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Abstract: Precision irrigation is essential to improve water use efficiency (WUE), defined as the
amount of biomass produced per unit of water used by plants. Our objective is to evaluate the effect
of different soil volumetric water content (VWC) in plant growth, fruit yield, quality, and WUE
of cherry tomatoes grown in a greenhouse. We tested four VWC thresholds (0.23, 0.30, 0.37, and
0.44 m® m~3) to trigger a drip irrigation system in two tomato cultivars (‘Sweet Heaven’ and “Mascot
F1’). The experiment was arranged in a split-plot design with four replications. We used capacitance
sensors connected to an open-source, low-cost platform to monitor and control the irrigation in
real-time based on demand. Plants were watered every time the soil VWC dropped below the set
thresholds. The treatment with VWC 0.44 m3 m—3 resulted in the highest fruit yield, with 102.10%
higher WUE when compared to the VWC 0.23 m® m~3 in both cultivars. Fruit quality traits such as
longitudinal and equatorial diameter increased asymptotically with soil water content. In contrast,
treatments with deficit irrigation increased the fruit soluble solids by 15.73% in both cultivars. These
results strongly suggest that accurate control of the soil VWC is essential to modulate the fruit yield
and quality attributes in tomatoes produced in the greenhouse.

Keywords: Solanum lycopersicum var. cerasiforme; deficit irrigation; soluble solids content; water
use efficiency

1. Introduction

The accelerated increase in the world’s population and the unpredictable effects of
climate change in agriculture require using natural resources like soil and water more
efficiently to produce healthy and sustainable food [1]. Protected agriculture has been
widely used in recent years to produce vegetables in order to improve agricultural systems’
productivity and quality and ensure consistency in production [2]. In addition to protecting
the crops from pests and diseases and the adverse effects of extreme weather events,
greenhouses guarantee year-round production and aid in higher water use efficiency
(WUE) [3].

Water-saving technologies in protected environment production reduce water use and
increase crop sustainability [4]. Supplemental irrigation is crucial in nutrient absorption
and water uptake of greenhouse crops since they are not subjected to rainfall [5]. In a
protected environment, excessive irrigation reduces water productivity and fruit quality [6].
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In contrast, deficit irrigation has been proposed as a valuable strategy to save water and
improve fruit yield and quality [7]. It is essential to determine water use accurately and
in real-time for irrigation management to prevent overirrigation and water losses and
guarantee water availability for other applications [8].

Innovative technologies such as soil moisture sensors can be helpful in water man-
agement [9]. However, the equipment used for precision irrigation tends to be expensive.
It also requires extensive technical training for data collection and interpretation, making
it difficult for untrained users to utilize for crop management [10]. Low-cost open-source
platforms such as the do-it-yourself Internet-of-Things (IoT) prototyping embedded boards
are viable options to facilitate customized microcontrollers in order to generate real-time
data and assist users in making scientifically sound decisions [9,10].

Cherry tomatoes (Solanum lycopersicum var. cerasiforme) are one of the most cultivated
crops in protected environments due to the popularity of the sweet flavor, appearance,
size, shape, and fruit quality [11]. Traditional tomato irrigation uses large amounts of
water [12,13]. Therefore, accurate and efficient irrigation management is essential for the
intensive production of greenhouse cherry tomatoes [14]. In most cases, increasing the
amount of water applied increases fruit yield but decreases the fruit’s soluble solids and
lycopene content; conversely, deficit irrigation can limit fruit yield [5,15]. The period from
fruit set to the end of fruit development is the most sensitive to water deficiency. During
this time, adequate irrigation management can mitigate the damage caused by the water
deficit [16]. Still, the irrigation timing and dose are essential—late and over-irrigation
results in decreased fruit yield and quality [17].

Khapte et al. [7] indicated that deficit irrigation could alter the plant’s physio-biochemical
processes and consequently the WUE since this parameter depends on the intensity and
duration of drought stress, growth stage, climate, and cultivar. Crop WUE can be increased
if growers apply better agricultural practices or choose cultivars with higher potential
yields [18].

Monitoring soil water status is critical to control the amount of stress plants are
exposed to [19]. Several commercial sensors are available to measure soil water content
accurately, but analyzing and processing the data is time-consuming, often resulting in
water stress between the measurement and the irrigation triggering as watering is usually
not activated automatically in real-time [20]. The increased demand for healthy foods
provides an opportunity to use such technologies and obtain products with enhanced
nutritional properties [21].

This study evaluated the effect of different volumetric water contents (VWC) applied
using a low-cost open-source automated system controlled by soil moisture sensors on plant
growth, fruit yield, and quality of cherry tomatoes grown in a greenhouse. We hypothesize
that real-time irrigation based on VWC thresholds to trigger watering automatically on
demand improves fruit yield, quality, and WUE of cherry tomatoes in a greenhouse.

2. Materials and Methods
2.1. Experimental Site

The experiment was performed at the Goiano Federal Institute in Ceres, GO, Brazil
(latitude 15°21’01.5” S longitude 49°35'55.2” W, and elevation 580 m). The region climate
was classified as Aw (tropical savannah climate with dry winter characteristics) according
to the Koppen-Geiger classification [22]. The trial was conducted from August 2018 to
February 2019 in an arch-type greenhouse (20-m long and 7-m wide) with a 120-micron
plastic cover (Suncover AV Blue; Ginegar, Leme, SP, Brazil) and a 150-micron anti-aphid
screen sides.

Temperature and relative humidity inside the greenhouse were recorded using a
weather station (Vantage Pro 2; Davis; Hayward, CA, USA). The minimum and maximum
air temperatures recorded were 19.2 and 40.4 °C (Figure 1A), and relative humidity ranged
from 28% to 98%, respectively (Figure 1B). Mean values for temperature and relative
humidity throughout the study were 26.33 °C and 73.55%, respectively.
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Figure 1. Temperature (A) and relative humidity (B) inside the greenhouse during the experimental period.

The soil used for the study is classified as a Red Latosol [23] composed of 59% sand, 9%
silt, and 32% clay, with the following nutrient concentration: phosphorus = 1.8 mg dm~3,
potassium = 34.5 mg dm 3, calcium = 1.5 cmol. dm~3, and magnesium = 0.7 cmol. dm~3,
organic matter = 8.0 g dm 3, pH CaCl, = 5.9, and base saturation = 60.71%.

2.2. Treatments

We tested four different soil VWCs to trigger a drip irrigation system automatically
when the substrate dropped below specific thresholds (0.23, 0.30, 0.37, and 0.44 m® m~—3)
based on [9,10], and two cherry tomato cultivars (‘Mascot F1/; TopSeed Premium, Santo
Antonio de Posse, SP, Brazil and ‘Sweet Heaven’; Sakata Seeds Sudamérica, Braganga
Paulista, SP, Brazil). The two cultivars were selected due to their regional popularity for
greenhouse cultivation, high cash value, and expanding consumer market. However, little
to no information is available regarding their performance under varying VWCs.

We used the gravimetric method to determine the soil water holding capacity and
define the VWC treatments (data not shown). The saturation humidity was established at
0.44 m® m~3 for the mixture containing 2:1 soil and sand, and we started decreasing the
moisture content values in multiples of 0.07 until 0.23 m® m~3, which imposes severe stress
on the plants due to the proximity to the permanent wilting point.

The experiment was arranged in a split-plot design with four replications. The four
VWC thresholds were allocated to the main plot, while two cherry tomato cultivars were
in the sub-plot. Four plants were used per sub-plot, totaling 128 plants in the experiment.

2.3. Plant Material

Tomato seedlings were produced in polystyrene trays with 128 cells (Isoeste, Cas-
tanhal, PA, Brazil) by sowing one seed per cell in a soilless substrate composed of sphag-
num peat, coconut fiber, rice husk, and vermiculite (Bioplant, Nova Ponte, MG, Brazil).
Seedlings were transplanted 45 days after emergence (DAE) into 12-L flexible polyethylene
pots (23.5 cm height x 27 cm top width x 23.5 cm base width), containing a 2:1 soil and
sand mixture.

2.4. Irrigation System

The experimental plots were watered using drip irrigation with 2 L h~! self-compensating
drippers (PCDS; Irritec, Indaiatuba, SP, Brazil). Irrigation was controlled by an automated
system using a low-cost open-source prototyping board (Mega ADK; Arduino, Ivrea, Italy)
connected to soil moisture sensors (10HS; Decagon Devices, Pullman, WA, USA), solenoid
valves (HVF-100; Rain Bird, Azuza, CA, USA), and other devices. The soil moisture sensors
were inserted vertically in the middle of the pot. Sensors were calibrated for the soil used
in the study according to the methodology described by Cobos and Chambers [24].
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The sensor readings were recorded every 30 min, and the irrigation system was
triggered automatically when the substrate VWC values dropped below the set thresholds
(0.23,0.30, 0.37, and 0.44 m® m~3). The system remained on for 60 s, applying a volume of
33 mL per irrigation event, corresponding to a 0.60 mm water depth.

2.5. Crop Management

Plants were transplanted in double rows spaced 0.5 m in-row, 1.0 m between plants,
and 1.5 m between double rows, equivalent to a population of 20,000 plants per hectare.
The plants were supported using polythene strip tutors hanging from the ceiling (F-70 Tape;
GP Sul, Porto Alegre, RS, Brazil). We performed weekly pinching of side shoots starting at
30 days after transplant (DAT). Weeds were removed manually during the experimental
period. The pollination was performed naturally using air movement and induced by
moving and repositioning the plants inside the greenhouse.

During the seedling transplant, soil moisture content was maintained at the soil
field capacity (0.37 m®> m~3) following Agbna et al. [25] for plant acclimatization, and the
treatment application began at 12 DAT.

2.6. Measurements

Plant height, stem diameter, root fresh, and dry weight were evaluated at the end of
the experiment at 120 DAT following the methodology described by [26]. Roots were dried
in a forced circulation oven at 65 °C for 72 h.

The longitudinal and equatorial diameters of the fruit were recorded after each harvest
using a digital caliper (King Tools, Pompéia, SP, Brazil).

Fruit yield was determined by picking all mature fruit from all nine harvesting events.
The harvest began on 13 November 2018 and ended on 25 January 2019, performed
7-10 days apart depending on the fruit maturation.

For fruit quality analysis, we sampled 10 random fruit per subplot after each harvest.
The soluble solids content was determined using a digital refractometer (Brix/RI-Check;
Reichert Technologies, Unterschleissheim, Munich, Germany). The content of phenolic
compounds was determined using the method described by [27] for ether and aqueous
ethanolic extracts. Measurement of antioxidant capacity was carried out based on method-
ologies described by [28,29] using the stable radical diphenyl picrylhydrazyl. The readings
were taken using an ultra-violet spectrophotometer at 517 nm.

The number of irrigation events was monitored and recorded throughout the ex-
periment by the automated irrigation system. WUE was calculated using the following
equation [30,31].

Marketable fruit yield (t ha71>

Water use efficiency (kg m™2) = water depth (mm) x 100 (1)

2.7. Statistical Analysis

Data were tested for uniform or normal distribution and analyzed by analysis of
variance (ANOVA) using SAS (version 9.4; SAS Institute, Cary, NC, USA). The cultivar
was considered a qualitative factor and analyzed by Tukey multiple comparisons test,
while VWC was considered a quantitative factor and analyzed using linear regression.
Probability (p) values < 0.05 were considered statistically significant.

3. Results
3.1. Morphological Parameters

Plant height differed significantly between the cultivars, with ‘Mascot F1’ 8.74% taller
than ‘Sweet Heaven’ (p < 0.01). The VWC did not cause significant differences in the other
morphological characteristics evaluated. The interaction between VWC and cultivars was
significant for root dry weight (p < 0.05, Table 1).
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Table 1. Plant height, stem diameter, root fresh and dry weight of two cherry tomato cultivars in response to increasing
volumetric water contents (VWC).

Plant Height Stem Diameter Root Fresh Weight Root Dry Weight
(cm) (mm) (g plant—1) (g plant—1)
Cultivar
‘Sweet Heaven’ 227.50 + 27.70b 38.64 +4.15 9.37 +4.31 7.79 £ 3.95
‘Mascot F1’ 247.39 + 30.33a 39.36 + 5.88 10.29 £+ 3.10 9.37 + 4.06
VWC
0.23m3m—3 239.53 £ 23.55 35.30 + 6.04 8.14+1.44 6.70 = 1.59
0.30 m® m—3 227.96 + 23.58 38.79 £+ 2.46 11.50 £+ 5.35 10.00 £ 5.31
0.37m3m—3 232.25 =+ 36.50 38.91 + 3.57 11.60 £ 3.58 11.08 £ 4.50
044 m®m—3 250.03 + 35.93 4299 +4.74 8.08 & 2.09 6.54 + 1.56
Source of variation p-values
Cultivar 0.0060 * 0.5850 "¢ 0.3152 " 0.0651 s
VWC 0.7323 18 0.7570 s 0.3006 ™ 0.1606 M
Cultivar x VWC 0.1949 ns 0.6054 s 0.1979 s 0.0273 **
R? 0.999 0.9064 0.9919 0.9634
Coefficient of variation 7.11% 9.31% 25.16% 25.69%

The data presented is the mean = standard deviation (1 = 4). Means followed by lowercase letters in the column differ statistically by Tukey
multiple comparisons test. Where, * p < 0.01, ** p < 0.05, and ns: not significant. R?: coefficient of determination. Coefficient of variation:

o/u, where o: standard deviation, and y: average.

A regression model was fitted for the root dry weight values at different VWC for the
cultivars ‘Sweet Heaven’ and “‘Mascot F1'. The estimated optimum VWC were 0.319 and
0.330 m® m~3, corresponding to a mean root dry weight of 9.79 and 12.32 g plant~! for
‘Sweet Heaven” and ‘Mascot F1’, respectively (Figure 2). The “Mascot F1” cultivar exhibited
higher values for root dry weight than ‘Sweet Heaven'.
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Figure 2. Root dry weight of two cherry tomato cultivars in response to increasing volumetric water
contents. Each data point is the average of four replications (1 = 4). The equations were fit using

all replications.

3.2. Fruit Quality

The fruit quality parameters (longitudinal and equatorial diameter and soluble solids
content) increased linearly with the increase in VWC without differences between cultivars
except for the soluble solids content. The total phenolic content and antioxidant capacity

did not differ between VWC and cultivars’ tested levels (Table 2).
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Table 2. Longitudinal and equatorial diameter, total phenolic, antioxidant capacity, and soluble solids content of two cherry

tomato cultivars in response to increasing volumetric water contents (VWC).

Longitudinal Equatorial Total Phenolic Antioxidant Soluble Solids
Diameter Diameter Capacity Content
(mm) (mm) (EqAG mg/g) (ICsp, ng/mL) (%)
Cultivar
‘Sweet Heaven’ 2241 +£2.50 18.15 +2.24 211.41 £31.14 2849.83 + 821.00 9.03 +0.44Db
‘Mascot F1’ 21.82 +2.91 17.83 +2.77 235.44 + 54.41 2942.69 + 603.59 9.33+0.74a
VWC
0.23m3 m—3 18.11 £1.65¢ 1425+ 144 ¢ 221.08 £ 45.16 3254.62 4+ 860.89 993+ 049 a
0.30m®m—3 22824+ 0.15b 18.48 £ 0.32b 241.66 £+ 57.20 2695.82 + 673.79 9.20 £ 0.32b
0.37 m® m—3 22.83+1.14b 18.70 £ 0.75b 225.32 + 43.88 2551.66 4+ 502.66 9.03 +£0.37b
0.44 m3 m—3 24.71 £ 0.80 a 20.53 £ 0.53 a 205.63 £ 33.08 3082.93 4 647.25 8.58 = 0.35¢
Source of
. p-values
variation
Cultivar 0.1082 s 0.2798 ns 0.1713 s 0.1868 M 0.0403 **
VWC <0.0001 * <0.0001 * 0.4757 1s 0.1243 s 0.0001 *
Cultivar x VWC 0.2638 1S 0.1256 ¢ 0.3173 1 0.6980 s 0.1745 1S
R? 0.8251 0.8575 0.9144 0.9894 0.9434
Coefficient of 4.35% 4.40% 20.91% 22.81% 4.04%
variation

The data presented is the mean =+ standard deviation (1 = 4). Means followed by lowercase letters in the column differ statistically by Tukey
multiple comparisons test. Where, * p < 0.01, ** p < 0.05, and ns: not significant. R?: coefficient of determination. Coefficient of variation:
o/u, where o: standard deviation, and y: average.

The increase of 0.01 m3 m~2 in VWC resulted in an increase of 0.396 and 0.381 mm
in the fruit’s mean longitudinal and equatorial diameters. The longitudinal diameter was
22.41 mm for ‘Sweet Heaven’ and 21.82 mm for ‘Mascot F1’; the equatorial diameter was
18.15 and 17.83 mm for the two cultivars, respectively (Figure 3).

30 25
A

25 4 = 20 4 ‘/(_‘,.,-o

20 A .
15 B

10 A

Longitudinal diameter, LD (mm)
O
Equatorial diameter, ED (mm)

LD =9.241+39.620xVWC; R’=0.8251 ED = 5.601+38.120xVWC; R’ =0.8575

T

0.23 0.30 0.37 0.44 0.23 0.30 0.37 0.44

Volumetric water content, VWC (m’ m ) Volumetric water content, VWC (m’ m™)

Figure 3. Longitudinal (A) and equatorial (B) diameter of two cherry tomato cultivars in response to increasing volumetric
water contents. Each data point is the average of four replications (1 = 4). The equations were fit using all replications.

There was a decrease in soluble solids content with increasing VWC (Figure 4). On
average, ‘Mascot F1” showed a soluble solids content (9.33%) 3.32% greater than ‘Sweet
Heaven’ (9.03%). According to the linear fit equation presented in Figure 4, an increase of
0.01 m® m~3 in VWC resulted in a reduction of 0.0838% in the soluble solids content.
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Figure 4. Soluble solids content of two cherry tomato cultivars in response to increasing volumetric
water contents. Each data point is the average of four replications (1 = 4). The equations were fit

using all replications.

3.3. Number of Irrigation Events, Fruit Yield, and Water Use Efficiency

The treatments with VWC 0.23, 0.30, 0.37, and 0.40 m® m ™~ presented 427, 573, 768,
and 964 irrigation events, resulting in the water applied (depth) of 258.79, 347.27, 465.45,

and 572.12 mm, respectively. Treatment with VWC 0.44 m3

m 3 applied a total water depth

of 572.12 mm, 121.07% greater than VWC 0.23 m3 m~3 at 258.79 mm.
Fruit yield and WUE showed no statistical differences between the cultivars (Table 3);
both parameters increased linearly with the increasing VWC (Figure 5).

Table 3. Fruit yield and water use efficiency of two cherry tomato cultivars in response to increasing

volumetric water contents (VWC).

Fruit Yield Water Use Efficiency
(tha1) (kg m—3)
Cultivar
‘Sweet Heaven’ 6.20 + 3.41 1.43 + 0.49
‘Mascot F1’ 6.60 &+ 3.35 1.53 £ 0.49
VWC
0.23m3m—3 246+ 0.62 ¢ 0.95+ 0.24 ¢
0.30 m® m—3 599+ 141b 1.73 £ 0.41 ab
0.37m3m™3 6.15+142b 1.32 + 0.30 be
044 m®m™3 1099 + 1.62 a 1.92 +0.28a
Source of variation p-values
Cultivar 0.5035 1 0.4752 1s
VWC <0.0001 * 0.0002 *
Cultivar x VWC 0.7954 ns 0.6798 1s
R? 0.9004 0.5555
Coefficient of variation 25.71% 26.06%

The data presented is the mean =+ standard deviation (1 = 4). Means followed by lowercase letters in the column
differ statistically by Tukey multiple comparisons test. Where, * p < 0.01 and ns: not significant. R?: coefficient of
determination. Coefficient of variation: o/, where o: standard deviation, and y: average.

Fruit yield showed an increase of 0.368 t ha~! for every 0.01 m® m~2 increase in the

VWC (Figure 5A). A higher yield of cherry tomato and WUE (Figure 5B) was observed for
the VWC 0.44 m® m~3, with 10.99 t ha=! and 1.92 kg m 3, respectively. The treatments with
VWC 0.23,0.30, and 0.37 m® m 2 achieved WUE of 0.95, 1.73, and 1.32 kg m 2. Increasing
the VWC from 0.23 to 0.44 m® m 3 resulted in a 346.75% increase in fruit yield.
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The plants exposed to deficit irrigation, i.e., plants grown in soils with VWC 0.23 and
0.30 m® m~3, showed water deficit symptoms such as flower drop and wilting, reduced
growth, and production of small-sized fruit.
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Figure 5. Fruit yield (A) and water use efficiency (WUE) (B) of two cherry tomato cultivars in response to increasing
volumetric water contents. Each data point is the average of four replications (1 = 4). The equations were fit using

all replications.

4. Discussion
4.1. Morphological Parameters

In this study, the increase of VWC did not show significant differences in plant height,
stem diameter, root fresh and root dry weight. The crop response to deficit irrigation
depends on the period and extent of water deficit [32]. The results obtained in this study
were similar to [33], which investigated the effect of irrigation levels on tomato plants
grown in a greenhouse and reported no significant differences in plant height of plants
subjected to different treatments.

The stem diameter increased linearly with the increase in VWC, probably due to the
most frequent irrigation. Despite the potential for carbohydrate accumulation along the
phloem (data not shown) [34], there was no significant difference between VWCs.

Tomatoes can develop a deep root system, increasing the plants” water availability
and attenuating the harmful effects of water deficit [35]. In shallow soils or flexible pots,
as in our experiment, the development in biomass of the root system was induced by a
moderate water deficit, permitting greater secondary root branching and the main root
deepening. However, the smaller volume of water available resulted in water stress and
negatively impacted the fruit yield and WUE. For treatments without deficit irrigation,
the root system showed more thin lateral roots in the upper layer. Earlier studies revealed
that stomatal regulation is controlled through chemical signals from plant roots to the
leaves, exposing plant roots to drying cycles [36]. Other mechanisms controlling stomatal
aperture include hydraulic signals [37], water balance, leaf area and root system length
reduction [38].

4.2. Fruit Quality

Several studies have demonstrated that deficit irrigation decreased the tomato fruit
yield but improved the fruit quality [35,39,40]. Deficit irrigation has been used to reduce wa-
ter use and increase the functional quality of tomatoes, including the effects on carotenoid
and phenolic compounds [41].

The results showed an increase in soluble solids content inversely proportional to
the irrigation amount in this study. For the longitudinal and equatorial diameter, the
increase was directly proportional to the increase in the volume of water applied. The
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linear equation models obtained in this study are like those observed by other authors
evaluating tomatoes’ horticultural responses to different irrigation levels [42-46].

The accumulation of photo-assimilates in fruit under water stress may be caused by
reduced fruit expansion and decreased water content, which causes osmotic stress [47,48].
A reduction in fruit size under deficit irrigation is mainly attributed to reducing water
rather than reducing assimilates imported into the fruit [49]. The translocation of phloem
sap to fruit is impeded under water deficit, increasing the sap solute concentration [31].
This could reduce water flow from the xylem to the fruit [50].

In this study, ‘Mascot F1’ showed a soluble solids content 3.32% greater than ‘Sweet
Heaven’, suggesting this parameter is crop-specific and that it can be influenced by horti-
cultural traits [51]. The soluble solids content in all treatments in this study ranged from
8.58% to 9.93% and were higher than reported by [52] (7.6% to 7.7%), [53] (7.1% to 8.3%)
and [35] (6.9% to 7.3%).

The total phenolics did not change with irrigation and cultivar, similar to [54]. This
response might be the case since phenolics are components of plant tissues. Their distri-
bution is influenced by light and environmental conditions [53], which tend to be more
homogeneous in a protected environment.

4.3. Number of Irrigation Events, Fruit Yield, and Water Use Efficiency

Several authors studying the fruit yield of tomato plants under different irrigation
water depths have reported a linear and positive relationship between tomato yield and
irrigation levels, similar to the present study [33,46].

It is well-known that high temperature and low irrigation frequency negatively affect
the physiological processes in tomato plants, reducing the crop’s horticultural perfor-
mance [55]. The WUE was higher on VWC 0.44 m3 m3 due to a high irrigation fre-
quency, while in VWC 0.23 m® m 3, the WUE was extremely low because of the reduced
irrigation frequency.

The increase in air temperature inside greenhouses reduces the yield and quality of
several crops. Ihuoma et al. [56] explained that tomatoes could tolerate a moderate degree
of stress, with about 20-30% depletion in available soil moisture in the plant root zone
without significant fruit yield loss. Generally, a reduction of fruit weight occurs under
more extended and intense periods of stress [35]. Our study recorded high temperatures
inside the greenhouse during the experimental period since the greenhouse used had no
temperature control system (Figure 1). A potential reduction in the number of fruit may be
explained by the abortion of the flowers or the early drop of small fruit. Such responses
can be alleviated by optimizing greenhouse water management [57], such as keeping a
higher VWC to provide water as needed to the crop.

The WUE may vary greatly depending on the tomato cultivars, irrigation system,
climatic conditions, and water quality [58]. The water deficit reduces water use, but it
can negatively impact the fruit yield when applied continuously and not only in specific
phenological phases [57].

The WUE decreased with increasing water shortage in the root zone, indicating that
marketable fruit yield losses are proportionally greater than the reduction of water used
by crops [35]. WUE responses to water shortage depend on the level of water stress
experienced by the crop. Wang et al. [58], studying an extensive tomato germplasm
collection cultivated under well-watered and water deficit conditions, concluded that the
water deficit affected all the tomato cultivars tested, with a general decrease in fruit yield
and increase in fruit quality.

Da Silva et al. [59], evaluating fruit yield and quality of greenhouse-grown tomato
under limited water supply, noted that applying 1/3 or 2/3 of total irrigation amount at
the fruit maturation and harvesting stage decreased the fruit yield by 23-41% but had the
best fruit quality.

In the present study, a higher efficiency was founded for the treatment that applied
a water depth of 572.12 mm. Silva et al. [42] obtained greater efficiency in water use in
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treatments that applied water depth between 504 and 666 mm, while [51] found greater
water use efficiency in the treatment that applied 582.7 mm. Other studies with tomato
crops grown in different water depths in greenhouses [60,61] have shown that water deficit
at different growth stages can directly affect the crop, significantly reducing plant growth
and fruit yield.

In summary, a direct positive and linear correlation was found for fruit yield and
WUE with an increase in soil VWC. Tomato fruit yield sharply decreased with the decrease
in VWC to trigger irrigation (less water available), confirming that tomato crops require
large amounts of water to sustain high yields.

5. Conclusions

This study tested the hypothesis that regulated soil water content improves the fruit
yield, quality, and WUE of greenhouse tomatoes if the appropriate water content is main-
tained. The positive linear relationship between soil water content and cherry tomatoes’
fruit quality provides the scientific basis for improving greenhouse crop production. The
results showed that increasing the VWC could significantly boost fruit yield, longitudinal
and equatorial diameter, and WUE of two tomato cultivars. The results confirmed that
severe water stress has a negative effect on cherry tomato fruit yield and WUE. In contrast,
deficit irrigation increased the fruit soluble solids by 15.73% in both cultivars. Analysis
of all experimental data revealed that the VWC 0.44 m® m 2 was optimal, resulting in
the highest fruit yield, longitudinal and equatorial diameter, and 102.10% higher WUE
when compared to the VWC 0.23 m® m~2 in both cultivars. These results strongly suggest
that accurate control of the soil VWC is essential to modulate the fruit yield and quality
attributes in tomatoes produced in the greenhouse.
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