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Abstract: Egypt has limited agricultural land, associated with the scarcity of irrigation water and
rapid population growth. Hydroponic farming, seawater desalination and magnetic treatment are
among the practical solutions for sustaining rapid population growth. In this regard, the main
objective of the present research study was to design and construct a hierarchical engineering unit
as a hydroponic farming system (soilless) to produce an iceberg lettuce crop using magnetically
treated saline water. The treatments included four types of irrigation water: common irrigation water
(IW1) with an electrical conductivity (EC) of 0.96 dS/m as a control treatment, magnetically treated
common irrigation water (IW2) with an EC of 0.96 dS/m, saline water (IW3) with an EC of 4.56 dS/m
and magnetically treated saline water (IW4) with an EC of 4.56 dS/m; three depletion ratios (DR)
of field capacity (DR0 = 50%, DR1 = 60% and DR2 = 70%) and three slopes of hydroponic pipes
(S1 = 0.0%, S2 = 0.025% and S3 = 0.075%). The results revealed that seawater contributed 7.15% to
produce iceberg lettuce in the hydroponic system. The geometric parameter, the slope of the pipes,
influenced the obtained luminous intensity by an average increase of 21% and 71% for S2 and S3,
respectively, compared with the zero slope (horizontal pipes). Magnetization of irrigation water
increased the total soluble solids (TSS) and enhanced the fresh weight and water productivity of
both iceberg lettuce varieties used. The maximum percentages of TSS were 5.20% and 5.10% for
lemur and iceberg 077, respectively, for the combination IW4DR2S2. The highest values of fresh
weight and water productivity of 3.10 kg/m and 39.15 kg/m3 were recorded with the combinations
IW3DR2S3 and IW4DR1S3, respectively, for lemur and iceberg lettuce. The percentages of these
increases were 109.46% and 97.78%, respectively, when compared with the combination IW1DR0S1.
The highest values of iceberg lettuce 077 fresh weight and water productivity were 2.93 kg/m and
36.15 kg/m3, respectively, which were recorded with the combination IW4DR1S3. The percentages
of these increases were 112.32% and 120.56%, respectively, when compared with IW1DR0S1 (the
control treatment).
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1. Introduction

In Egypt, the reclamation of newly cultivated areas is a challenge from the economic
point of view, and existing cultivated regions are affected by seawater encroachment, such
as the Kafr El-Sheikh region which overlooks the Mediterranean Sea coast [1,2]. Like
many other countries in arid and semi-arid regions, Egypt also suffers from limited natural
resources, including fertile cultivated areas and fresh irrigation water associated with rapid
population growth [3–6]. In this context, to sustainably feed the increased population, new
promising methods for producing adequate food are compulsory. Modern farming systems
(e.g., hydroponic farming) must be used to produce needed vegetables and fruits [7–9]. The
hydroponic farming systems have developed a new farming idea which only needs a small
area and produces good results in less space and time than conventional farming systems.
As an alternative, it can be a sustainable source of food [10]. Additionally, hydroponic
farming may be successfully used for growing healthy food crops or vegetables [11].
Moreover, available commercial hydroponic farming systems are normally automatically
operated, which decreases labor and other conventional cultivation practices (e.g., tilling,
weeding and spraying) [12]. Moreover, hydroponic farming systems save remarkable
amounts of water, and the problems of pests and diseases can be controlled [13]. This
farming system is obviously one of the most promising techniques for the future [14]. The
lettuce production system grown in conventional soil was the least efficient in the use of
water when compared to hydroponics, which increases the efficiency of water use and
reduces the days required for each harvest cycle of the crop. Moreover, it also helps to raise
the quality values, including chlorophyll and total soluble solids, as well as increase the
yield and profitability of production, which increases food production [15,16].

Water scarcity is a main limiting factor and big challenge for many countries world-
wide, especially in arid and semi-arid environments [17–19]. To overcome the problem
of water salinity and shortage, magnetic treatments would be a reliable technique. Re-
cently, researchers in the field of agricultural crop production have been trying to use
low-water-quality resources as a result of a lack of fresh water [20–23]. One of the sug-
gested techniques is the magnetization of saline water, which aims to change the water
properties to make it more suitable for irrigation. Magnetic treatment of saline water is a
non-chemical and environmentally friendly technology that increases agricultural yields
without using any chemicals [24,25]. Magnetization mainly changes the atomic, molecular
and electronic structure of the treated water, such as changes to its solidifying and boiling
point, viscosity and dielectric constant, the formation of clustering structures from linear
and ring hydrogen-bound chains of molecules, the magnetic interaction between these
clustering structures and the increasing polarization effects of the water molecules [26–32].

Several studies have assessed the potential of magnetically treated saline and non-
saline water to enhance the yield and water productivity of various crops, including pea,
strawberry, tomato, eggplant, faba bean, maize and sunflower [26–32]. Water productivity
can be increased for leafy and vegetable crops using magnetically treated water [33].
Under greenhouse conditions, magnetic water treatments were employed to improve
chickpea growth parameters, chemical contents and productivity [34]. The magnetization
of the water led to an increase in the overall output of the common bean, including
the photosynthesis, the translocation efficiency and the total chlorophyll [35]. El-Mesery
et al. [29] concluded that saline water magnetization led to decreased surface tension, pH,
boiling point, total soluble solids (TSS) and the electrical conductivity (EC) of the water.
The number of leaves and the fresh weight of the lettuce increased when irrigated by
magnetically treated water relative to normal water [36]. Moreover, the magnetization
effect was strongly influenced by the magnetic field strength (MFS), with an MFS of 300 mT



Agriculture 2022, 12, 101 3 of 18

determined to be the best magnetizing condition [37]. The effect of the irrigation water
types (tap water, magnetized water) and the ammonium sulphate levels (0, 7 and 14 g/pot),
as well as their interaction, on the vegetative growth and the oil production of the marjoram
(Majorana hortensis L.) plant was investigated. They found that marjoram plants responded
significantly to various types of irrigation, as well as nitrogen fertilization, and their
interactions [38].

Magnetically treated irrigation water increased the water use efficiency and yield
of watermelon when compared to the non-magnetic water-irrigated watermelon, since it
improved the nutritional qualities of watermelon by increasing the content of moisture,
carbohydrate, crude protein, ash, crude fiber, fat and oil [31]. Hozayn [39] compared
magnetized and non-magnetized saline water for irrigating barley plants and demonstrated
that the grain yield increased by 14.75%, 14.32%, 16.06%, 12.97% and 15.85% at salinity levels
of 320, 2000, 4000, 6000 and 8000 ppm, respectively. They also revealed that irrigating barley
plants with magnetized water reduced the harmful effects of salinity stress, and irrigation
with magnetized saline water improved the barley growth parameters and increased the
amount of photosynthetic pigments, which resulted in higher grain yields. Additionally,
the magnetization process of water can increase plant productivity and increase the number
of bolls of cotton plants, as well as increase the weight of the bolls for each plant [40].

As a potential solution to increase the production of various crops through the hori-
zontal expansion of the cultivated area, saline water from different sources can be utilized
after decreasing the harmful effects of salinity, either by mixing it with freshwater resources
to reduce the salinity level or by treating the saline water by magnetization. The urgent
need for new technologies that make the use of saline water safer for growing food crops
without losing quality, along with increasing the final yield, supports the hypothesis that
there is a positive impact in crop quality and yield when low-quality water is subjected
to magnetization.

From the above-mentioned review, and because of insufficient water supplies in arid
and semi-arid regions, magnetically treated saline water could be a possible solution based
on the hypothesis that it will improve various chemical water properties. To the best
of our knowledge, no previous studies have applied hydroponic farming systems using
magnetically treated saline water to maximize the water productivity and yield of iceberg
lettuce. Moreover, there are no previous studies that have tested the effects of moisture
depletion rates and the slopes of hydroponic piping systems in lettuce properties.

In this sense, the main objectives of the present study were to: (i) Design and construct
a hierarchical engineering unit as a hydroponic farming system (soilless) to produce an
iceberg lettuce crop using magnetically treated saline irrigation water; (ii) Investigate the
effect of the moisture depletion ratio as a percent of the field capacity on lettuce properties;
(iii) Study the effect of the slope of the hydroponic system pipes on lettuce properties.

2. Materials and Methods
2.1. Experiment Site and Structures

The experiments were constructed and carried out at the Experimental Farm of
Kafrelsheikh University (31◦05′ N latitude, 30◦57′ E longitude and 6 m altitude) in two suc-
cessive seasons of 2018/2019 for lemur iceberg lettuce and 2019/2020 for 077 iceberg lettuce
to evaluate the effects of the slope of the piping system and the depletion ratio under four
different water qualities (common irrigation water (IW1), magnetically treated common
irrigation water (IW2), saline water (IW3) and magnetically treated saline water (IW4)).
Two hierarchical engineering units as a hydroponic system (soilless) were designed and
constructed as depicted in Appendix A. The first system consists of three main components:
three iron stands of 1.5 m height in the form of a pyramid (vertical expansion) and eighteen
10 cm diameter PVC pipes that are 2 m long. Each pipe has eight holes of 7 cm in diameter
for the plants to exit, spaced at 20 cm. Pipes were filled with a soil mixture, PittMoss (Am-
bridge, PA, USA) and vermiculite, at a ratio of 1:3. The third component of the system was
the irrigation system with a magnetic treatment unit, having two tanks (1 and 2) of 1000 L
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capacity each, a motor/pump with an output power of 0.37 kW, a 5.3 L/min flow rate and
a 0.5 bar operating pressure, and a magnetic treatment device with an input and output
orifice for magnetic water of 1.27 cm diameter. The intensity of the magnetic field was
measured using an analog Hall effect sensor (analog magnetic effect sensor). The sensor
and the measuring circuits were calibrated to a memo calibration device and a permanent
magnet with a Gaussian strength of 667.5 mT on the north pole and 405.5 mT on the south
pole was used to ensure adequate exposure to the magnetic field. A drip irrigation network
was used for the experiment with a screen filter, pressure regulator, pressure gauges, a
flowmeter and control valves. The main line was made from PVC pipes of 1.9 cm outer
diameter. Lateral drip lines were made from PE pipes of 16 mm outer diameter equipped
with GR emitters of 4 `/h rated discharge and spaced at 20 cm. A similar system was also
used, having the same components but without the magnetic device.

2.2. Iceberg Lettuce

Iceberg lettuce (Lactuca Sativa, L) was planted in incubation trays and then transferred
after 4 to 5 weeks to the planting pipes of the hydroponic system in both seasons. The first
season started on 4 November 2018 until 10 January 2019 for the lemur iceberg lettuce. The
second season lasted for 69 days and started from 24 December 2019 to 2 March 2020 for
the iceberg lettuce 077.

2.3. Analysis of Water and Soil Mixture

Samples of the soil mixture and water were collected for chemical analysis (e.g., the
anions and cations). The analysis was done at the Central Laboratory of Environmental
Studies, Faculty of Agriculture, Kafrelsheikh University, as presented in Table 1. The soil
mixture was dried in open air conditions and then ground. Electrical conductivity and
pH were determined in media/water (1:10 w/v) as described by Smith and Hughes [41].
Soluble cations and anions were determined as described by Jackson [42]. Physiochem-
ical parameters, comprising EC, hydrogen ion activity (pH), major cations (Ca2+, Mg2+,
Na+, K+) and major anions (Cl−, HCO3

−, SO4
2−), which are indicators of water, were

determined according to standard analytical methods. EC and pH were recorded using a
portable calibrated conductivity multi-parameter instrument (Hanna HI 9033), which was
calibrated using standard solutions. The concentrations of Ca2+ and Mg2+ were determined
using the EDTA titrimetric method (ethylenediamine tetra-acetic acid), while K+ and Na+

concentrations were analyzed using a flame photometer (ELEX 6361, Eppendorf AG, Ham-
burg, Germany). The concentration of Cl− was estimated by titration using silver nitrate
and the HCO3

− concentration was determined using the titrimetric method. The content
of SO4

2− was determined using an ultraviolet (UV) visible spectrophotometer (DR/2040,
Loveland, CO, USA). Pre-prepared mixed water of irrigation water and seawater at a ratio
of 13:1 was done and then was magnetically treated using a magnetization device. Field
capacity and wilting point of the soil mixture was 286.63% and 157.49%, respectively.

Table 1. Chemical analysis of water and soil mixture including EC, pH, anions and cations.

Water Type EC,
dS/m

pH
Cations Anions

Ca2+

meq/L
Mg2+

meq/L
Na+

meq/L
K+

meq/L
Cl−

meq/L
HCO3−

meq/L
SO42−

meq/L

Water

Common
irrigation

water
0.96 8.48 3.20 6.60 5.84 0.18 3.00 3.00 4.82

Seawater 44.00 7.44 26.77 67.01 400.85 9.07 427.16 2.98 73.56
Mixed water 4.56 8.24 4.60 12.60 33.77 1.37 38.00 4.40 9.94

Soil mixture 1.37 7.55 1.80 2.00 8.10 1.80 11.90 1.80 0.00
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2.4. Experimental Design and Treatments

The hydroponic treatments were designed in a split–split plot design with three
replicates. The sub-sub-plot factor was the pipe slope, the sub-plot factor was the depletion
ratio and the main plot factor was the irrigation water type according to the experimental
system. The experimental treatments included four types of irrigation water: common
irrigation water (IW1) having an EC of 0.96 dS/m which was used as the control treatment,
magnetically treated canal irrigation water (IW2) having an EC of 0.96 dS/m, saline water
(IW3) having an EC of 4.56 dS/m and magnetically treated saline water (IW4) having an
EC of 4.56 dS/m; three depletion ratios (DR) of irrigation water were applied (DR0 = 50%
as control treatment, DR1 = 60% and DR2 = 70%) as well as the three slopes (S) of the
hydroponic piping system (S1 = 0% as control treatment, S2 = 0.025% and S3 = 0.075%).
Three iceberg lettuce plants were randomly selected on each pipe to represent a replicate.

Prior to the main experiments, we tried to identify the threshold salinity level that the
lettuce crop could cope with. As mentioned, the salinity of the common irrigation water
and seawater was 0.96 and 34 dS/m, respectively. The EC of the common irrigation water
was below the threshold, and therefore it was essential to mix the fresh canal water and
seawater at a ratio that the plants could tolerate. It was found from the pre-experiment
that 13:1 common irrigation water/sea water is the ratio which produces an EC that lettuce
plants can tolerate without magnetization. In addition, over the pre-experiments, it was
noticed that using saline water of 4.56 dS/m without magnetization remarkably affected
lettuce growth performance parameters. For example, the leaf edges and tips were changed
to a yellowish color, and other problems were spotted in terms of the crop quality as a leafy
crop, and thus the lettuce may be unmarketable in the case of using saline water without
magnetization. Moreover, the seedlings were struggling to grow in such a high saline water.
Common irrigation water can be used safely as the control treatment for growing lettuce,
and thus it was used as the control.

2.5. Nutrient Solution

The concentrated nutrient solution was pre-prepared according to the schedule of
the ICARDA for hydroponic farming systems. It contained essential elements which were
added, by 5 L of solution A + 5 L of solution B, for each tank of 1000 L so to prepare a
diluted solution, and it was preferable to move the solution before each irrigation event.
Solution A contained a compound fertilizer of NPK (4.8 kg/40 L of water), magnesium
sulfate (1.6 kg/40 L of water) and micro-elements in MicroPlex (270/40 L of water), while
solution B contained calcium nitrate (7.6 kg/40 L of water) and claw iron (400 g/40 L of
water). Two water tanks were used for irrigation purposes, one for common irrigation
water and the other for magnetically treated saline water.

2.6. Total Soluble Solids (TSS)

A refractometer was used to measure the TSS in iceberg lettuce leaves just prior the
end of the experiment for the different treatments.

2.7. Luminous Intensity

The intensity of the lighting was regularly measured over the growing season using
the lux meter. The lighting intensity was mainly recorded at 9:00 a.m., 11:00 a.m., 1:00 p.m.
and 3:00 p.m. All readings were recorded and saved by the lux meter itself.

2.8. Lettuce Yield

The yield of iceberg lettuce was estimated based on the fresh weight in kilograms
using a portable digital electronic scale of 0.01 g accuracy.
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2.9. Irrigation Water Requirements and Scheduling

Water requirements were computed for irrigating iceberg lettuce based on readily
available water (RAW), which was calculated according to the following formula by [43]:

RAW =
(MAD)(Drz) (FC − pwp)

100
(1)

where, RAW: readily available water (cm); MAD: maximum allowable deficiency or de-
pletion ratio; Drz: depth of the root zone (assumed 10 cm); FC: field capacity, %; pwp:
permanent wilting point, (%). Based on the previous equation, the value of the RAW was
calculated, which was equal to an average of 6.457 cm for each irrigation event when the
depletion ratio (DR0) reached 50% from the field capacity of the soil mixture. The RAW was
7.75 cm for each irrigation event at a 60% depletion ratio (DR1). Moreover, the RAW was
9.04 cm for each irrigation event at a 70% depletion ratio (DR2). The moisture content of
the soil mixture was monitored and calibrated by a time-domain reflectometer (TDR). The
depletion ratio is not intended to reduce the water or deficit irrigation, but rather to add the
same amounts of irrigation water; however, when 50%, 60% and 70% of it are exhausted,
it is equal to 143.3%, 114.7%, and 86% moisture content of the soil mixture, respectively.
Therefore, the number of irrigation events was 13, 11 and 9, respectively, with an average of
6.18, 7.29 and 7.78 L/m of pipe per one irrigation event, which is equivalent to an average
of water applied of 1.52, 1.79 and 1.99 L per plant.

2.10. Performance of Drip Irrigation System

It is very important to apply irrigation water with a high-efficiency system, which
should be evaluated prior conducting the experimental work. The distribution uniformity
is among the most important efficiency indicators of drip systems, which was calculated
according to [44].

DU =
qlq

q−
× 100 (2)

Where, DU: distribution uniformity, %; qlq: low quarter average amount caught; q−:
average amount caught. The obtained data demonstrated the high performance of the drip
irrigation network used according to the ASAE (2001), where the mean value of DU was
97.51% [45].

2.11. Water Productivity (WP)

WP is the ratio between the total yield of lettuce and the amount of water applied to a
certain treatment, which was calculated according to James [43] as follows:

WP =
Totel yield , kg/m

Totel applied irrigation water, m3/m
(3)

WP: water productivity (kg/m3).

2.12. Statistical Analysis

The effect of the different treatments on the TSS, the iceberg lettuce fresh weight and
the water productivity was analyzed using the analysis of variance (ANOVA) technique in
Statistix 9.0. The significant differences between the mean values of the three measured
parameters for each cultivar were compared using Duncan’s test at a p ≤ 0.05 significance
level. Moreover, collected data were analyzed and examined statistically by the least
significant difference (LSD) test.
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3. Results and Discussion
3.1. Effect of Water Quality (Common Irrigation Water, Magnetically Treated Common Irrigation
Water, Saline Water and Magnetically Treated Saline Water) on Total Soluble Solids, Fresh Weight
and Water Productivity of Iceberg Lettuce

The effects of common irrigation water (IW1), magnetically treated common irrigation
water (IW2), saline water (IW3) and magnetically treated saline water (IW4) on the total
dissolved solids (TSS), the iceberg lettuce fresh weight and the water productivity of both
iceberg lettuce cultivars is presented in Table 2. The results showed significant effects on
various investigated crop parameters when subjected to the experimental treatments. The
data showed that the IW4 treatments improved the TSS, the fresh weight of the lettuce crop
and the water productivity for both studied cultivars. The maximum percentage and values
of the TSS, fresh weight (FW) and water productivity (WP) were 4.46%, 2.64 kg/m and
33.04 kg/m3 for lemur, and 4.356, 2.16 kg/m and 26.37 kg/m3 for lettuce 077, respectively,
which were recorded with the IW4 treatment. While the control treatment, IW1, produced
values for the TSS, FW and WP of 3.58%, 1.94 kg/m and 24.91 kg/m3 for lemur and 3.48%,
1.63 kg/m and 20.17 kg/m3 for 077, respectively. The minimum values of FW and WP
were noticed with IW3. TSS, FW and WP increased by 24.6%, 36.1% and 32.6% with IW4,
respectively, compared with the control treatment (IW1 combination) for lemur iceberg
lettuce. TSS, FW and WP increased by 32.5%, 25% and 30.7% with IW4, respectively,
compared with the control treatment (IW1). TSS, FW and WP increased by 24.6%, 36.1%
and 32.6% with IW4, respectively, compared with the control treatment for lemur iceberg
lettuce. TSS, FW and WP increased by 0.22% (non-significant), 140% and 139.07% with
IW4, respectively, compared with the IW3 treatment for lemur iceberg lettuce. The same
trends with iceberg lettuce 077 were also observed. The positive influence of IW4 may
have been a result of changes in the water’s physical properties (e.g., surface tension
and viscosity), which may not affect the chemical characteristics of the water [26–28]. In
general, increments could be due to the breaking down of the hydrogen bonds in the
magnetized water molecules, resulting in smaller water molecules which influence the
physical properties of the water, such as the viscosity and density. This allows water
entry via plant cellular membranes and boosted water absorption, as well as potentially
affecting the production of the hormone IAA, which improves plant cell activity and
division. Surendran et al. [46] found that irrigation with magnetized water increased the
soil moisture compared to the control, which might be attributed to two main reasons.
Firstly, in the magnetization process, the water molecules which had been influenced by
hydrogen bonds and Van der Waals forces were in reaction with the ions released to make
the water more cohesive, and thus the water molecules were easily attached to the soil
particles and did not leach to the lower depths; moreover, the water molecules easily
penetrated into the micro-spaces of the soil particles and, consequently, were impeded from
moving deeper. Secondly, when the water passes through the magnetized field, its structure
and some of its physical characteristics will be changed. As calcium and carbonate ions
enter into the zone that is influenced by the magnets, they are pushed in opposite directions,
which is ascribable to their opposite charges. Additionally, Shukla et al. [27] discovered
that a magnetic field can boost plant growth and nutrient content in a hydroponic farming
system, proving that the magnetic field can produce superior results compared to traditional
farming methods [27]. Moreover, according to Taimourya [28], magnetic treatment has a
positive effect on mineral element uptakes such as K and P, and when the nutrient solution
is exposed to the magnetic field, the plant’s roots are stimulated, allowing for higher
nutrient absorption and improved plant characteristics. There were no significant effects of
the magnetically treated common irrigation water (IW2) on the TSS, FW or WP.
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Table 2. Effects of common irrigation water, magnetically treated common irrigation water, saline wa-
ter and magnetically treated saline water on total soluble solids, fresh weight and water productivity
of both investigated iceberg lettuce cultivars.

Irrigation
Water Type

TSS, % Fresh Weight, kg/m Water Productivity, kg/m3

Lemur 077 Lemur 077 Lemur 077

IW1 3.58 ± 0.223 b 3.48 ± 0.215 b 1.94 ± 0.282 c 1.63 ± 0.279 c 24.91 ± 4.337 b 20.17 ± 3.680 b

IW2 3.59 ± 0.215 b 3.48 ± 0.211 b 1.96 ± 0.286 b 1.64 ± 0.279 b 25.17 ± 4.393 b 20.31 ± 3.679 b

IW3 4.45 ± 0.307 a 4.36 ± 0.297 a 1.10 ± 0.153 d 0.91 ± 0.131 d 13.82 ± 2.079 c 11.08 ± 1.658 c

IW4 4.46 ± 0.311 a 4.35 ± 0.302 a 2.64 ± 0.360 a 2.16 ± 0.315 a 33.04 ± 4.866 a 26.37 ± 4.080 a

F-VALUE 1323.49 992.23 80,750.5 162,157 5692.08 1174.75
F-TEST *** *** *** *** *** ***

LSD 0.05 0.0490 0.0552 7.658 × 10−03 4.425 × 10−03 0.3625 0.6363

The mean value of the three measured parameters within a certain column having the same letter are not
significantly different from one another based on Duncan’s multiple range test at a p ≤ 0.05 significance level.
*** Indicates highly significant at p ≤ 0.001 probability level. W1, IW2, IW3 and IW4 refer to common irrigation
water, magnetically treated common irrigation, saline water and magnetically treated saline water, respectively.

3.2. Effect of Depletion Ratio of Irrigation Water on Total Soluble Solids, Fresh Weight and Water
Productivity of Iceberg Lettuce

Table 3 presents the effect of the irrigation depletion ratio (DR) on the TSS, FW and WP
of the two tested iceberg lettuce cultivars. The results demonstrated that the depletion ratio
factor showed a highly significant impact on FW and WP, but there was no significant effect
on the TSS. The results further showed that higher irrigation intervals at the depletion ratio
(DR2) improved the FW and WP of the lemur cultivar, with an average value of 2.10 kg/m
and 27.33 kg/m3, respectively, which is equivalent to an increment of 25% and 31.14%,
respectively, compared with the depletion ratio DR0. For iceberg lettuce 077, the greatest
values of FW and WP of 1.71 kg/m and 21.16 kg/m3 were recorded with the depletion ratio
(DR1), which is equivalent to an increment of 19.6% and 21.2%, respectively, compared
with the depletion ratio DR1. The highest percentage of TSS was obtained at the depletion
ratio (DR1) for both lettuce cultivars, which was 4.04% for lemur and 3.94% for iceberg
lettuce 077, representing an increment of 0.75% and 0.77%, respectively, compared with the
depletion ratio DR0. The reason for this increase may be attributed to a greater opportunity
for aerating the root zone of the lettuce, and also an increase in the amount of oxygen
through the percentage of depletion of the soil mixture.

Table 3. Effect of depletion ratio on total soluble solids (TSS), fresh weight (FW) and water productiv-
ity (WP) of iceberg lettuce.

Depletion
Ratio

TSS, % Fresh Weight, kg/m Water Productivity, kg/m3

Lemur 077 Lemur 077 Lemur 077

DR0 4.03 ± 0.516 b 3.91 ± 0.510 a 1.68 ± 0.498 c 1.43 ± 0.437 c 20.84 ± 6.242 c 17.46 ± 5.316 c

DR1 4.06 ± 0.369 a 3.94 ± 0.358 a 1.95 ± 0.609 b 1.71 ± 0.587 a 24.54 ± 7.624 b 21.16 ± 7.357 a

DR2 4.01 ± 0.643 ab 3.92 ± 0.629 a 2.10 ± 0.659 a 1.62 ± 0.487 b 27.33 ± 8.650 a 19.83 ± 6.067 b

F-VALUE 3.36 2.58 12,864.4 28,227.1 202.60 232.01
F-TEST ns ns *** *** *** ***

LSD 0.05 0.0379 0.0387 5.676 × 10−03 2.553 × 10−03 0.6852 0.3691

The mean value of the three measured parameters within a certain column having the same letter are not
significantly different from one another based on Duncan’s multiple range test at a p ≤ 0.05 significance level. ns
and *** indicate non-significant and highly significant at p ≤ 0.001 probability level, respectively. DR0, DR1 and
DR2 refer to depletion ratio at 50%, 60% and 70%, respectively.

3.3. Effect of Pipe Slope on Total Soluble Solids, Fresh Weight and Water Productivity of Lettuce

The effect of the pipe slope on the total soluble solids, fresh weight and water produc-
tivity of the two lettuce cultivars is shown in Table 4. The pipe slope of the hydroponic
system remarkably affected the measured crop parameters, since it significantly affected
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both the FW and WP of the lettuce, while there was no significant effect of the pipe slope
on the TSS. The results further showed that the inclination of the pipes contributed to an
increase in FW and WP. In the case of the lemur cultivar, the highest values of FW and WP
were 2.09 kg/m and 22.67 kg/m3, representing an increase by 22.9% and 24.3%, respec-
tively, compared with the lowest value, which was recorded with S1. The highest fresh
weight and water productivity values of 1.38 kg/m and 22.67 kg/m3 were recorded with S3,
which increased by 27.08% and 29.10%, respectively, in comparison with the control. The
maximum percentage of TSS of 4.1 and 4.01 for the lemur and 077 cultivars, respectively,
were found with the slope S2. This increase may be due to the difference in the luminous
intensity on the inclination of the pipe. The maximum value of the luminous intensity was
22,330 lux recorded at 11:00 am with S3 (Figure 1), where the geometric shape represented
as the slope of the pipes was remarkably influenced by the received luminous intensity.
The improvements in the lettuce properties are related to the pipe slope, which directly
affect the luminous intensity incident and which are among the most critical environmental
parameters for crop physiology and biochemistry [47]. According to previous comparison
research, the dry matter, leaves and whole plant, as well as the stomatal conductance,
the photosynthetic rate and the stem diameter, decreased in low luminous intensity [48].
Increasing the pipe slopes from 0.0 to 0.025 and 0.075 increased the luminous intensity by
21% and 71%, respectively, as correctshown in Figure 1. The broadly zero slope produced
less TSS, FW and WP for both tested cultivars.

Table 4. Effect of pipe slope on total soluble solids (TSS), fresh weight (FW) and water productivity
(WP) of both iceberg lettuce cultivars.

Pipe Slope
TSS, % Fresh Weight, kg/m Water Productivity, kg/m3

Lemur 077 Lemur 077 Lemur 077

S1 3.95 ± 0.578 c 3.85 ± 0.569 c 1.70 ± 0.580 b 1.44 ± 0.422 c 21.66 ± 7.352 c 17.56 ± 5.159 c

S2 4.10 ± 0.630 a 3.99 ± 0.616 a 1.93 ± 0.570 ab 1.48 ± 0.471 b 24.13 ± 7.240 b 18.23 ± 5.730 ab

S3 4.01 ± 0.274 b 3.91 ± 0.269 b 2.09 ± 0.638 a 1.83 ± 0.568 a 26.92 ± 8.541 a 22.67 ± 7.152 a

F-VALUE 16.92 17.06 8941.73 31,758.5 202.60 232.01
F-TEST *** *** *** *** *** ***

LSD 0.05 0.0496 0.0476 5.907 × 10−03 3.398 × 10−03 0.5234 0.3056

The mean value of the three measured parameters within a certain column having the same letter are not
significantly different from one another based on Duncan’s multiple range test at a p ≤ 0.05 significance level.
*** Indicates highly significant at p ≤ 0.001 probability level. S1, S2 and S3 refer to pipe slope at 0.000%, 0.025%
and 0.075%, respectively.
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3.4. Interaction between Irrigation Water Type and Pipe Slope on Total Soluble Solids, Fresh
Weight and Water Productivity of Lettuce

Figure 2 illustrates the interaction effect between the irrigation water type and the pipe
slope on the TSS, FW and WP for the two cultivars of iceberg lettuce used. The statistical
analysis showed that the interaction of both parameters had a significant effect on the
TSS, since the highest percentages of 4.67% and 4.53% for lemur and 077 iceberg lettuce,
respectively, were obtained with S2. The results also demonstrated that the combinations
IW4S2 and IW3S2 increased the TSS by 36.15% and 36.04% compared with IW1S1 for the
lemur and 077 cultivars, respectively. Consequently, there was a non-significant effect of
the magnetically treated saline irrigation water on the TSS, which can be explained by
some of the nutrients contained in saline water which improve the taste of the lettuce
cultivars. In the case of using magnetically treated saline water (IW4) for the lemur cultivar,
the highest values reported for fresh weight and water productivity of 2.83 kg/m and
35.06 kg/m3, respectively, were recorded with S3. For the 077 cultivar, the highest values
of fresh weight and water productivity of 2.43 kg/m and 29.77 kg/m3, respectively, were
obtained from S3. This increase could be attributed to the high luminous intensity. In
comparison to IW1S1 for the lemur and iceberg lettuce 077, IW4S3 increased the fresh
weight by 73.26% and 76.08%, respectively. In addition, the water productivity recorded
with the IW4S3 treatment increased by 65.69% and 74.71%, respectively, compared to IW1S1
for the lemur and iceberg lettuce 077. The magnetically treated saline water perhaps helps
to adjust the different physical water characteristics, including viscosity, surface tension
and permeability, affecting the water pressure of osmosis, allowing the plant to increase its
water uptake and improving its final production [49].

3.5. Interaction between Irrigation Water Type and Depletion Ratio on Total Soluble Solids, Fresh
Weight and Water Productivity of Lettuce Varieties

Figure 3 presents the relationship between the irrigation water type and the depletion
ratio on the TSS, fresh weight and water productivity of the two varieties of iceberg lettuce
used. The statistical analysis showed that the interaction had a significant effect on all
tested parameters. For the lemur and 077 cultivars, the highest TSS percentages of 4.57%
and 4.46% were recorded with IW4DR2 and IW3DR2, respectively. The IW4S3 treatment
increased the TSS by 29.09% compared with the combination IW1S1 for the two cultivars of
iceberg lettuce. This increase may have been a result of some nutrients contained in saline
water, and thus the magnetization had no significant effects on the TSS. The maximum
values of lettuce fresh weight and water productivity were reported at 3.02 kg/m and
38.11 kg/m3, respectively, with DR2 and lemur iceberg lettuce, while the greatest respective
values of fresh weight and water productivity for the 077 cultivar were 2.33 kg/m and
28.39 kg/m3, respectively, recorded with DR1. The fresh weight of lettuce increased with the
combination IW4DR2 by 72.57% and 57.43% for the lemur and 077 cultivars, respectively, in
comparison with the IW1DR0 treatment. The combinations IW4DR2 and IW2DR1 increased
water productivity by 74.57% and 57.11% for the lemur and 077 cultivars, respectively,
compared with the IW1DR0 treatment.

3.6. Interaction between Depletion Ratio and Pipe Slope on Total Soluble Solids, Fresh Weight and
Water Productivity of Iceberg Lettuce

The interaction effect of the depletion ratio and the pipe slope on the TSS, fresh weight
and water productivity of both investigated lettuce cultivars is depicted in Figure 4. The
statistical analysis reported that the interaction of both parameters had a significant effect
on all tested crop properties. The highest percentage of TSS for the two cultivars of iceberg
lettuce was recorded with DR2S2, which was approximately 3.61% compared to DR0S1. For
fresh weight and water productivity, the highest values were 2.32 kg/m and 31.08 kg/m3,
respectively, which were recorded with the combination DR2S3 for the lemur cultivar. For
the 077 cultivar, the combination DR1S3 produced the highest values of fresh weight and
water productivity of 2.09 kg/m and 26.16 kg/m3, respectively. Regarding the interaction
between the depletion ratio and the pipe slope, the FW obtained from the combinations
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DR2S3 and DR1S3 increased by 55.7% and 47.18% for the lemur and iceberg lettuce 077,
respectively, compared to DR0S1. DR2S3 increased water productivity by 67.64% and
57.69% for the lemur and iceberg lettuce 077, respectively, compared with DR0S1.
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Figure 2. Interaction between irrigation water type and pipe slope on (a,d) total soluble solids (TSS),
(b,e) fresh weight and (c,f) water productivity for lemur iceberg lettuce and 077 iceberg lettuce,
respectively. IW1 refers to common irrigation water, IW2 represents magnetically treated common
irrigation water, IW3 represents saline water and IW4 represents magnetically treated saline water.
S1, S2, and S3 refer to pipe slope at 0.000%, 0.025% and 0.075%, respectively.
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Figure 3. Interaction between irrigation water type and depletion ratio on (a,d) total soluble solids
(TSS), (b,e) fresh weight and (c,f) water productivity of lemur and 077 cultivars, respectively. IW1

refers to common irrigation water, IW2 represents magnetically treated common irrigation water,
IW3 represents saline water and IW4 represents magnetically treated saline water. DR0, DR1 and DR2

represents the depletion ratio at 50%, 60% and 70%, respectively.

3.7. Interaction among Irrigation Water Type, Depletion Ratio and Pipe Slope on Total Soluble
Solids, Fresh Weight and Water Productivity of Both Iceberg Lettuce Cultivars

For both tested cultivars of iceberg lettuce, the effects of the interaction among the
three parameters, including the irrigation water type, the depletion ratio and the pipe slope,
are presented in Table 5. The statistical analysis showed that the interaction between the
three tested factors significantly affected the total dissolved solids, fresh weight and water
productivity of the lettuce. The maximum percentages of TSS were 5.20% and 5.00% for the
lemur and 077 cultivars, respectively, which were recorded with the combination IW4DR2S2,
and thus increased the TSS by 48.57% relative to the control treatment (IW1DR0S1) for both
iceberg lettuce cultivars. The highest values of lettuce fresh weight and water productivity
of 3.10 kg/m and 39.15 kg/m3 were obtained from the combinations IW4DR2S3 and
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IW4DR1S3, with increments of 109.46% and 97.78%, respectively, compared with the control
treatment for the lemur cultivar. In the case of iceberg lettuce 077, the greatest values of
fresh weight and water productivity of 2.93 kg/m and 36.15 kg/m3 were obtained using
IW4DR1S3 with increments of 112.32% and 120.56%, respectively, compared with the control
treatment (IW1DR0S1). The combined effect of the water type, the hydroponic system
geometry and the selected depletion ratios is a consequence of the increased test indicators.
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(b,e) fresh weight and (c,f) water productivity of lemur and 077 cultivars, respectively. DR0, DR1 and
DR2 refer to depletion ratio at 50%, 60% and 70%, respectively. S1, S2 and S3 refer to pipe slope at
0.000%, 0.025% and 0.075%, respectively.
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Table 5. Interaction among water type, depletion ratio and pipe slope on total soluble solids, fresh
weight and water productivity of both investigated iceberg lettuce cultivars.

Treatment Parameter

Irrigation
Water Type

Depletion
Ratio

Pipe
Slope

TSS, % Fresh Weight, kg/m Water Productivity, kg/m3

Lemur 077 Lemur 077 Lemur 077

IW1 DR0 S1 3.50 ± 0 efg 3.40 ± 0 efg 1.48 ± 0.01 p 1.38 ± 0.01 o 18.93 ± 0.22 kl 16.39 ± 0.96 j

IW1 DR0 S2 3.50 ± 0.21 efg 3.40 ± 0.2 efg 1.86 ± 0.01 m 1.36 ± 0.03 p 22.48 ± 2.15 ij 17.38 ± 0.56 hij

IW1 DR0 S3 3.63 ± 0.12 ef 3.53 ± 0.12 ef 1.90 ± 0 l 1.69 ± 0.01 k 24.08 ± 1.55 ghi 20.45 ± 0.83 g

IW1 DR1 S1 3.50 ± 0.21 efg 3.40 ± 0.2 efg 1.62 ± 0 o 1.41 ± 0.01 n 21.04 ± 1.08 jk 17.79 ± 0.16 hij

IW1 DR1 S2 3.73 ± 0.16 e 3.63 ± 0.15 e 2.19 ± 0.01 i 1.78 ± 0 j 26.58 ± 1.01 efg 22.03 ± 0.91 ef

IW1 DR1 S3 3.97 ± 0.06 d 3.87 ± 0.06 d 2.21 ± 0 hi 2.13 ± 0 d 28.60 ± 0.64 de 26.96 ± 0.74 b

IW1 DR2 S1 3.30 ± 0 g 3.20 ± 0 g 1.80 ± 0 n 1.34 ± 0 q 23.52 ± 1.06 hij 16.94 ± 0.78 ij

IW1 DR2 S2 3.40 ± 0.10 fg 3.30 ± 0.1 fg 1.96 ± 0.01 k 1.59 ± 0 l 25.17± 0.55 fghi 18.54 ± 0.49 hi

IW1 DR2 S3 3.70 ± 0 e 3.57 ± 0.06 ef 2.40 ± 0 f 1.99 ± 0.01 h 33.78 ± 1.4 b 25.08 ± 0.09 c

IW2 DR0 S1 3.53 ± 0.06 efg 3.37± 0.06 efg 1.49 ± 0.01 p 1.39 ± 0.01 o 19.06 ± 0.17 kl 16.54 ± 1.01 j

IW2 DR0 S2 3.53 ± 0.12 efg 3.40 ± 0 efg 1.90 ± 0.06 l 1.36 ± 0.01 p 23.01 ± 2.69 hij 17.38 ± 0.57 hij

IW2 DR0 S3 3.70 ± 0 e 3.57 ± 0.06 ef 1.92 ± 0.01 l 1.70 ± 0 k 24.341.59 fghi 20.58 ± 0.8 g

IW2 DR1 S1 3.50 ± 0.21 efg 3.40 ± 0.2 efg 1.64 ± 0.01 o 1.43 ± 0 m 21.29 ± 1.13 jk 18.00 ± 0.1 hij

IW2 DR1 S2 3.73 ± 0.16 e 3.63 ± 0.15 e 2.22 ± 0.02 hi 1.79 ± 0 i 26.93 ± 1.07 ef 22.21 ± 0.93 ef

IW2 DR1 S3 3.97 ± 0.06 d 3.87 ± 0.0.6 d 2.22 ± 0.01 hi 2.14 ± 0 d 28.73 ± 0.62 de 27.05 ± 0.77 b

IW2 DR2 S1 3.30 ± 0 g 3.20 ± 0 g 1.81 ± 0 n 1.36 ± 0 p 23.68 ± 1.09 hij 17.16 ± 0.79 hij

IW2 DR2 S2 3.40 ± 0.1 fg 3.30 ± 0.1 fg 1.97 ± 0.01 k 1.60 ± 0 l 25.38 ± 0.6 fgh 18.63 ± 0.52 h

IW2 DR2 S3 3.67 ± 0.06 ef 3.60 ± 0 e 2.43 ± 0 e 2.00 ± 0 g 34.15 ± 1.46 b 25.25 ± 0.01 c

IW3 DR0 S1 4.80 ± 0.1 b 4.70 ± 0.1 b 0.85 ± 0 w 0.89 ± 0 u 10.34 ± 0.44 q 10.22 ± 0.1 m

IW3 DR0 S2 4.40 ± 0.1 c 4.30 ± 0.1 c 0.98 ± 0 v 0.70 ± 0 x 12.66 ± 0.45 op 8.78 ± 0.18 n

IW3 DR0 S3 4.20 ± 0.11 cd 4.10 ± 0.1 cd 1.00 ± 0 uv 0.85 ± 0 v 12.00 ± 0.57 pq 10.61 ± 0.24 m

IW3 DR1 S1 4.40 ± 0.1 c 4.30 ± 0.1 c 1.02 ± 0 u 0.88 ± 0 u 12.83 ± 0.2 op 10.52 ± 0.6 m

IW3 DR1 S2 4.40 ± 0.1 c 4.30 ± 0.1 c 1.09 ± 0 t 0.80 ± 0 w 13.69 ± 1.2 nop 9.79 ± 0.42 mn

IW3 DR1 S3 4.23 ± 0.06 c 4.13 ± 0.06 c 1.20 ± 0 s 1.17 ± 0 r 14.98± 0.15 mno 14.46 ± 0.29 k

IW3 DR2 S1 4.20 ± 0.01 cd 4.17 ± 0.05 c 1.18 ± 0 s 0.99 ± 0 t 14.87± 0.35 mno 12.43 ± 0.25 l

IW3 DR2 S2 5.10 ± 0 a 5.00 ± 0 a 1.25 ± 0 r 0.88 ± 0 u 15.78 ± 0.48 mn 10.70 ± 0.44 m

IW3 DR2 S3 4.30 ± 0 c 4.20 ± 0 c 1.36 ± 0 q 1.02 ± 0 s 17.23 ± 0.39 lm 12.25 ± 0.59 l

IW4 DR0 S1 4.80 ± 0.1 b 4.70 ± 0. 1 b 2.13 ± 0.01 j 2.02 ± 0 f 25.84 ± 1.09 fgh 23.24 ± 0.23 de

IW4 DR0 S2 4.40 ± 0.1 c 4.30 ± 0.1 c 2.23 ± 0.01 h 1.70 ± 0.01 k 28.78 ± 1.02 de 21.42 ± 0.44 fg

IW4 DR0 S3 4.20 ± 0.1 cd 4.10 ± 0.1 cd 2.38 ± 0 g 2.13 ± 0.01 d 28.58 ± 1.35 de 26.54 ± 0.6 b

IW4 DR1 S1 4.40 ± 0.1 c 4.30 ± 0.1 c 2.48 ± 0 d 2.01 ± 0 g 31.30 ± 0.48 c 23.90 ± 1.37 cd

IW4 DR1 S2 4.40 ± 0.1 c 4.30 ± 0.1 c 2.49 ± 0.01 d 2.06 ± 0 e 31.10 ± 2.73 cd 25.11 ± 1.08 c

IW4 DR1 S3 4.23 ± 0.06 c 4.13 ± 0.06 c 3.00 ± 0.01 b 2.93 ± 0 a 37.44 ± 0.39 a 36.15 ± 0.74 a

IW4 DR2 S1 4.20 ± 0.1 cd 4.10 ± 0.1 cd 2.94 ± 0.01 c 2.20 ± 0 c 37.18 ± 0.88 a 27.62 ± 0.55 b

IW4 DR2 S2 5.20 ± 0.1 a 5.00 ± 0 a 3.01 ± 0 b 2.21 ± 0 c 38.01 ± 1.17 a 26.75 ± 1.09 b

IW4 DR2 S3 4.30 ± 0 c 4.20 ± 0 c 3.10 ± 0 a 2.22 ± 0 b 39.15 ± 0.88 a 26.62 ± 1.28 b

F-VALUE 10.43 10.50 227.23 890.26 5.95 23.14
F-TEST *** *** *** *** *** ***

LSD 0.05 0.167 0.167 0.021 0.013 1.813 1.058

The mean value of the three measured parameters within a certain column having the same letter are not
significantly different from one another based on Duncan’s multiple range test at a p ≤ 0.05 significance level.
*** Indicates highly significant at p ≤ 0.001 probability level. IW1, IW2, IW3 and IW4 refer to common irrigation
water, magnetically treated common irrigation water, non-magnetically treated saline water and magnetically
treated saline water, respectively. DR0, DR1, and DR2 represent 50%, 60% and 70% depletion ratio, respectively.
S1, S2 and S3 represent the pipe slope at 0.000–0.025% and 0.075%, respectively.

4. Conclusions

This research study aimed to maximize the yield and water productivity of lettuce
crop using magnetically treated saline water in a hydroponic farming system. The soilless
cultivation system, especially hydroponic and vertical cultivation, is considered a viable
alternative for traditional horizontal growth systems by optimizing more efficient use of
any space, thus producing more crops per unit area. Further maximization in yield and
water productivity can be achieved through these systems. There is a beneficial effect of
magnetically treated saline water on fresh weight, yield and water productivity of ice-
berg lettuce. Thus, it can be a promising solution for water scarcity problems. Magnetic
treatment, depletion ratio and pipe slope had significant effects on lettuce properties. The
maximum percentages of TSS were 5.20% and 5.10% for the lemur and 077 cultivars, respec-
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tively, which were recorded with the combination IW4DR2S2. The highest values of lettuce
fresh weight and water productivity of 3.10 kg/m and 39.15 kg/m3 were obtained from
the combinations IW4DR2S3 and IW4DR1S3, respectively. The fixed magnetic irrigation
water technology does not pollute the environment and is currently inexpensive. The
results demonstrated that using saline water to irrigate lettuce without magnetic treatment
reduced the fresh yield by 55% to 60%. The magnetic treatment of common irrigation
water did not have a significant effect on the lettuce fresh weight when using common
irrigation water. The future challenges of water scarcity, deterioration of water quality
and the increasing salinity of possible irrigation water resources associated with rapid
population growth are among the main limiting factors for food production in many areas
worldwide, especially in arid and semi-arid environments. In this regard, potential future
directions are to use different technologies and highly saline water in irrigation to produce
food to meet the needs of the population. One of these solutions is the use of soilless
hydroponics and the magnetic treatment of water. Our future studies will focus on using
different magnetic field strengths, directions and cycle numbers of magnetic and different
types of alternative soils. In conclusion, a combined approach of using magnetically treated
low quality water along with hydroponic farming systems can be a reliable technique to
sustain a rapidly growing population in many regions worldwide suffering from scarcity
of water.
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