Carr et al. [54]:

Water productivity =
Economic yield produce in kg per unit area

Total water applied in mm per unit area
(4)

2.9. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) as randomized block design and the
mean values were adjudged by Duncan Multiple Range Test (DMRT) method using GenStat software
(20th Edition, VSN International, Hemel Hempstead, UK, web page: www.genstat.co.uk). The variance
over the years was estimated homogeneously by performing Bartlett’s chi-square test and pooled
analyses of observations are presented to draw logical conclusions. The Excel software (version 2016,
Microsoft Inc., Redmond, WA, USA) was used to draw graphs and figures.

3. Results

3.1. Plant Growth Traits of Tomato

Both at 45 and 75 DAT, the maximum plant height (90.83 cm and 94.13 cm) was recorded in plots
receiving drip irrigation at 80% ET0 + mulching. Shortest plants were observed from drip irrigation at
100% ET0 and surface irrigation treatments (Table 3). Similarly, the maximum stem diameter at 45
and 75 DAT was obtained in plants receiving drip irrigation at 80% ET0 + straw mulching treatment
followed by drip irrigation at 100% ET0 treatment. The maximum values for the number of leaves
plant−1 at 45 and 75 DAT were observed when the plants received drip irrigation at 80% ET0 along with
straw mulch. On the other hand, the growth parameters of tomato were revealed as non-significant
responses as influenced by Year and Year × Irrigation treatment factors.

Table 3. Effect of drip and surface irrigation on plant growth parameters of tomato.

Treatment
Plant Height (cm) Stem Diameter (mm) Number of Leaves Plant−1

45 DAT † 75 DAT 45 DAT 75 DAT 45 DAT 75 DAT

Year

Year 1 76.47 a 82.70 a 5.354 a 10.255 a 314.6 a 327.7 a
Year 2 77.45 a 83.64 a 5.214 b 9.923 b 315.9 a 329.9 a

www.genstat.co.uk
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Table 3. Cont.

Treatment
Plant Height (cm) Stem Diameter (mm) Number of Leaves Plant−1

45 DAT † 75 DAT 45 DAT 75 DAT 45 DAT 75 DAT

Irrigation treatment

Surface 72.46 cd 76.69 c 4.980 e 8.69 c 285.9 d 304.9 c
Surface + Mulching 74.58 bc 77.77 c 5.176 d 9.93 b 286.5 d 307.5 c

Drip 100% ET0 69.92 d 88.46 b 5.399 b 10.80 a 325.1 b 335.5 b
Drip 80% ET0 77.01 b 78.79 c 5.285 c 9.99 b 307.1 c 313.6 c

Drip 80% ET0 + Mulching 90.83 a 94.13 a 5.581 a 11.04 a 371.4 a 382.3 a

Source of Variation

Irrigation treatment ** ** ** ** ** **
Year NS NS NS NS NS NS

Year × Irrigation treatment NS NS NS NS NS NS

† DAT, Days after transplanting; NS, Non-significant; Year 1, 2016–17; Year 2, 2017–18; Values are the mean of four
replicates of the sample on each treatment. ** indicates significant at p ≤ 0.01.; Means in a column with the same
letter are not significantly different (p ≤ 0.05).

3.2. Yield and Yield Attributes of Tomato

The maximum average fruit weight (64.96 g) was recorded from the plants receiving drip irrigation
at 80% ET0 + straw mulching followed by those receiving drip irrigation at 100% ET0 (Table 4).
Drip irrigation with or without straw mulching significantly increased the number of fruits plant−1.
Amongst irrigation treatments, the maximum number of fruits plant−1 (36.50) was recorded from the
plants receiving drip irrigation at 80% ET0 + straw mulching. As a result, significantly higher fruit yield
(61.67 t ha−1) and marketable yield (60.32 t ha−1) were also recorded from the same treatment. Except
fruit yield, all other yield attributes of tomato were revealed as non-significant responses as influenced
by Year and Year × Irrigation treatment factors. The significantly higher fruit yield (53.63 t ha−1) was
recorded from the second year of experimentation.

Table 4. Effect of drip and surface irrigation on yield and yield attributes of tomato.

Treatment Average Weight of
Fruit (g fruit−1)

Number of Fruits
Plant−1

Fruit Yield
(t ha−1)

Marketable Yield
(t ha−1)

Year

Year 1 57.44 a 35.88 a 53.12 b 49.67 a
Year 2 56.81 a 21.72 a 53.63 a 51.68 a

Irrigation treatment

Surface 48.46 d 19.99 d 43.37 d 39.38 d
Surface + Mulching 54.62 c 27.36 c 52.33 c 48.55 c

Drip 100% ET0 61.32 b 30.56 b 56.51 b 55.19 b
Drip 80% ET0 56.26 c 29.60 bc 53.00 c 49.94 c

Drip 80% ET0 + Mulching 64.96 a 36.50 a 61.67 a 60.32 a

Source of variation

Irrigation treatment ** ** ** *
Year NS NS NS NS

Year × Irrigation treatment NS NS NS NS

Year 1, 2016–17; Year 2, 2017–18; Values are the mean of four replicates of the sample on each treatment; ** indicates
significant at p ≤ 0.01; * indicates significant at p ≤ 0.05; Means in a column with the same letter are not significantly
different (p ≤ 0.05).
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3.3. Changes in Leaf Macronutrient Content

The N and K concentration in tomato leaves were significantly (p ≤ 0.05) higher in straw mulched
plots applied with drip irrigation at 80% ET0 than other irrigation treatments (Table 5). However,
there was no significant effect of irrigation treatments on leaf P concentration. Except for leaf N
concentration, Year and Year × Irrigation treatment factors revealed non-significant responses on leaf P
and K content of tomato.

Table 5. Effect of drip and surface irrigation on leaf macronutrient and chlorophyll content (mg g−1 of
fresh weight) of tomato.

Treatment

Leaf Macronutrient
Content (%)

Leaf Chlorophyll Content (mg g−1) of Fresh
Weight

Leaf N
(%)

Leaf P
(%)

Leaf K
(%)

Chlorophyll
A

Chlorophyll
B

Total
Chlorophyll

Year

Year 1 2.75 a 0.20 a 3.11 a 0.7124 a 0.4383 a 1.15 a
Year 2 2.69 b 0.27 a 3.22 a 0.7117 a 0.4251 a 1.14 a

Irrigation treatment

Surface 2.02 c 0.205 a 2.69 c 0.4300 d 0.1388 e 0.569 d
Surface + Mulching 2.62 b 0.238 a 2.84 c 0.4738 d 0.2846 d 0.758 c

Drip 100% ET0 3.13 a 0.243 a 3.48 b 0.8440 b 0.4975 b 1.296 b
Drip 80% ET0 2.71 b 0.215 a 2.92 c 0.5537 c 0.4088 c 1.527 a

Drip 80% ET0 + Mulching 3.18 a 0.260 a 3.86 a 1.2588 a 0.8288 a 1.568 a

Source of variation

Irrigation treatment ** NS * ** ** **
Year ** NS NS NS NS NS

Year × Irrigation treatment NS NS NS NS NS **

Year 1, 2016–17; Year 2, 2017–18; Values are the mean of four replicates of the sample on each treatment; ** indicates
significant at p ≤ 0.01; * indicates significant at p ≤ 0.05; Means in a column with the same letter are not significantly
different (p ≤ 0.05).

3.4. Leaf Pigment Content

The chlorophyll ‘a’ and chlorophyll ‘b’ contents of tomato leaves measured at the 60 DAT were
significantly higher in plots receiving drip irrigation at 80% ET0 + straw mulching (Table 5). As a result,
the total chlorophyll content was also highest (1.568 mg g−1 of fresh weight) in the same treatment.

3.5. Fruit Physical Parameters

Plants receiving drip irrigation at 80% ET0 along with straw mulch produced larger fruits (p ≤ 0.05)
than surface irrigations (Table 6). However, there was no significant difference in L/B ratio of tomato
among irrigation treatments. Adoption of different irrigation options failed to significantly change the
fruit specific gravity. Fruit obtained from the plants receiving drip irrigation at 80% ET0 along with
straw mulch recorded the highest fruit firmness value (6.014 kg cm−2) during both the years. Pericarp
thickness of tomato was increased significantly (p ≤ 0.05) with the adoption of drip irrigation compared
to surface water application (Table 6). Fruits with the maximum pericarp thickness (6.977 mm) were
obtained from tomato plants receiving drip irrigation at 80% ET0 along with straw mulch. Fruit with
high moisture content is generally soft in nature and deteriorates more quickly. Thus, less moisture
content in tomato is always preferred by consumers for better keeping quality. Fruits obtained from
the plots receiving drip irrigation at 80% ET0 along with straw mulch recorded the least moisture
content (90.71%) in tomato than other irrigation options. Different irrigation options failed to change
the number of seeds per fruit (Table 6). All fruit physical parameters except moisture percent and
number of seeds fruit−1, recorded significantly higher values during the first year of experimentation
(Table 6).
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Table 6. Effect of drip and surface irrigation on physical quality parameters of tomato.

Treatment
Fruit

Length
(mm)

Fruit
Breadth

(mm)
L:B

Ratio
Specific
Gravity
(g cm−3)

Fruit
Firmness
(kg cm−2)

Thickness
of Pericarp

(mm)
Moisture

(%)
Number
of Seeds
Fruit−1

Year

Year 1 50.19 a 43.34 a 1.16 a 1.117 a 5.317 a 6.338 a 92.98 a 64.81 a
Year 2 47.81 b 42.43 a 1.13 b 1.052 b 5.146 b 6.213 b 92.32 a 64.50 a

Irrigation
treatment

Surface 45.25 d 39.59 b 1.144 a 1.050 bc 4.776 e 5.429 e 94.95 a 61.74 c
Surface +
Mulching 50.31 ab 43.76 a 1.151 a 1.133 a 5.021 c 6.492 c 92.97 b 67.14 ab

Drip 100% ET0 48.50 c 44.64 a 1.088 b 1.008 c 5.430 b 6.682 b 91.88 b 64.46 bc
Drip 80% ET0 49.45 bc 43.28 a 1.144 a 1.138 a 4.917 d 5.797 d 92.74 b 61.33 c
Drip 80% ET0
+ Mulching 51.48 a 43.16 a 1.193 a 1.094 ab 6.014 a 6.977a 90.71 c 68.61 a

Source of
variation

Irrigation
treatment ** ** ** ** ** ** ** **

Year ** NS * ** ** * NS NS
Year ×

Irrigation
treatment

NS NS NS NS NS NS NS NS

Year 1, 2016–17; Year 2, 2017–18; Values are the mean of four replicates of the sample on each treatment; ** indicates
significant at p ≤ 0.01; * indicates significant at p ≤ 0.05; Means in a column with the same letter are not significantly
different (p ≤ 0.05).

3.6. Fruit Biochemical Parameters

Tomato plants receiving drip irrigation at 100% ET0 had higher juice pH values but there were
no significant changes with the values among other irrigation treatments (Table 7). Tomato plants
receiving drip irrigation at 80% ET0 along with straw mulch produced fruits with the maximum
TSS content (5.268 ◦Brix), vitamin C, sugars (reducing, non-reducing sugar and total sugar content)
and lycopene content. Irrigation had no significant influence on the total acidity of tomato (Table 7).
Amongst the fruit biochemical quality traits evaluated, significant and positive correlations were
observed amongst all the quality parameters (Table 8).

Table 7. Effect of drip and surface irrigation on chemical quality parameters of tomato.

Treatment pH of
Juice

TSS
(◦Brix)

Titratable
Acidity

(%)

Lycopene
Content

(mg 100 g−1)

Ascorbic
Acid

(mg 100 g−1)

Reducing
Sugar (%)

Non-Reducing
Sugar (%)

Total Sugar
(%)

Year

Year 1 3.9695 a 4.801 a 0.3818 a 5.810 a 20.006 a 2.4175 a 0.873 a 3.2910 a
Year 2 3.8795 a 4.651 a 0.3525 a 5.539 a 19.431 a 2.3150 a 0.817 a 3.0990 a

Irrigation treatment

Surface 3.375 e 4.076 e 0.3057 e 4.496 e 16.76 e 2.212 d 0.633 d 2.826 e
Surface +
Mulching 3.742 d 4.749 c 0.3357 d 4.660 d 18.05 d 2.296 c 0.731 c 3.031 d
Drip 100%

ET0
4.377 a 4.952 b 0.4254 a 6.309 b 21.16 b 2.430 b 0.913 b 3.355 b

Drip 80%
ET0

4.279 b 4.587 d 0.3995 b 5.420 c 19.97 c 2.400 b 0.848 b 3.204 c
Drip 80%

ET0 +
Mulching

3.849 c 5.268 a 0.3694 c 7.490 a 22.65 a 2.493 a 1.101 a 3.559 a

Source of variation

Irrigation
treatment ** ** ** ** ** ** ** **

Year NS NS NS NS NS NS NS NS
Year ×

Irrigation
treatment

NS NS * NS NS NS NS *

Year 1, 2016–17; Year 2, 2017–18; Values are the mean of four replicates of the sample on each treatment; ** indicates
significant at p ≤ 0.01; * indicates significant at p ≤ 0.05; Means in a column with the same letter are not significantly
different (p ≤ 0.05).
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Table 8. Correlation between fruit chemical biochemical quality attributes of tomato (based on mean
data of 2016–17 and 2017–18).

Fruit Chemical
Quality Attributes

TSS
(◦Brix)

Titratable
Acidity (%)

Lycopene
Content

(mg 100 g−1)

Ascorbic
Acid

(mg 100 g−1)

Reducing
Sugar (%)

Non-Reducing
Sugar (%)

Total Sugar
(%)

pH of juice 0.523 * 0.969 ** 0.464 * 0.589 ** 0.666 ** 0.489 * 0.606 **
TSS (oBrix) 0.543 * 0.857 ** 0.850 ** 0.830 ** 0.847 ** 0.903 **

Titratable acidity (%) 0.541 * 0.648 ** 0.682 ** 0.533 * 0.640 **
Lycopene content

(mg 100 g−1)
0.935 ** 0.859 ** 0.896 ** 0.947 **

Ascorbic acid
(mg 100 g−1) 0.808 ** 0.922 ** 0.941 **

Reducing sugar (%) 0.721 ** 0.901 **
Non-reducing sugar

(%) 0.950 **

* Indicates significant at p ≤ 0.05; ** Indicates significant at p ≤ 0.01.

3.7. Post-Harvest Soil Characteristics and Salinity Dynamics

The plots receiving surface irrigation recorded the maximum values of EC (Table 9) while the
lowest EC values were recorded from the plots irrigated with drip irrigation at 80% ET0 along with
straw mulching. However, the reduction in soil EC due to adoption of drip irrigation with mulch was
mostly restricted within the top-soil layer (0–30 cm). Soil reaction at different depth of soil layer was
not influenced significantly by different WS options except in the top-soil layer where the maximum
pH (6.27) was found in the plots receiving drip irrigation at 100% ET0, followed by drip irrigation at
80% ET0 along with straw mulch. The organic carbon, available N, P and K status of the experimental
soil did not vary significantly with the adoption of different WS options (Table 10).

Irrespective of the types of microbes, the highest microbial population was found in the top-soil
layer (0–15 cm) as compared to the sub-surface soil layer (15–45 cm) (Table 11). Amongst the irrigation
options, the significantly higher total microbial population was found from the plots receiving drip
irrigation at 80% ET0 along with straw mulch. However, the beneficial effect of drip irrigation and
straw mulch was mostly restricted to top-soil layer.

Table 9. Effect of drip and surface irrigation on electrical conductivity (EC) and pH of post-harvest soil
(after two years).

Irrigation Treatment
0–15 cm 15–30 cm 30–45 cm

EC (dS m−1) pH EC (dS m−1) pH EC (dS m−1) pH

Surface 3.61 a 6.01 c 3.78 a 6.16 b 4.42 a 6.40 a
Surface + Mulching 2.50 b 6.01 c 3.52 b 6.28 a 4.13 b 6.26 b

Drip 100% ET0 2.48 b 6.27 a 3.50 b 6.29 a 3.90 c 6.16 c
Drip 80% ET0 2.13 c 6.03 c 2.60 c 6.04 c 3.67 d 6.16 c

Drip 80% ET0 + Mulching 2.10 c 6.14 b 2.49 d 6.27 a 3.60 d 6.26 b

Values are the mean of four replicates. Means in a column with different letters indicate significant differences at
p < 0.05 (otherwise statistically at par).
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Table 10. Characterization of post-harvest soils (depth-wise) as influenced by drip and surface irrigation (after two years).

Irrigation Treatment
Organic Carbon (%) Available N (kg ha−1) Available P (kg ha−1) Available K (kg ha−1)

0–15 cm 15–30 cm 30–45 cm 0–15 cm 15–30 cm 30–45 cm 0–15 cm 15–30 cm 30–45 cm 0–15 cm 15–30 cm 30–45 cm

Surface 0.48 b 0.39 c 0.32 429.70 d 364.73 c 308.88 d 28.09 b 24.49 a 20.45 a 75.18 c 76.24 e 113.7 c
Surface + Mulching 0.53 a 0.46 ab 0.30 432.17 d 380.56 b 368.35 a 32.75 a 27.10 a 23.53 a 87.86 b 101.6 d 135.5 a

Drip 100% ET0 0.52 a 0.48 a 0.31 487.70 b 364.40 c 341.54 c 28.16 b 25.27 a 22.44 a 89.60 b 113.3 b 132.8 ab
Drip 80% ET0 0.52 a 0.47 a 0.36 465.92 c 378.20 b 369.96 a 32.55 a 28.83 a 24.20 a 77.60 c 106.0 c 122.7 b

Drip 80% ET0 +
Mulching 0.53 a 0.42 bc 0.35 501.90 a 399.41 a 355.92 b 32.78 a 29.29 a 21.81 a 98.70 a 125.0 a 125.6 b

Values are the mean of four replicates. Means in a column with different letters indicate significant differences at p < 0.05 (otherwise statistically at par).

Table 11. Microbial population at post-harvest soil (depth-wise) as influenced by drip and surface irrigation (after completion of the two years of experiment).

Irrigation Treatment
Bacterial Population
(cfu/g of soil × 107)

Actinomycetes Population
(cfu/g of soil × 105)

Fungal Count
(cfu/g of soil × 103)

0–15 cm 15–30 cm 30–45 cm 0–15 cm 15–30 cm 30–45 cm 0–15 cm 15–30 cm 30–45 cm

Surface 18.60 c 18.88 e 17.55 a 57.25 d 77.50 c 56.25 c 15.00 b 52.50 a 30.50 a
Surface + Mulching 19.50 b 19.50 d 17.18 a 66.00 c 75.25 c 66.75 ab 20.00 b 43.00 ab 41.00 a

Drip 100% ET0 19.75 b 20.28 c 17.95 a 74.25 b 86.75 b 62.50bc 32.25 a 35.00 b 34.25 a
Drip 80% ET0 22.15 a 20.78 a 18.33 a 76.50 b 78.50 c 66.25 ab 29.25 a 47.50 ab 34.75 a

Drip 80% ET0 + Mulching 22.53 a 22.03 b 18.15 a 87.75 a 113.00 a 71.50 a 37.25 a 57.50 a 27.75 a

Values are the mean of four replicates of the sample on each treatment. Means in a column with the same letter are not significantly different (p ≤ 0.05).
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3.8. Water Balance and Water Productivity

The highest profile water contribution and total water use were recorded from surface water
irrigated plots (Table 12). On the other hand, plots receiving drip irrigation at 80% ET0 along with
straw mulch, recorded the least profile water contribution as well as total water use (Table 12). Plots
with drip irrigation at 80% ET0 along with straw mulch recorded the maximum water productivity
(186.38 and 182.33 kg ha-mm−1 in year 1 and year 2, respectively) by producing the maximum fruit
yield (58.58 and 61.44 t ha−1 in year 1 and year 2, respectively) with the least application of irrigation
water (329.67 and 322.47 mm in year 1 and year 2, respectively).

Table 12. Components of soil water balance, water use and water productivity of tomato under drip
and surface irrigation systems.

Irrigation
Treatment

Profile
Contribution

(mm)
Irrigation

(mm) †
Effective

Rainfall (mm)
Total Water
Use (mm)

Water Productivity
(kg ha-mm−1) ††

Year
1

Year
2

Year
1

Year
2

Year
1

Year
2

Year
1

Year
2 Year 1 Year 2

Surface 20 18.7 300.00 300.00 56.2 62.50 396.20 408.20 116.24 105.46
Surface +
Mulching 18.9 18.00 300.00 300.00 56.2 62.50 395.10 405.50 129.88 132.18

Drip 100% ET0 17.5 17.00 295.08 278.43 56.2 62.50 388.78 377.93 151.05 142.04
Drip 80% ET0 17.9 17.80 236.07 222.74 56.2 62.50 330.17 323.04 153.04 171.91

Drip 80% ET0 +
Mulching 17.4 16.23 236.07 222.74 56.2 62.50 329.67 322.47 186.38 182.23

† Before transplanting, 20 mm water was used by the tomato crop (at nursery bed); †† Water productivity
(kg ha mm−1) was calculated based on the fruit yield of two years; Year 1, 2016–17; Year 2, 2017–18; The two-year
fruit yield is presented in Supplementary Table S2.

4. Discussion

The experimental area is a bit different from other tomato growing parts of the state of West
Bengal. It is a polder area having a very high water table as well as high ground water salinity; as a
result, there is a little scope for the lifting of ground water. Farmers of this region are forced to use
limited surface water (ponds, canals, etc.) for irrigating their crops. The present study made an attempt
to adjudge the suitable irrigation option for tomato crop in this saline area, and the recommendations
are expected to be simultaneously applicable for other salinity stress areas.

The results of the experiment revealed that drip irrigation along with mulching demonstrated good
impact on different soil and plant characters studied across the years. Application of drip irrigation at
80% ET0 along with mulching proved better than conventional surface irrigation, surface irrigation
+ mulching and sole drip irrigation (without mulching). In comparison to the surface irrigation,
drip irrigation at 80% ET0 + mulching increased about 22.8, 28.6 and 25.7% plant height, stem diameter
and number of leaves per plant of tomato, respectively at 75 DAT. Drip irrigation has been reported to
apply the required amount of water directly to the root zone of crops [55]. Precise water application
through drip system in mulched plots might have increased the growth characters, as was evidenced
from the experiment (Table 3). In comparison to other irrigation methods, application of drip irrigation
at 80% ET0 + mulching improved yield attributes and yield of tomato (Table 4). Results are in line with
Michael [15] who observed higher crop yield with the application of drip irrigation. Singh et al. [56]
confirmed that drip irrigation at 80% pan evaporation can significantly increase fruit yield in tomato
compared with surface irrigation. Besides, mulching can also increase horticultural crop production
in water scarcity regions [57,58]. The higher yields under drip system can be attributed to optimal
soil moisture regime in the crop root zone and reduced nutrient losses. Higher marketable tomato
yield from the drip-irrigated plot with a lesser amount of water than other irrigation treatments, in the
present experiment, could be related to better root development which may encourage the plants to
explore a greater soil mass and to increase the water absorption [59]. Increase in yields of drip-irrigated
vegetables has also been reported by Imtiyaz et al. [60] and Tagar et al. [61].
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In the present study, sole application (without mulch) of drip irrigation at 80% and 100% ET0

significantly improved juice pH value in tomato fruit, being followed by application of drip irrigation
at 80% ET0 + straw mulch. Lowest juice pH value was obtained in the case of surface irrigated plots,
which might be due to early ripening of fruits in those plots resulting in rapid deterioration of complex
metabolites of fruits in simple forms [62,63]. The taste of tomato is largely determined by the sugar and
organic contents and their ratios [64]. The occurrence of significantly higher TSS and sugar contents
with drip irrigation at 80% ET0 along with straw mulch as compared to the surface irrigation may be
an impact of the lower accumulation of water in the fruit and simultaneous lower dilution of fruit
components [65,66]. Zegbe-Domiguze et al. [67] predicted promoted sugar transport to the fruits for
drip irrigation as the cause of increased soluble solids content and improved taste and sensory qualities
of tomato. In the present experiment, application of drip irrigation at 80% ET0 at straw mulched plots
significantly increased lycopene, vitamin C and sugar (reducing, non-reducing and total) contents over
other treatments. This might be due to the gradual supply of water to the plants in drip-irrigated +

straw mulched plots. The comparative mild stress situation, as was observed in drip irrigation at 80%
ET0, can help to increase vitamin C and lycopene contents in tomato [68,69]. Results of the present
experiment are in accordance with findings of Nahar and Gretzmacher [70], who revealed enhancement
of quality and sweetness of tomato with prerequisite increase in ascorbic acid contents with optimum
water supply to the plants. Judicious supply of irrigation may exert beneficial effects upon fruit quality,
mostly with respect to total soluble solid and soluble sugar contents in tomato [71]. The significant
(p < 0.01) and positive correlation of ascorbic acid and sugar (reducing, non-reducing and total) content
also signifies the manifested role of irrigation treatments in simultaneously increasing or decreasing
these quality parameters in the present study (Table 8).

In the experiment, the combined use of drip irrigation and mulching had a positive impact
on regulating soil salinity (Table 9). Application of drip irrigation has been reported to reduce soil
evaporation, surface runoff, and deep percolation losses of water, which can be crucial factors in
reducing salinity stress to the plants [72]. On the other hand, surface mulching has a significant and
positive impact to regulate soil salinity by reducing evapotranspiration losses of water. Fan et al. [73]
had reported that the salinity level of the soil (0.44%) decreased to 0.07% after being mulched with
straw for consecutive two years. Yan-min et al. [74] also reported that soil salinity level at the surface
layer was lower in mulched conditions as compared to control conditions (no mulch). In this study,
soil salinity increased with increasing depth of soil sampling (Table 9). It was that salt concentration
changed with the application of irrigation water mainly in the upper root zone around 0–60 cm [75,76].
Application of drip irrigation was also observed to have a good impact on post-harvest soil available
N, P and K content. This might be due to better availability of water in drip-irrigated plots, which is
expected to ensure nutrient use efficiency as a result of good water-nutrient nexus in soil and better
available NPK status of the post-harvest soils [77].

Better soil microbial status was administered in drip-irrigated + straw mulched plots (Table 11).
However, comparatively lesser soil microbial population was observed in surface irrigated plots.
Wang et al. [77] reported that drip irrigation can significantly influence soil microbial communities
of tomato crop grown under greenhouse environment. Application of drip irrigation can alter soil
microbiological properties by improving the root-zone soil environment and can increase the oxygen
content in the root-zone. It is also reported that alternate wet and dry conditions in the root zone,
achieved with drip irrigation, are beneficial to bacterial growth owing to better soil respiration [78–80].

The combined use of drip irrigation and straw mulch improved the WP, irrespective of the years
of experimentation (Table 12). Drip irrigation can uniformly distribute water, reduce ET0 and deep
percolation losses, and decrease soil salinity [14]. In the experimentation, drip irrigation + straw
mulching might have created alternate wetting and drying situation in the soil which is conducive
for increased abscisic acid (ABA) concentration in xylem sap. Such accumulation of ABA has been
reported to decrease stomatal conductance and reduce “luxury” transpiration loss, ultimately leading
to improving crop yield and WUE [81]. Singh et al. [56] also reported higher water productivity of
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vegetable crops under drip irrigation technique. Drip irrigation can restrict salt accumulation in the
surface layer of soil by the simultaneous supply of adequate water in the root zone of the plant, thus,
can help in the development of a favorable environment for crop growth.

5. Conclusions

From the results and discussion of the current study, it can be revealed that application of drip
irrigation at 80% ET0 in combination with straw mulching is useful for enhancing the number of
fruits as well as the marketable yield of tomato. The results related to soil pH, post-harvest organic
carbon, nitrogen, phosphorus and potassium status, and soil microbial population along with the
biochemical quality parameters of tomato (juice pH, ascorbic acid, total soluble solids and sugar content
of fruits) were also significantly influenced through the combined application of drip irrigation and
mulching. Besides these findings, the study also confirmed that the surface irrigation significantly
increased the salinity level in surface and sub-surface soil layers while the least salinity development
was observed in surface mulched plots receiving irrigation water through drip irrigation. The drip
irrigation along with straw mulching improved yield and quality of tomato with the simultaneous
increase in water productivity. Such intervention also helped in reducing salinity stress for the tomato
crop. Thus, straw mulching along with drip irrigation at 80% ET0 can be recommended as the most
suitable irrigation option for tomato crop in coastal saline ecosystem of the Ganges Delta.
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