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Abstract: The tomato is a vital component of agriculture and is the second-most important vegetable
globally. Maintaining a high tomato production requires both water quality and quantity. Water-
scarce regions like Saudi Arabia still lack an understanding of the impact of deficit irrigation and the
use of a blend of saline and freshwater, especially their nuanced impact across growth stages. The
purpose of this study was to evaluate the effects of six different irrigation amounts: full irrigation
with 100% ET. (FI), regulated deficit irrigation with 60% ET. (DI), and deficit irrigation with 60%
ET,, except for the initial (DI-int), development (DI-dev), mid-season (DI-mid), and late-season
(DI-1at) stages. This was performed with three different water qualities: fresh (FW), saline (SW), and
fresh-saline blend (1:1) (MW) water. FW and MW enhanced the growth, physiology, morphology,
yield, and quality, while SW had the lowest values. DI reduced these parameters and lowered yields
by 13.7%, significantly improving water use efficiency (WUE) by 44% and fruit quality. DI-mid or
DI-lat slightly improved yields while remarkably decreasing WUE and fruit quality. DI outperforms
deficit irrigation in all growth stages except one, and countries with limited freshwater resources can
benefit from a mix of fresh and saline water with a 60% ET. deficit irrigation, resulting in greater

water savings.

Keywords: water and salinity stresses; greenhouse; drought; growth stage; water use efficiency

1. Introduction

The tomato is the second-most important vegetable globally after the potato. De-
spite its economic significance, the tomato is among the most water-intensive crops [1,2].
This poses a challenge for achieving high production in a dry country like Saudi Arabia,
which lacks permanent water bodies [3,4]. Over the past three decades, there has been a
notable increase in the extraction of groundwater in KSA, resulting in an annual volume
that exceeds 17 billion cubic meters [5]. At present, approximately 80% of the nation’s
water demands are met by groundwater sources [6]. However, the issue of groundwater
salinization, particularly in regions like Al-Kharj, where a majority of wells are classified as
saline, poses a significant concern [5]. Despite these challenges, the annual replenishment
of groundwater remains limited [7,8]. To overcome this, the country utilizes its oil resources
to power desalination plants and provide drinking and irrigation water [9]. Surprisingly,
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Saudi Arabia ranks third globally in per capita freshwater consumption despite being
one of the driest nations on Earth [9]. The sensitivity of tomatoes to drought stress varies
across different growth stages, and they also exhibit sensitivity to saline water, a significant
challenge in regions facing freshwater scarcity [10]. Therefore, understanding the response
of tomato plants to deficit irrigation becomes crucial. Identifying the most sensitive growth
stages and developing strategies to minimize the use of freshwater are essential steps in
ensuring sustainable tomato cultivation in water-scarce environments.

According to FAOSTAT [11], the production of tomatoes exceeds 5 million hectares
annually, which makes them a key horticultural crop globally. As reported by MEWA [12],
the Riyadh region produced 49,128.7 tons of tomatoes, proving the importance of high-yield
tomatoes in Saudi Arabia’s supply of food. Fiber, antioxidants, minerals, and vitamins A
and C are abundant in tomatoes [13], giving dishes taste and color. In addition to their
numerous nutritional benefits, they are a good source of potassium, phosphorus, and
phenolic compounds that are beneficial to human health [14-18]. The tomato stands out as
one of the most water-demanding crops [1]. Numerous studies on tomatoes have indicated
a yield response factor ranging from 0.99 to 1.05 [10]. In cases where water is insufficient
during the growth cycle, the consequences extend to diminished growth, altered physiol-
ogy, reduced yield, and compromised quality in tomato plants. A meta-analysis conducted
by Lu et al. [19] indicated that RDI reduced Y by a mean difference of 18.61 t ha—!. Agbna
et al. [20] observed that deficit irrigation at 50% ET. and 75% ET. resulted in lower fresh
plant weight, dry plant weight, fresh root weight, and relative leaf water contents in tomato
crops compared to 100% ET.. However, deficit irrigation (DI) emerges as a valuable strat-
egy for conserving water in both open fields and controlled environments, especially in
arid and semi-arid regions where water is the most constraining factor for tomato cul-
tivation [10]. Deficit irrigation is a widely used water-saving strategy accomplished by
applying suboptimal amounts of water, which may or may not lead to some reduction in
yield [21,22]. While it does not directly boost growth and yield, it can significantly impact
water use efficiency by modifying the physiological processes of plants, resulting in sub-
stantial water savings [23,24]. In most studies, the acceptable level of deficit irrigation has
consistently improved the water use efficiency of tomato crops, with minimal to marginal
reductions in yield [23,25]. However, limited literature is available about the sensitivity of
deficit irrigation in tomato production. In Saudi Arabia, the water supply is sourced from
various outlets, with groundwater, surface water, desalinated water, and reclaimed water
contributing 80%, 10%, 5%, and 5%, respectively. The agricultural sector is the predominant
consumer, utilizing 85% of the total water consumption, while the domestic and industrial
sectors account for the remaining 15% [26]. This distribution underscores the significance
of freshwater resources, which face challenges such as annual increases in consumption
and water quality degradation [9]. On the other hand, the sustainability of freshwater
resources in Saudi Arabia is jeopardized due to climate change, which causes variations in
rainfall and temperature patterns and magnitudes [27]. Therefore, it becomes imperative
to embrace strategies that reduce freshwater usage in agricultural production without
compromising the yield and quality of tomato crops. One viable approach involves the
utilization of saline water in agriculture, with careful management, such as blending saline
and freshwater in appropriate proportions and alternating their application. However,
there is a scarcity of studies demonstrating the impact of mixed saline and freshwater on
tomato production in Saudi Arabia.

Drought stress has a major impact on tomato yield and quality at different stages of
growth. Cui et al. [28] divided the growth stages into three stages, the vegetative phase
(stage I), the flowering and fruit development phase (stage II), and the fruit ripening phase
(stage III), and applied drought by changing the soil water content to 70% of the field
capacity at each stage. At stages Il and III, the drought stress resulted in a 13% and 26%
reduction in yield, respectively. Further, indicators of nutritional quality such as vitamin
C, soluble sugar, organic acids, and total soluble solids increased. In addition, drought
stress at stage I can be a beneficial management strategy because it conserves water and has
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fewer negative consequences. However, Nuruddin et al. [29] found that the flowering and
fruit setting stages were the most vulnerable to water deficiency, resulting in significantly
lower yield, fruit size, and lower-quality fruit. Patane et al. [30] report that plants receiving
full watering during flowering showed higher levels of leaf transpiration and stomatal
conductance. Full irrigation resulted in the greatest fruit yield, while a severe water deficit
during flowering lowered yields. Alshami et al. [31] investigated the impact of various
irrigation and water salinity levels on greenhouse tomato cultivation in Saudi Arabia. The
study employed four irrigation levels, 100%, 80%, 60%, and 40% of ET,, and three distinct
water concentrations, 0.9, 2.25, and 3.6 dS-m~!. The results indicate that salinity has a
significant impact on fruit quality, yield, and crop responses. Under 2.25 dS-m ™! conditions
and 60% ET. irrigation, there was a noticeable increase in water productivity. In addition,
80% irrigation was advised for 3.6 dS-m ! considering the yield was comparable to that
of full irrigation. Regarding 0.9 dS:‘m~!, a 60% deficit irrigation yields the best water
savings. These results have prompted further research into designing irrigation strategies
that provide full irrigation at the most affected growth stage with a 60% deficit irrigation
level to increase yield and water productivity. Al-Omran et al. [32] and De Pascale et al. [33]
indicate that the use of saline irrigation water hurts the interactions between soil, water,
and plants, which frequently has consequences on physiological processes and potential
for agricultural productivity.

The effects of various water qualities (fresh, saline, and mixed saline and fresh) and
deficit irrigation at different tomato growth stages have yet to be thoroughly researched
in Saudi Arabia’s specific soil and climate circumstances. Our study aims to investigate
the hypothesis that a blend of saline and freshwater, in conjunction with deficit irrigation
during a specific growth stage, could improve tomato production in Saudi Arabia while
also conserving freshwater resources. The main objectives of the study were as follows:
(i) a comparison of the effects of fresh, saline, and mixed water on tomato growth, physiol-
ogy, and yield; (ii) a comparison of full and deficit irrigation on tomato growth, physiology,
and yield; (iii) an evaluation of the tomato growth stage in which deficit irrigation is not
too harmful to the growth, physiology, and yield of tomato production.

2. Materials and Methods
2.1. Experimental Site

The experiments were conducted in a greenhouse environment during the year 2022
at Thadaq district in Riyadh, Saudi Arabia, at an elevation of 722 m above the mean
sea level and with a location of latitude 25°17'40” N and longitude 45°52'55” E. The soil
and irrigation waters used in the experiment were analyzed for their physiochemical
characterization (Table 1).

2.2. Experiment and Treatment Setup

The experiments were conducted in a controlled greenhouse environment on 9 Septem-
ber 2022. The multi-span greenhouse was 40 m in length and 54 m in width. It was 10.8 m
in width and 4.5 m in height when divided into five spans. By using ventilation and
evaporative cooling, traditional cooling was used to remove surplus sensible heat. A pad
and air system with an 8 m X 2m x 15 cm cellulose pad wall and three 1.5 HP fans (EOS50
fans, Termotecnica Pericoli, Albenga, Italy), each with an hourly capacity of 40,000 m3h1,
were installed on each span.

The greenhouse was kept at 26 °C during the day and 19 °C at night, with a relative hu-
midity of 75%, to ensure sustainable environments. An analog thermo-hygrometer (model
45-2000, Fischer Instruments, Drebach, Germany), which had an accuracy of £5% for RH
and +1 °C for T, was used to monitor the relative humidity and temperature within the
greenhouse (Figure 1). A randomized complete block design with a split-plot arrangement
was employed for the treatments. The primary focus was on saltwater treatments, with vary-
ing irrigation intensities serving as sub-factors. Tomato plants (Solanum lycopersicum L.),
an indeterminate variety from China, sold under the brand name Tamara, were planted
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directly in the ground inside the greenhouse, with each experimental unit sized 6 x 1 m,
planting rows separated by 1 m, and individual plants 50 cm apart. The experiment com-
prised a total of 18 treatments, resulting from the combination of three distinct saline water
treatments: fresh water (FW), saline water (SW), and a 1:1 mixture of fresh and saline water
(MW) with six amounts of irrigation distributed on different stages of growth (Table 2 and
Figure 2).

Table 1. Physical and chemical characteristics of soil and irrigated water at the experimental site.

Soil Physical Properties

Soil Depth  Bulk Density ~ CaCO; Organic Mechanical Analysis (%) Saturation Field Wilting
(cm) (g em®) (%) Matter (%) Sand Silt Clay Soil Texture % Capacity % Point %
0-25 1.59 159 0.5 89 4.5 6.5 Loamy sand 254 18.1 8.5

25-50 1.57 23.2 1.0 779 115 10.6 Sandy loam 26.1 18.9 11.2
Chemical analysis

Soil depth - EC Cations (meq L™1) Anions (meq L) SAR

(cm) P (dSm™) Ca?t Mg?* Na* K* 50,2~ HCO;~ Cl-
0-25 7.45 391 8.17 226 184 14 25.38 12 25.83 2.03
25-50 7.39 3.77 14.17 131 136 9.9 11.08 24 11.08 414
Water EC Cations (meq L1 Anions (meq L1 SAR
H
sample P (dS'm™) Ca?t Mg?* Na* K* CO52~ HCO;~ Cl-
Freshwater 7.1 0.9 42 24 7.3 0.13 0 2 7.2 4.02
Saline water 7.52 3.6 2.8 22 3204 029 0 2.87 31.29 20.26
100
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Figure 1. Minimum (T,) and maximum (Ty) daily air temperatures, and Minimum (RHy) and
maximum (RHy) relative humidity during cultivation days inside the greenhouse.
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Table 2. Description of treatments used in the experiment.

Treatment
— - Description Conductivity (dS-m~1)
Irrigation Quality
FW Fresh water (FW) 0.9
SW Saline water (SW) 3.6
MW 1:1 mixture of fresh and saline water (MW) 2.25
Irrigation amount < Initial iDevelopment E Mid-season Stage i Late-season> (mm) % ET.
* FI < i i Full irrigation with 100% ET. (FI) i > 744.64 100
* DI < ; | 60% ET. at all stages i > 14679 60.0
DI-int o : 60% ET, i > 47219 63.4
Di-dev {60%ET,. T R | 60% ET, ; > 48817 65.6
DI-mid < 60% ET, : FI | 60%ET. >  617.13 82.9
DI-lat < i I 60% ET, i FI > 50751 68.2

* Gray color refers to full irrigation; ** white color refers to 60% ET. deficit irrigation.
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Figure 2. The layout of the experiment and the randomization of treatment conditions.
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ETofpan

Adhering to standard agricultural practices for greenhouse tomato production, pro-
cedures such as fertilizer application, insect management, and soil sanitation were im-
plemented. Notably, nitrogen, phosphorus, and potassium fertilization were applied at
rates of 285, 142, and 238 kg ha~!, respectively. Plants were maintained at a height of
2 m, with the stem wrapped around the plant on the ground if it grew above the allowed
height (2 m) over the 249 day growing season. The irrigation system was designed utilizing
a 63-mm diameter UPVC pipe that came from a pump (STA-RITE, Delavan, WI, USA)
that was located outside the greenhouse and had the following features: Q = 14.5m3 h™!,
H =36 m, and a 1.5 HP power rating. The pipeline extended inside the greenhouse and
terminated with lateral PE pipes, each 16 mm in diameter. The drip system utilized TURBO
PC pressure-compensating emitters, which had a discharge of 4 L h~—!. These emitters,
which were produced by Jain Irrigation Systems Ltd. In India, were spaced 50 cm apart
along the lateral length (Figure 2).

2.3. Crop Water Requirement Calculation

Pan reference evapotranspiration (ETo-pan) within the greenhouse was estimated based
on the FAO-56 recommendations [34] for Class A evaporation pans installed on bare soil
(Case B). The evaporation pan device was placed at a 1 m distance from the plants as per
the recommended protocols. The Eto-pan was computed in a way described below:

= Epan(0.61 + 0.00341-RHmean — 0.000162-3-RHimean — 0.00000959-uy-EFT
+0.00327-uy - In(EFT) — 0.00289-u-In(86.4us) (1)

—0.0106-In(86.4uy) In(EFT) + 0.00063-[1n(EFT)]2-1n(86.4u2))

where RHpean is average daily relative humidity (%) = (RHmax + RHpmin)/2, uy is the
wind speed at 2 m above the ground (m-s~!), and FET is the fetched or distance of the
identified surface type (bare soil for case B upwind of the evaporation pan). The tomato
crop evapotranspiration was calculated according to the following equation [34]:

ET. = ETo-Ke )

where ET. represents the crop water requirement (mm day ') and K. denotes the crop
coefficient. The crop’s growth cycle is divided into four interval stages: the initial (begins
with the planting date and ends with around 10% ground cover), development (extended
from 10% ground cover to effective full cover), mid-season (ranging from effective full cover
to the initiation of maturity), and late-season stages (the period from the start of maturity
to full senescence), each of which lasts for 35, 45, 135, and 30 days, respectively. For each
of these stages, specific K. values were applied. Allen et al. [34] offered specific K. values,
marked as Kcini, Kemid, and Keeng, to tomato crops. Furthermore, the K. values were
modified according to a variety of factors, including ET,, RHmean, and u,. The adjusted
Ke-ini, referred to as K injagj, was calculated as follows:

Kc—ini—adj = fw'Kc—ini(Fig) ©)

Where fy is the fraction of surface wetted by irrigation and K ini (rig) is the obtained initial
crop coefficient from Figure 29 at FAO-56 [34], depending on the time of wetting events,
amount of the wetting event, and the level of ET,,.

While adjusted, the Kc_jpiq and K eng are referred to as the Ko mig-adj and K end-adj,
utilizing the following formula given by Allen et al. [34]:

h 0.3
Kcfmid/enclfadj = Kc—mid/end—tab + [0'04(u2 - 2) - 0'004(RHmin - 45)] <3> 4)

where K.}, is the value for standard K. of the mid-season or end as specified in FAO-56 [34],
and RHyyin, up, and h are the mean values calculated over the duration of the stage period
for the daily minimum air relative humidity, wind speed, and crop height, respectively.
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The adjusted K, values were 0.60 for the initial stage, 1.22 during the mid-season, and 0.80
for the end.

2.4. Growth and Physiological Parameters

At the end of the season, three plants from each replication sample were analyzed
for their morphological characteristics. Plant height (h) and stem thickness (ST) were
measured using a measuring scale. The leaf area (LA) measures were obtained from digital
photographs and calculated with Image] software [35] using version 1.51j8. Furthermore,
the leaves were enhanced for examination by using contrasting colors to make them darker
(black). The wet and dry weights of the plants (WS,, and WSy), which included both leaves
and stems, were measured. The weights were determined using a digital scale, and samples
were dried in a forced-air oven at 70 °C until they reached a constant weight.

The stomatal conductance (gs), photosynthetic rate (P,), and transpiration rate (T;)
were measured from three mature leaves that were situated above the crop canopy, which
were chosen for each replication using an LI-6400XT (LiCor Inc., Lincoln, NE, USA) portable
photosynthetic equipment. Samples were collected between the hours of 8 and 10 in the
local time zone, in the middle of each growth stage. The chlorophyll index, determined
using the Soil-Plant Analysis Development (SPAD) value, was evaluated to calculate the
leaves’ chlorophyll using the SPAD 502 Plus Chlorophyll Meter, (Konica Minolta Inc.,
Tokyo, Japan). The measurements were performed in the middle of each growth stage.

Fruit samples were taken at the end of the season from three mature plants for each
replication to measure citric acid (CA, %), vitamin C (VC, mg 100 g_l), and total soluble
solids (TSS, %). The TSS was measured using a digital refractometer (PR-101 model,
ATAGO, Tokyo, Japan). The tomato was blended and filtered to extract the flesh [36]. The
CA was calculated by technique of Caruso et al. [37]. Patane et al. [25] description of the
2,6-dichlorophenol-indophenol dye method was used to evaluate the volatile compounds
of VC in the extracted juice.

2.5. Total Yield and Water Use Efficiency

After the fruits from each treatment group were directly harvested and weighed, the
total fresh tomato yield (Y), expressed in kg m 2, was calculated. The water use efficiency
was calculated by dividing the total fresh fruit yield (Y, kg m~2) by the cumulative amount
of water applied (w, m3 m~2) [1].

WUE = Y )
w

The yield reduction (YR) and the water use efficiency improvement (WUEI) were

computed using the following equations [1,38]:

Y.—-Y
YR (%) = ——— x 100 (6)
C
WUE — WUE
WUEI (%) = % x 100 7)
C

where Y. and WUE. represent the yield and water use efficiency of a control treatment,
which refers to full irrigation with freshwater treatment (FW-FI), and Y and WUE represent
the yield and water use efficiency of a specific irrigation quality and quantity treatment.

2.6. Statistical Analysis

A randomized complete block design with a split-plot layout was used as the study
methodology, and the mean =+ standard error (S.E) was used to present the results. An
analysis of variance (ANOVA) and the revised least significant difference (LSD) test were
used to determine the statistical significance of differences among the main components
at a confidence level of 0.05. The Costat software (version 6.311) was used to analyze the
data [39].
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A principal component analysis (PCA) was utilized in the study to find the parameters
that had a significant effect on the study’s variables. In this investigation, a PCA was
performed using XLSTAT software (version 2019.1, Excel Add-ins Soft SARL, New York,
NY, USA). The study’s variables included yield, physiological characteristics, morphology
traits, fruit quality, and water use efficiency.

3. Results
3.1. Photosynthetic Rate, Stomatal Conductance, Transpiration Rate, and Chlorophyll Index

Table 3 shows that, at p < 0.05, the irrigation type, amount, and interactions had
significant effects on the photosynthetic rate (Py,), transpiration rate (T;), stomatal con-
ductance (gs), and chlorophyll index (Chl-I). The use of SW led to the lowest values for
these parameters, while the use of FW resulted in higher values. The MW showed an
intermediate response, positioned between the SW and FW conditions. The P, increased
by 24.2% and 9.6%, the g5 by 25.3% and 4.4%, the T; by 29.7% and 10.9%, and the Chl-I by
23.9% and 6.7% in the FW and MW treatments, respectively, compared to SW irrigation. In
contrast, all deficit irrigations resulted in a lower Py, gs, Tr, and Chl-I compared to FI. The
most significant reduction in the Py, g5, Tr, and Chl-I was seen where DI was applied. The
DI showed a 16.9%, 21.2%, 25.5%, and 16.7% reduction in Py, g, T, and Chl-I, respectively,
compared to the FL

Table 3. Impact of water quality and water amount on photosynthetic rate (P,), stomatal conductance
(gs), transpiration rate (T;), and chlorophyll index (Chl-I).

- . Py T, gs Chl-I
Irrigation Quality (umol CO, m—2s-1) (mmol H,O m—25-1) (mmol H,O m—25-1) (SPAD)
FW 15.59 a 1.14a 3.58a 42.15a
MW 13.75b 095b 3.06b 36.27b
SW 12.55 ¢ 091 ¢ 2.76 ¢ 34.01c
p-value 0.000 0.000 0.000 0.000
LSD 0.060 0.032 0.039 0.378
Variance 0.004 0.001 0.002 0.167
Irrigation amount
FI 15.64 a 1.18 a 3.84a 4193 a
DI 12.99 £ 093d 2.86d 34.94 f
DI-int 13.28 e 094d 2.96 ¢ 35.56 e
DI-dev 13.43d 0.95 cd 2.96 ¢ 36.7d
DI-mid 14.42Db 1.02b 3.12b 38.28 b
DI-lat 14.04 ¢ 0.98 bc 3.08 b 3745 c
p-value 0.000 0.000 0.000 0.000
LSD 0.078 0.041 0.089 0.395
Variance 0.007 0.002 0.009 0.168
Interaction of irrigation quality and amount
p-value 0.000 0.76 0.08 0.000
LSD 0.136 0.070 0.155 0.683
Variance 0.007 0.002 0.009 0.168

The LSD test: values that share the same letter are not considered significantly different at the 0.05 probability
level. The data is an average of the measurements taken in the middle of each growth stage.

Figure 3a shows a notable fluctuation in the Py, values across different water quantities and
quality treatments. At the FI, FW had the greatest Py, value of 17.13 umol CO, m~2 s~!, while
MW and SW decreased by percentages of 8.8% and 17.4%, respectively.
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Figure 3. Interaction effects between water quality and irrigation water amounts on (a) photosynthesis
(Pn) and (b) chlorophyll index (Chl-I) for FW (fresh water), MW (mixed water), SW (salinity water),
full irrigation (FI), deficit irrigation of 60% ET. for all stages (DI), and FI in a single stage (initial,
development, mid-season, or late-season) and deficit irrigation of 60% ET. in the remaining stages
(DI-int, DI-dev, DI-mid, and DI-lat). The data is the mean value + standard error, and the LSD
test was conducted at the 5% level (p < 0.05), and distinct letters in the figure indicate significant
differences between treatments.

In the DI-mid treatment, FW had the second highest P, at 16.43 umol CO?m2s7 1,
with a 4.1% reduction compared to the control treatment (FW-FI), while reductions were
17.3 and 26.2% for MW and SW. For each water quality, the P, for deficit treatments
decreased in the following order: DI-lat, DI-dev, DI-int, and DI. These patterns underscore
the intricate interplay between water quality, irrigation amounts, and their combined
impact on Py, especially in deficit irrigation conditions where the negative impacts of
salinity are enhanced.

Significant differences in the quality of the water were evident in the Chl-I values in the
FI (Figure 3b). The highest value was recorded in FW at 47.6, followed by MW at 40.3 and
SW at 37.9. The Chl-I results from the examination of different stages of deficit irrigation
revealed recurring Py, tendencies. The DI-mid revealed the greatest Chl-I values for FW
(43.1), MW (37.0), and SW (34.7), following a trend toward a decline with the order of DI-lat,
Di-dev, DI-int, and DI. At a significance level of 0.05, the results in Table 3 indicated that
there was no significant effect on the interaction between irrigation quality and quantity
for both the T; and g,

The correlation results in Table 4 show the magnitude and trend of the correlations
between P, with g5 and T, under different water quality conditions. In FW conditions,
there was a slightly significant positive connection between P, and gs, indicating that as P,
increased, so did the conductance to water. The connection was significantly stronger in
SW and even more so in MW. Similarly, the P, and T; had a very significant relationship in
FW, which was even stronger in SW and MW conditions. These connection findings show
the significance of water availability and management in impacting tomato physiological
processes, particularly under salinity conditions.
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Table 4. Pearson’s correlation among the measured variables within fresh, saline, and mixed water.
Fresh Water
Yield WUE s Pn T, Chl-I ST h LA WSw WS4 CA TSS vC
yield
WUE —0.72 ***
s 0.90 **** —0.69 **
Pn 0.74 *** —0.94 % 0.70 **
T, 0.94 *##* —0.81 **** (.86 **** 0.85 ****
Chl-I 0.88 **** —0.89 **** (.83 **** 0.93 **** 0.95 ****
ST 0.94 **** —0.84 **** (0,97 *** 0.85 **** 0.97 **** 0.95 ****
h 0.97 *#** —0.74 *** 0.97 **** 0.74 *** 0.94 **** 0.88 **** 0.96 ****
LA 0.87 *##* —0.92 **** (.80 ¥ 0.88 **** 0.90 **** 0.92 *##* 0.93 **#* 0.91 *##*
WS 0.97 **** —0.79 #¥*x (0,89 *H** 0.78 *** 0.96 **** 0.90 **** 0.97 **** 0.99 *#** 0.94 ****
WS4 0.97 *###* —0.77 #** (0.93 **** 0.77 *** 0.95 **** 0.90 **** 0.97 **#* 0.98 **** 0.97 *##* (0.99 ****
CA —0.96 **** 0.63 ** —0.86 **** —0.63 ** —0.89 ¥¥** (79 ¥+ (90 ¥+ (097 ¥ (82 (950t ()95 #H¥
TSS —(0.95 **** 0.62 ** —0.88 **** —0.62 ** —0.90 #** (0,79 #** (0,92 #** (.96 *** (.81 ¥ (095 ¥ (96 ¥ (.96 **
vC —0.92 ***x 0.54* —0.84 ###* —0.55* —0.87 ¥+ (.73 (.87 ¥* (095 ¥ (77 (.93 (0,93 ¥ ()97 B 0.97 *##*
Saline Water
yield WUE 8s Pn T Chl-I ST h LA WSw WSy CA TSS vC
yield
WUE —0.91 #***
gS 0.88 Rl _0'85 Rt
Pn 0.98 **** —0.88 **** (.89 ***x
T, .92 *#** —0.83 **** (.85 ¥ 0.95 ****
Chl-I 0.97 **** —0.91 #*** (0,97 *** 0.98 **** 0.97 ****
ST 0.97 ###* —0.87 **** (.87 ¥ (0.99 **** 0.94 #*** 0.98 ****
h 0.97 *#** —0.76 *** 0.81 **** 0.96 **** 0.95 **** 0.91 **** 0.95 ****
LA 0.97 **** —0.87 #*** (0,84 ¥ 0.96 **** 0.94 *H** 0.96 **** 0.97 **** 0.92 *#**
WSy, 0.96 **** —0.85 **** (.87 ¥ (0.99 #*** 0.97 #*** 0.96 **** 0.98 **** 0.97 *###* 0.97 *###*
WS4 0.95 **#* —0.81 **** (.85 **** 0.98 **** 0.96 **** 0.95 **#* 0.97 **** 0.98 **** 0.97 *#** 0.99 *#**
CA —0.76 *** 0.58 * —0.61 ** —0.82 #** (.83 *** (.77 ** (081 ¥ _(092¥x* (079 ¥ (86 (.88 ¥
TSS —0.82 **** 0.62 ** —0.71 %% —0.89 **+ (.88 ¥t (.81 *¥* (.87 (97 ¥ (.83 ¥ (090 ** (.93 ¥t (.94 #r*
VvC —0.86 **** 0.66 ** —0.73** (.91 ¥ 091 ¥ (.85 (.90 ¥ (0,97 ¥ (.89 ¥+ (93 ¥ (.96 ¥ (.93 0.97 **#*
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Mixed water
yield WUE s Pn T, Chl-I ST h LA WSy, WSy CA TSS vC
yield
WUE —0.86 ****
gS 086 s _088 PR
Pn 0.87 **** —0.97 #¥*x (0,92 ¥
T, 0.80 **** —0.89 **** (.89 *¥xx 0.95 ****
Chl-I 0.84 *#** —0.96 **** (.91 ¥ 0.98 **** 0.94 ****
ST 0.85 **** —0.93 #¥¥x (0,94 H** 0.98 **** 0.95 **** 0.98 ****
h 0.73 *** —0.85 **** (.89 ***x (0.92 **** (0.95 #*** 0.92 *#** 0.95 *#**
LA 0.88 **** —0.93 **** (0,91 ¥ 0.97 #*** 0.96 **** 0.95 *##* 0.97 *##* 0.93 *##*
WS 0.82 **** —0.90 **** (0,97 *** 0.96 **** 0.97 **** 0.95 **** 0.97 **** 0.98 **** 0.96 ****
WS, 0.73 *** —0.88 **** (.88 **** 0.94 #*** 0.94 **** 0.95 *##* 0.96 **** 0.98 **** 0.92 *##* 0.96 ****
CACl —0.62 ** 0.71 *** —0.77 ***  —0.80 ¥**  —0.90 *** (079 ** (.84 (93 ¥ (83 (9] ¥ (.87 ¥
TSS —0.66 ** 0.69 ** —0.81 ****  —(0.80 **** —0.90***  —(0.78**  —(0.85*** _(95% (84 ¥ (93 (88 (95t
vC —0.63 ** 0.66 ** —0.78 *** —0.77 #*  —0.86***  —0.77F*  —0.84 ¥ (094 #  _(0.80 ¥ —0.90 ¥ (.89 #++ (0,9] P 0.98 ****

WUE: Water use efficiency, gs: Stomatal conductance, P,: Photosynthetic rate,

T;: Transpiration rate, Chl-I: chlorophyll index, ST: stem thickness, h: Plant height, LA: Leaf area,

WS,,: wet stem weight, WSy: dry stem weight, CA: Citric acid, TSS: Total soluble solids, VC: Vitamin C. *, **, *** *** refer to correlations with significance at 0.05, 0.01, 0.001 and
0.0001 levels, respectively.
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3.2. Plant Height, Wet Stem Weight, Dry Stem Weight, Stem Thickness, and Leaf Area

Irrigation water quality and quantity significantly affected plant height (h), stem
thickness (ST), leaf area (LA), dry stem weight (WSy), and fresh stem weight (WS,,) at
p < 0.05 (Table 5). Plant characteristics (h, ST, LA, WSy, and WSy) decreased as the salinity
of the irrigation water increased. The largest values for h, ST, LA, WS,,, and WS4 were
recorded by FW: 445.71 cm, 8.54 mm, 1208.14 cm?, 419.51 g, and 44.68 g, respectively. The
application of MW resulted in a significantly increased h, ST, LA, WS,,, and WS4 by 14.7,
4.1,2.7,8.0, and 20.1%, respectively, in comparison to using SW.

Table 5. Impact of water quality and water amount on tomato plant height (h), wet stem weight
(WSy), dry stem weight (WSg), stem thickness (ST), and leaf area (LA).

Irrigation h WSy, WSy ST LA
Quality (cm) (® (® (mm) (cm?)
FW 44571 a 419.51 a 44.68 a 8.54a 1208.14 a
MW 417.99 b 374.87 b 4217b 7.11b 1193.48 a
SW 364.52 ¢ 312.07 ¢ 39.04 ¢ 6.83 ¢ 1162.12Db
p-value 0.00 0.00 0.00 0.00 0.01
LSD 4.384 3.736 0.425 0.153 22.333
Variance 22.443 16.293 0.211 0.027 582.322
Irrigation amount
FI 482.61 a 469.58 a 48.11a 9.59 a 1431.01 a
DI 390.58 d 336.88 e 39.83 e 6.60 e 1074.84 e
Dl-int 392.18d 34193 d 4049 d 6.71e 1102.74 de
DI-dev 394.47 cd 346.36 d 40.69 cd 716d 1133.63 cd
DI-mid 399.89 b 366.34 b 41.52Db 7.58Db 1223.5b
DI-lat 396.73 be 351.79 ¢ 41.13 bc 7.34c 1161.74 c
p-value 0.00 0.00 0.00 0.00 0.00
LSD 4.245 4.716 0.484 0.139 32.508
Variance 19.443 23.997 0.253 0.021 1140.154
Interaction of irrigation quality and amount
p-value 0.00 0.00 0.02 0.00 0.65
LSD 7.353 8.169 0.839 0.241 56.305
Variance: 19.443 23.997 0.253 0.021 1140.154

The LSD test: values that share the same letter are not considered significantly different at the 0.05 probability
level. The data was measured at the end of the season.

The deficit in irrigation led to reduced values for the h, ST, LA, WS,,, and WS4
compared to FI. The most pronounced effects were observed at DI at all stages, with
decreases of 19, 31.2, 24.9, 28.3, and 17.2% in the h, ST, LA, WS,,, and WS, respectively,
when compared with FI.

Table 5 illustrates that no significant results were derived from the interactions of water
quantity and quality for LA at a significance level of 0.05. Figure 4 indicates a significant
variation in the h, ST, WS,,, and WSy values across various water quantity and quality
treatments. At FI, FW had the highest h, ST, WS,,, and WSy values of 516.7 cm, 11.1 mm,
567.6 g, and 51.6 g, respectively, followed by MW and SW, which decreased by 7.4, 19.2,
15.8, and 8.3%, and 12.4, 21.6, 36, and 12%, respectively. There was very little variation
in the deficit irrigation treatments. The h, ST WS, and WS4 showed reductions when
compared to the control therapy (FW-FI); the averages for MW were 21.4, 39.3, 37.6, and
20.3, and for SW, they were 32.9, 41.8, 46.8, and 26.8%. This reduction indicates that salinity
and deficit irrigation negatively affected the growth and development of the plants, leading
to smaller plants with thinner stems and lower biomass accumulation, both in terms of wet
and dry weight.
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Figure 4. Interaction effects between water quality and irrigation water amounts (a) plant length(h),
(b) stem thickness (ST), (c) wet stem weight (WSy), and (d) dry stem weight (WS, ), for FW (fresh
water); MW (mixed water); SW (salinity water); full irrigation (FI); deficit irrigation of 60% ET. for
all stages (DI); and FI in a single stage (initial, development, mid-season, or late-season) and deficit
irrigation of 60% ET, in the remaining stages (DI-int, DI-dev, DI-mid, and DI-lat). The data is the
mean value =+ standard error, and the LSD test was conducted at the 5% level (p < 0.05), and distinct
letters in the figure indicate significant differences between treatments.

The correlation results shown in Table 4 reveal the strength and direction of the
relationships between morphological parameters (ST, h, LA, WSw, and WSd) and eco-
physiological parameters (Pn, Chl-I, Tr, and gs). These associations exhibited a strong
positive relationship between ecophysiological and morphological parameters, and these
relationships were stronger with slightly increasing irrigation salinity. Similarly, there is a
significant correlation among the morphological parameters. This remains in both SW and
MW conditions.
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3.3. Crop Yield and Water Management Indicators

The investigation underscored the noteworthy influence of the quality of irrigation
on tomato yield (Y). It revealed a yield reduction (YR) of 8.11% and 29.97% when utilizing
MW and SW, respectively, in comparison to FW, which had a yield of 108.55 t ha—!. This
decline in Y was mirrored by a corresponding reduction in water use efficiency (WUE)
of approximately the same percentages (7.35 and 30.35%) when applying MW and SW,
respectively, in comparison to FW, which had a WUE of 20.33 kg-m 3, as shown in Table 6.
Water stress and full irrigation during a specific growth stage had a significant impact
on Y. Significant Y’s were observed in FI, DI-mid, and DI-lat treatments. In contrast, no
significant variations in Y were found in other treatments. Under 60% irrigation for all
growth stages (DI), Y was reduced by 13.69%, compared to FI, and comparable decreases
were observed in DI-int and DI-dev. That is, adding 5.4% and 8.54% more irrigation water
to DI during the initial or development stage had no significant impact on Y, independent
of the grade of irrigation water used.

Table 6. The analysis of the effects of water quality and irrigation water amounts on total fruit yield
(Y), Yield reduction (YR), water use efficiency (WUE), and water use efficiency improvement (WUEI)
for tomato plants.

Irrigation Y WUE YR WUEI
Quality (tha-1) (kg:m~3) (%) (%)
FW 108.55 a 20.33 a 0.00 0.00
MW 99.75b 18.8b 8.11 —-7.53
SW 76.02 ¢ 14.16 ¢ 29.97 —30.35
p-value 0.00 0.00 - --
LSD 0.644 0.140 - -
Variance 0.485 0.023 - -
Irrigation amount
FI 105.34 a 14.15f 0.00 0.00
DI 90.92d 20.35a 13.69 43.8
DI-int 91.4d 19.36 b 13.23 36.8
DI-dev 91.98 d 18.84 ¢ 12.68 33.1
DI-mid 95.73b 1551 e 9.12 9.6
DI-lat 93.27 ¢ 18.38d 11.46 29.9
p-value 0.00 0.00 - -
LSD 1.270 0.253 - -
Variance 1.739 0.069 - -
Interaction of irrigation quality and amount
p-value 0.00 0.00 - -
LSD 2.199 0.438 - -
Variance: 1.739 0.069 - -

The LSD test: values that share the same letter are not considered significantly different at the 0.05 probability level.

Table 6 demonstrates that water quality, quantity, and interactions have a significant
impact on WUE (p < 0.05). WUE values ranged from 14.15 to 20.35 kg m~3. WUE values
were lower in SW than in FW, whereas MW's response was in an intermediate. In compari-
son to FW, the use of MW and SW decreased WUE by 7.53 and 30.35%, respectively. The
application of DI resulted in the highest WUE, while the application of FI provided the
lowest WUE. That reveals a significant 43.8% increase in WUE compared to the FI condition.
The trend toward improvement continues with the other DI treatments (DI-int, DI-dev,
DI-mid, and DI-lat). Nevertheless, the DI-mid stage exhibits only a little improvement of
9.6%, indicating a smaller impact on WUE than the other stages.

Figure 5 demonstrates that the interactions between irrigation water amounts and
water quality had a significant effect on crop yield (Y). The FW-FI produced the maximum
Y (123.48 kg t~1). When compared to FW-FI, the Y at various deficit irrigation treatments
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showed significant reductions; they were from 13.2 to 15.3%, 18.2 to 20.6%, and 36.1
to 43.2% for FW, MW, and SW treatments, respectively. The SW treatment consistently
displayed the biggest reduction percentages with the DI treatment (43.6%), and this decline
diminished with the DI-mid treatment (36.1%). These data demonstrate the detrimental
impacts of irrigation at 60% ET. in different growth stages, with salinity exacerbating the
yield reduction. In the case of FW, the water use efficiency improvements (WUEI) were
41.2 and 4.7% for DI and DI-mid treatments, respectively, whereas other deficit treatments
had an average WUEI of 29.9% (Figure 5). Under MW, the WUEI was 32.3 at DI, whereas
the remaining deficit irrigation treatments averaged 22%, except DI-mid, which was 1.3%.
SW'’s average WUEI for deficit irrigation treatments was 14.6%.
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Figure 5. Interaction effects between water quality and irrigation water amounts on (a) total fruit
yield (t ha~1) and (b) water use efficiency (WUE) for FW (fresh water), MW (mixed-water), SW
(salinity-water), full irrigation (FI), irrigation set at 60% ET. level for all stages (DI), FI in a single
stage, and irrigation at 60% ET. in the remaining stages (DI-int, DI-dev, DI-mid, and DI-lat). The data
is the mean value =+ standard error, and the LSD test was conducted at the 5% level (p < 0.05), and
distinct letters in the figure indicate significant differences between treatments.

The correlations in Table 4 show the strong relationships between Y and the physi-
ological, morphological, and fruit quality parameters in greenhouse tomatoes. Y had a
significant negative correlation with WUE for all three water qualities (FW (—0.72), SW
(—0.91), and MW (—0.86)), indicating that Y tended to decrease as the WUE increased. The
gs, Pn, and T; all had strong positive correlations with Y in all water qualities, with the
correlation being greater in FW at both the gs and T, whereas the correlation of Y with P,
increased with SW irrigation. When FW was utilized, the correlation of Y with the h, WS,,,
and WS4 was enhanced, whereas SW increased the correlation of Y with the ST and LA.
While the fruit quality factors CA, TSS, and VC all had strong negative correlations with Y,
this relationship increased in FW.

Furthermore, the results of the correlation analysis indicate a significant negative
correlation between the WUE and the physiological and morphological characteristics of
various water qualities. These findings suggest that as the WUE increased, there was an
incidence of decreased Py, gs, Tr, Chl-1, and other morphological characteristics. In contrast,
the WUE correlated positively with the CA, TSS, and VC. All the analyzed parameters
showed a greater relationship with the WUE, whether the correlation was positive or
negative in the case of MW. However, the correlation decreased when SW was used for all
attributes, except for the Py, LA, and CA, which were slightly greater when using FW.
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3.4. Yield—Applied Irrigation Water Functions

The relationship between the applied irrigation water (w) and yield (Y) for three
distinct water qualities (FW, MW, and SW) is shown in Figure 6. A total of six distinct
irrigation amounts were represented by the applied irrigation water: 100% ET, full irri-
gation (FI), 60% ET. deficit irrigation (DI), and 60% ET. deficit irrigation except for the
initial (DI-int), development (DI-dev), mid-season (DI-mid), and late-season (DI-lat) stages.
The quadratic polynomial regression function was employed for every water quality. The
quadratic polynomial function had a good determination coefficient (R?) of 0.938 for SW
treatments. This function, however, was invalid for FW and MW, where w did not affect Y
at various deficit irrigation treatments.
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Figure 6. The relationships between tomato yield and applied irrigation water under different water
quality: FW (fresh water), MW (mixed water), and SW (salinity water).

3.5. Citric Acid, Vitamin C, and Total Soluble Solids

Irrigation water quality and amount had significant effects on citric acid (CA), vitamin
C (VC), and total soluble solids (TSS) in tomato fruits (Table 7). Compared to FW, there
were increases in CA, VC, and TSS of 2.6, 8.1, and 3.7% for MW, and by 18, 10.3, and
15.5% for SW. Furthermore, deficit irrigation treatments enhanced the CA, VC, and TSS by
an average of 17.5, 15%, and 25%. Figure 7 shows that the amount and quality of water
irrigation have a significant interaction with CA and TSS at the 0.05 probability level.

Table 7. The statistical analysis of the effects of irrigation quantity and quality on total soluble solids
(TSS), vitamin C (VC), and citric acid (CA) in tomato fruits.

Treatments CA (% Citric Acid) VC (mg-100-g—1) TSS (%)
Irrigation quality
FW 417 ¢ 31.07 ¢ 438 c
MW 4.28b 33.59Db 4.54b
SW 492 a 34.26 a 5.06 a
p-value 0.00 0.00 0.00
LSD 0.066 0.340 0.025

Variance 0.005 0.135 0.001
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Table 7. Cont.

Treatments CA (% Citric Acid) VC (mg-100-g—1) TSS (%)
Irrigation amount
FI 3.89b 29.31d 3.85d
DI 454 a 33.43 ¢ 475c
DI-int 4.55a 33.54 bc 4.79 be
DI-dev 4.56 a 33.64 bc 4.83 ab
DI-mid 4.61a 3413 a 4.89 a
DI-lat 4.59 a 33.79b 4.86a
p-value 0.00 0.00 0.00
LSD 0.088 0.316 0.059
Variance 0.008 0.108 0.004
Interaction of irrigation quality and amount
p-value 0.00 0.94 0.01
LSD 0.152 0.548 0.102
Variance 0.008 0.108 0.004

The LSD test: values that share the same letter are not considered significantly different at the 0.05 probability level.
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Figure 7. Interaction effects between water quality and irrigation water amounts on (a) the citric
acid (CA) and (b) total soluble solids (TSS) for FW (fresh water), MW (mixed water), SW (salinity
water), full irrigation (FI), irrigation set at 60% ETc level for all stages (DI), FI in a single stage and
irrigation at 60% ETc in the remaining stages (DI-int, DI-dev, DI-mid, and DI-lat). The data is the
mean value + standard error, and the LSD test was conducted at the 5% level (p < 0.05), and distinct
letters in the figure indicate significant differences between treatments.

The deficit irrigation treatments enhanced CA values under SW, FW, and MW by
43.5%, 26.1%, and 20.3%, respectively, when comparing the FI-FW treatment. Similar
patterns have been seen for TSS when deficit irrigation treatments outperformed FI-FW
therapy by 47.7% for SW, 32% for MW, and 28% for FW. These results show that salinity
amplifies the effects of deficit irrigation on accumulating CA and TSS.

The correlation analysis results in Table 4 demonstrate significant positive associations
between VC, CA, and TSS across all water qualities, with correlation coefficients ranging
from 0.91 to 0.98. Applying freshwater improved the link between VC and CA. These
findings also demonstrate a consistent link between VC and TSS in greenhouse-grown
tomatoes, regardless of irrigation water quality. However, CA, TSS, and VC all demon-
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strated significant to moderate negative associations with yield, ecophysiological, and
morphological parameters, with the strongest relationships shown in FW.

4. Discussion

Overall, the results showed that SW was unsuitable for tomato cultivation; however,
MW and FW could produce satisfactory growth, physiology, yield, and fruit quality. Deficit
irrigation at all stages significantly reduced tomato growth, physiology, yield, and quality.
However, deficit irrigation considerably enhanced the water use efficacy of both FW
and MW.

According to the results in Table 3, the Py, gs, Chl-I, and T, values consistently dropped
as water salinity levels increased, consistent with various studies’ findings [31,40]. This
behavior is because irrigation water with higher salinity causes water stress, which lowers
the P, by changing stomatal regulation and limiting carbon dioxide absorption [41].

In research by Ashraf [42], high salt stress restricts photosynthesis by limiting stomatal
function, which in turn affects the gs. This causes stomatal closure to conserve water,
which reduces the T, [41]. Several investigations have examined the mechanisms that
cause stomatal closure, which include chemical cues, such as pH and abscisic acid (ABA),
as well as hydraulic signals involving resistances in the soil, roots, and shoots [43-45].
The exact mechanisms regulating stomatal closure remain unclear despite several studies
investigating these mechanisms [46]. As explained by Farooq et al. [47], stomatal closure de-
creases light intake and CO, availability, which harms photosynthetic efficiency along with
decreasing CO, intake into parenchyma cells. Osmotic stress causes a drop in Chl-I levels,
which damages chloroplast layers by increasing the membrane permeability [48]. These
results are in line with previous studies, which have demonstrated that environmental
stressors, including dryness and salt stress, cause tomato leaves to lose their photosynthetic
pigments [31,49].

Although deficit irrigation decreased the Pn, gs, Chl-I, and Tr, the effects varied sig-
nificantly between deficit treatments. The preferences for Pn, gs, Chl-1, and Tr were as
follows: DI-mid, DI-lat, DI-dev, DI-int, and DI. These findings were attributed to the
different amounts of water utilized for deficit treatments, which were equivalent to 60%,
63.4%, 65.6%, 82.9%, and 68.2% of ET for D-1, DI-int, DI-dev, DI-mid, and DI-lat, respec-
tively (Tables 2 and 3 and Figure 3). Water stress causes a decrease in Py through the
stomatal closure mechanism, which counteracts water loss and thus lowers the uptake of
carbon dioxide. Previous research showed a connection between a reduced P, and water
stress [20,31,50-52]. Wong et al. [53] and Tuzet et al. [54] showed that the g has a reciprocal
regulatory effect on the P, and T;. According to Liu et al. [45], the g5 decreases as stomata
shut to preserve leaf water status during water stress. However, Hao et al. [55] found a
substantial positive linear connection between the P, and both the T, and gs. In addition to
stomatal closure, water stress also impacts photosynthesis by degrading Chl-I, reducing
the photochemical efficiency of PS II, and inhibiting the activity of Rubisco and other
enzymes [54]. Chl-I decreases because of the photo-oxidation of Chl-I, the degradation of
the chloroplast membrane, the increased function of chlorophyllase, and the inhibition of
Chl-I production [56]. Water stress also negatively affects the photosynthetic apparatus, a
point covered in the review of possible crop water stress indicators in vegetable crops [46].

Table 5 demonstrates that SW had a detrimental impact on the h, WS,,, WS4, LA,
and ST, supporting the conclusions of Gabhi et al. [57] that an adverse impact may be
caused by SW affecting the osmotic balance in plant cells, which could result in nutritional
imbalances. The application of SW tended to have an impact on turgor pressure, cell
expansion, and water uptake, which finally affected the overall h. Due to osmotic stress
and ion toxicity, excessive salt concentrations may hinder plant growth [58,59]. Variations
in ST may be a sign of modifications in cell elongation and division intended to preserve
structural integrity or adapt to a salinized environment, according to Romero-Aranda
et al. [60]. Our findings are consistent with those of Malash et al. [40], who assessed
open-field tomatoes” WSy, harvest index, h, and leaf area index using drainage water with
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a salinity of 3.7 dS-m~!. The declines in these parameters with high salinity have been
attributed to decreased transpiration and water stress, which impede plant development
and nutrient uptake. Malash et al. [40] also reported that these morphological parameters
enhanced with a drainage salinity of 2.16 dS-m~!. They suggested that drainage water
at 2.16 dS-m~! enables plants to benefit from its nutrient content. The deficit irrigation
considerably reduced the h, WS,,, WS4, LA, and ST, indicating the mechanisms intended
for conserving water, such as decreased expansion of cells, altered hormonal balance, and
resource allocation prioritizing surviving overgrowth [61,62]. This finding was in line
with earlier studies by Agbna et al. [20], Chand et al. [22], Colimba-Limaico et al. [63], Wu
et al. [64], and Alshami et al. [31], which indicate that salinity and water stress cause a
considerable loss of many morphological characteristics. The magnitude of this reduction
is influenced by the level and duration of the irrigation stress.

Morphological characteristics revealed a loss in tomato ecophysiological parameters
as the salinity in irrigation water rose, resulting in a fall in final productivity (Y). These
findings support those of Al-Harbi et al. [65] who found that irrigation with saline water
that has an electrical conductivity of 4.7 dS‘m~! significantly reduced the overall fruit
production by 24.3%. Furthermore, a recent meta-analysis conducted by Gao et al. [66]
revealed a wide range of changes in Y due to saltwater irrigation, ranging from a decrease
of 96.8% to 36.2%. Yang et al. [67] observed a decrease in Y as salt stress increased, with
significant declines of 32.9% and 89.1% at salinities of 3%. and 9%., respectively, under a
deficit irrigation of 2/3 of full irrigation compared to treatment with a salinity of 0%o.

Regardless of the influence of salinity, irrigation deficit treatments result in a relative
fall in Y (Table 6). The YR was 11.46% at DI-lat (irrigation deficit at 60% ET, for all stages
except the late stage), somewhat higher than DI (YR of 13.67%). This could be attributable
to the amount of water utilized, which is equal to 68.2% ET.. This suggests that applying
FI at the late-season stage helps to maintain Y, which is consistent with the findings of
Ghannem et al. [61] who found a 20% loss in Y when providing deficit irrigation in the
late-season stage with 50% ET., which was equivalent to 76.32% ET.. Ghannem et al. [61]
also stated that the YR was 7% with a deficit of 50% ET. at the development and mid-season
stages, which is equivalent to 76.77% ET.. This demonstrates the various effects of applying
deficit irrigation in one of the growth stages on productivity. The YR for treatment DI-mid
was 9.12%, equivalent to 82.9% ET., which was lower than the regulated deficit irrigation
(RDI) of 6.12% at 80% ET, reported by Alshami et al. [31]. As a result, RDI outperforms
deficit irrigation at all stages except one, as well as full irrigation at all stages, with a
deficit at one stage at the same equivalent ET. deficit. Tura and Tolossa [68] suggested
that using 50% ET. with good quality water may be sufficient for tomato production, a
finding supported by the research reviewed by Chand et al. [69], which suggests that RDI
can save up to 50% of water, although Y reduction can range from 9% to 46% depending
on the degree and timing of water stress. These results are consistent with the findings
reported by Kirda et al. [70] and Wang et al. [71], which indicate that lower water quality
and water stress lead to a reduced Y. In contrast, the majority of researchers, including Yang
etal. [72], Yang et al. [73], and Chand et al. [22], reported a relationship between crop yield
and irrigation quantity according to a quadratic polynomial regression function. With the
present irrigation deficit treatments for freshwater or low salinity treatments, this function
was invalid; however, with high salinity, the function was good since salinity had a greater
impact on Y than irrigation deficit did. The quadratic polynomial regression function may
be valid when water quantity changes based on regulated deficit irrigation but invalid
when deficit irrigation is applied at all growth stages except one or full irrigation is applied
at all stages except one. The regulated deficit irrigation (all growth stages) outperforms
deficit irrigation except for one stage. With limited freshwater, the benefit of using a salinity
of 2.25 dS'm~! with 60% ET, deficit irrigation results in an acceptable yield and greater
water savings.

SW has been shown to have a significant impact on the quality of tomato crops, as
illustrated in Figure 7. The levels of CA, VC, and TSS increased as the salinity of the
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irrigation water increased. Malash et al. [74] reported a greater increase in the TSS in
tomato fruit when irrigated with SW, exhibiting a 14.46% rise with a water salinity of
4.8 dS'‘m~! compared to freshwater irrigation. Agius et al. [75] also noted an increase in
CA and TSS with higher salinity, particularly at salinity levels of 17 mM. The application
of SW to tomatoes may induce osmotic stress, which stimulates the accumulation of
sugars as osmoprotectants. This alteration in water and nutrient absorption, coupled with
physiological adaptations to salinity, accelerates the ripening process and enhances the TSS
in the fruit, resulting in an enhancement in the quality of tomato crops. The CA, VC, and
TSS reduced with FI but increased when deficit irrigation was implemented, depending
on the stage of FI applied. Agbna et al. [20] found an increase in the TSS, CA, and VC
with deficit irrigation. The higher TSS, CA, and VC were found with deficit irrigation
of ET 50%, while lower values of these parameters were found at ET 100%. However,
a higher decrease in TSS, CA, and VC solids was seen with deficit irrigation at the mid-
stage of the tomato crop. The results are consistent with previous studies demonstrating
that fruit quality has been increased under water-stressed conditions compared to full
irrigation. [19,31,63,69,71,76,77]. Under deficit irrigation, there may be a decrease in water
flow from the xylem to the fruit, impeding the translocation of phloem sap to the fruit. This
limitation contributes to an increase in solute concentration in the sap, leading to improved
fruit quality [78-81]. However, Alshami et al. [31], Wu et al. [82], and Yang et al. [67]
revealed that the combination of water and salinity stress had no significant impact on
vitamin C.

The results of the principal component analysis (PCA) showed that water use efficiency
had the greatest influence on the parameters evaluated. LA was then identified as the
second most important factor, followed by physiological characteristics such as the Py, gs,
T, Chl-1, as well as morphological traits such as the h, ST, and WSy, and WSy. Finally,
fruit quality parameters, including the CA, VC content, and TSS, had the least influence.
Furthermore, the PCA analysis confirmed the negative impacts of saltwater on tomato
production found in the current study (Figure 8).

PCA - Biplot

Irrigation water

Dim1 (79.4%)

Figure 8. Principal Component Analysis (PCA) biplot illustrating the impact of fresh water (FW),
saline water (SW), and mixed water (MW) on the measured variables. Each point represents a
sample, with ellipses indicating the distribution of samples within each category. Arrows indicate the
correlation of parameter with the principal components (PC) (PC1: vertical dashed line (Dim1), and
PC2: horizontal dashed line (Dim2)).
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5. Conclusions

In conclusion, the application of saline water can lead to diminished growth, phys-
iological and morphological parameters, yield, and fruit quality of greenhouse tomato
crops. Salinity and insufficient irrigation harm the photosynthetic rate (Py), chlorophyll
index, stomatal conductance (gs), and transpiration (T;), resulting in significant reductions
in morphological parameters such as plant height (h), wet stem weight (WS,,), dry stem
weight (WSy), stem thickness (ST), and leaf area (LA). Conversely, employing a mixed
irrigation strategy involving both saline and freshwater with a salinity of 2.25 dS-m~!
proves effective in achieving elevated yields and enhanced tomato quality. Fruit quality
indices, such as citric acid (CA), vitamin C (VC), and total soluble solids (TSS), improved
under salt and water stress, suggesting that better water management techniques can
enhance fruit quality.

Deficit irrigation with 60% ET. is associated with reduced ecophysiological and mor-
phological parameters and lower yields of 13.7% in tomato plants, while it significantly
improved water use efficiency by 44% and fruit quality. Full irrigation at the mid-season
stage or late-season stage with a deficit of 60% ET, for remaining growth stages improved
slightly ecophysiological and morphological parameters and yields while remarkably de-
creasing water use efficiency and fruit quality. Consequently, for the same comparable
ET,, the deficit irrigation at all stages (regulated deficit irrigation) outperforms deficit
irrigation at all growth stages except one stage, as well as full irrigation at all stages, with
one stage exception.

As a result, particular irrigation amounts should be recommended based on the water
source’s quality and availability. Thus, in water-scarce regions, a prudent approach could
include strategically implementing a mixed water strategy (fresh water + saline water) with
regulated deficit irrigation to reduce the use of freshwater without significantly affecting
greenhouse tomato crop growth, physiology, yield, or quality. Finally, when freshwater is
scarce, using a salinity of 2.25 dS-m~! with 60% ET, regulated deficit irrigation produces a
fair yield and saves more water.
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