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Abstract: A field experiment was conducted on date palm trees (Phoenix dactylifera ‘Succary’) cul-
tivated on sandy loam soil from 2017 to 2018. This study investigated the effects of providing
water of three different qualities, namely freshwater (FR) and two saline water sources: reclaimed
wastewater (RW) and well-water (WE) applied through three irrigation levels representing 50% (Isg),
100% (I109), and 150% (I150) of crop evapotranspiration (ET.), on the soil water and salt distribution
patterns, yield, water productivity (WP), and fruit quality of the ‘Succary’ date palm. The electrical
conductivity (ECy) of FR, RW, and WE were 0.18, 2.06, and 3.94 dS m~1, respectively. Results showed
that WE applied by the Ij5p treatment had the highest soil water content, followed by RW used
in the Iy irrigation level and FR with I5y, whereas the soil salt content was high for WE applied
in the I5q level and low for FR applied by the I;5q treatment. Deficit irrigation (Isp) of date palms
with either RW or WE reduced date yields on average 86 kg per tree, whereas the yield increased
under over-irrigation (I159) with FR to 123.25 kg per tree. High WP values were observed in the I5
treatments with FR, RW, or WE (on average 1.82, 1.68, and 1.67 kg m3, respectively), whereas the
I150 treatment with each of the three water types showed the lowest WP values. Fruit weight and
size were the lowest in the full irrigation (I;gg) with WE, whereas the I;5( treatment with RW showed
the highest values. There were no significant differences in either total soluble solids (TSS) or acidity
values when the irrigation level decreased from 100% to 50% ET.. Compared with both I5y and Ijgg
treatments, reduced values of both TSS and acidity were observed in the I;5 treatment when EC,,
decreased from 3.94 to 0.18 dS m~!,. Fruit moisture content decreased with the application of saline
irrigation water (i.e., RW or WE). Total sugar and non-reducing sugar contents in fruits were found
to be decreased in the combination of RW and 115, whereas the 50% ET. irrigation level caused an
increment in both parameters. These results suggest that the application of deficit irrigation to date
palm trees grown in arid regions, either with FR or without it, can sufficiently maximize WP and
improve the quality of fruits but negatively affects yield, especially when saline water is applied. The
use of saline water for irrigation may negatively affect plants because of salt accumulation in the soil
in the long run.

Keywords: saline irrigation water; irrigation level; water productivity; physicochemical properties;
date palm

1. Introduction

Date palm tree (Phoenix dactylifera L.) is a source of livelihood for many nations, espe-
cially in Arab countries. It is considered the first agricultural crop in Saudi Arabia, where
there are nearly 28 million date palm trees in the area of approximately 107,000 hectares.
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The annual quantity of date fruits produced in Saudi Arabia may reach more than 1.43 mil-
lion tons, which is equivalent to approximately 17% of the global production estimated at
approximately 8 million tons [1]. Dates are consumed extensively, either as fresh fruit or in
various food products. Dates are regarded as a highly nutritious food, containing all of the
basic elements required for a balanced diet and serving as an excellent source of energy [2].

Date palm is one of the most resistant plants to both salinity and drought. However,
yield and fruit quality may be affected negatively by these stressors [3]. Agriculture is the
main consumer of freshwater; the agricultural sector consumes approximately 70% of the
total freshwater resources [4]. Using saline water for irrigation, combined with the low
yearly precipitation and high evapotranspiration in both arid and semi-arid regions, has
resulted in accumulation of soluble salts in the soil, structurally changing and affecting soil
hydraulic conductivity [5]. Shahin and Alhajhoj [6], experimenting on date palm cultivars
‘Khalas’, ‘Sheshi’, and ‘Ruzeiz’, found that trees irrigated with groundwater (2.81 dS m™1)
provided higher yields than those irrigated with groundwater and agricultural drainage
water (5.04 dS m 1), exhibiting the highest date flesh weight (FIW), length, and diameter.
Al-Muaini et al. [7] reported that the ‘Lulu’ date yield, irrigated with 5 dS m~! water
(190 L day ! per tree), increased by 48% relative to the trees irrigated with 15 dS m™!
irrigation water (130 L day !). Using saline water for irrigation reduced water absorption
and palm trees’” growth due to potential osmotic gradients between soil and plants [8]. In
Saudi Arabia, Al-Amoud et al. [9] reported that irrigation with 150% of the evaporation rate
delivered to ‘Seleg’ date palms was sulfficient for maximum yields. However, using 50% of
the evaporation rate was sufficient in order to obtain the highest water productivity (WP).
Ismail et al. [10], employing the drip irrigation method, also showed that using 65% of
water requirements of ‘Nabbut-Saif’ date palms, yielded similarly as fully irrigated palms.
In Iran, Alikhani-Koupaei et al. [11] reported neither yield decrease nor increased WP of
‘Mazafati’ date palms under water-stress conditions (70% of crop evapotranspiration, ET,)
at a 100-mm evaporation interval. Gribaa et al. [12] advised that deficit irrigation has to be
applied during the fruit bunch’s growth because fruits grow slowly and might not need a
large amount of water. However, deficit irrigation after this stage may result in small fruits
and decreased yield. By applying deficit irrigation, vegetative growth decreases while fruit
quality increases [13]. Al-Yahyai and Al-Kharusi [14] reported that the total dry matter
content in ‘Khalas” dates increased significantly under water-stress conditions. However,
there were no differences either in total soluble solids (TSS) or in sugar content of fruits.

Several studies have examined interactions between water and salinity stress con-
ditions [15-18]. Syvertsen et al. [15] and Pérez-Pérez et al. [16] evaluated the effects of
interactions between drought and salinity stress on both water relations and gas exchange
in orange and citrange trees. In mandarin trees, Pedrero et al. [17] revealed that the com-
bination of reclaimed water and deficit irrigation might negatively affect soil and plants
because it led to the accumulation of salts in the soil and reduced fruit yield but increased
fruit weight without significant differences in either fruit quality or WP. In grapefruit trees,
water saving, combined with the usage of reclaimed water during the second stage of fruit
growth development, did not negatively affect vegetative growth, yield, or fruit quality [18].
Consequently, the combined effects of salinity and drought require in-depth knowledge
of crop responses, especially in arid regions because the tolerance to both factors greatly
depends on a plant cultivar and a growth stage. Therefore, the objectives of our study were
to (1) investigate the application of different salinity and water levels in irrigation of date
palms reflected in the water content and salinity distribution patterns in the soil, and to (2)
study the yield, WP, and physicochemical properties of date fruits subjected to different
qualities and quantities of irrigation water.

2. Materials and Methods
2.1. Site Description

This study was conducted for 2 successive years (2017-2018) on date palm trees
(Phoenix dactylifera L.) of the ‘Succary’ cultivar in an experimental field at the Agricultural
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Experimental Station at Dirab, near Riyadh, Saudi Arabia (24°25’ N and 46°34’ E, 400 m
above sea level). This field is characterized by a typical arid climate with hot summer, cold
winter, and low humidity. The monthly distribution of climatic parameters present in the
field during the study period is shown in Figure 1. The annual rainfall was 83.3 mm in 2017,
44% of which occurred in February, and 68.7 mm in 2018, 63% of which occurred in April.
The maximum and minimum temperatures in 2017 ranged 26.5-46.9 °C and 0.5-26.5 °C,
respectively, in 2017, and 21.1-43.3 °C and 6.8-29.5 °C, respectively, in 2018. Relative
humidity and wind speed were on average 23.67% and 2.66 m s~ !, respectively, in 2017,
and 25.08% and 2.96 m s, respectively, in 2018. The annual reference evapotranspiration
(ET,) was between 2.95 and 9.75 mm a day in 2017 and between 2.72 and 8.61 mm a day in
2018. The soil had a sandy loam texture containing 10% clay, 16% silt, and 74% sand within
the first 100 cm in depth. Physical and chemical soil properties were at a field capacity and
wilting point of 14.8% and 9%, respectively, with a bulk density of 1.51 g cm 3, electrical
conductivity of 2.45 dS m~!, and pH of 7.67.
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Figure 1. Average monthly values of climate parameters present in the experimental site during the study period: (a) 2017;

(b) 2018.

2.2. Experimental Design and Implementation

The study involved 54 date palm trees of the same size and growth stage. Fifteen-
year-old date palms were planted with 8-m spacing between trees in row and 8-m spacing
between rows. The experimental area was divided into three blocks (one for each replicate),
each having three plots (first factor: water quality). Each plot was divided into three
experimental units (second factor: irrigation level). The experimental design consisted of
nine treatments with three replicates per treatment (27 experimental units) in a completely
random block design. Three qualities of irrigation water were applied: freshwater (FW) and
two saline waters, namely, reclaimed wastewater (RW) and well water (WE). Three water
samples were collected in glass bottles from each water source every 2 months from 2017 to
2018 for chemical analysis in the laboratory, according to the method previously described
by Ayers and Westcot [19] in order to determine the irrigation water quality. Electrical
conductivity (EC,,) of FW, RW, and WE were 0.18, 2.06, and 3.94 dS m~1, respectively.
Table 1 shows the concentrations of cations and anions as well as pH values of water
samples. RW was tertiary reclaimed water pumped from a wastewater treatment plant,
supplying a large part of the water used in the study region for irrigation practices, as
its heavy metals and trace elements (B = 0.7 mg L1 As=0.02 mg L1 Pb=23 mg L,
Cd=0.01mg L1, Zn=13 mg L1, and Cr=0.03 mg L_l) were within the permissible limits
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for the irrigation water use, according to both Ayers and Westcot [19] and EPA [20]. Three
irrigation levels based on ET. at 50%, 100%, and 150% (Isp, I1gg, and I59) were applied.
The water requirement for irrigation was estimated as the ET. accumulated during the
previous week. ET. was estimated by multiplying the month-specific crop coefficient (Kc)
for date palms by daily ET, [21]. K. values were obtained from the study reported by
Alamoud et al. [22] (Table 2). ET,, based on climate data obtained from a meteorological
station (Figure 1), was calculated using the FAO-56 Penman-Monteith methodology [21].
The two treatments I5y and 1159 were applied between early March and late September (213
days), and the same amount of irrigation water was applied in all treatments during the
remainder of the season. Table 2 presents the total amount of water applied in the irrigation
treatments during the growing seasons.

Table 1. Chemical analyses of freshwater (FR), reclaimed wastewater (RW), and well water (WE).

ECy, dS - Cations, meq L1 Anions, meq L1
’ P
m—1 Ca Mg Na K HCO, cl SOy
FR 0.18 7.20 0.23 0.14 0.90 0.02 0.1 0.68 0.44
RW 2.06 7.01 4.84 3.96 7.75 0.51 3.0 9.87 4.40
WE 3.94 6.44 10.96 8.97 17.55 1.15 6.79 22.35 9.96

EC,: Electrical conductivity of water.

Table 2. The crop coefficient (K.), number of irrigations, water applied in the irrigation level treatments, and accumulated

heat units during the date palm growing seasons.

Water Applied 2, m® per Tree

K1 II\LE‘;‘;:’;:: 2017 2018 GDD,"C Day
Iso T100 I1s0 Iso T100 I1s0 2017 2018
Pollination stage
(from 1 Feb-1 Mar) 0.83 4 3.8 3.8 3.8 3.91 3.91 3.91 42 187.6
Hababouk stage
(from 2 Mar-15 Apr) 0.93 18 4.94 9.87 14.81 5.08 10.16  15.24 537.6  315.25
Kimri stage
(from 16 Apr-30 Jun) 0.94 30 11.81 2363 3544 1217 2434 3651 1630.15 14122
Khalal stage
(from 1 Jul-25 Aug) 0.97 21 9.43 18.86  28.29 9.71 19.42 2913 13539  1327.65
Rutab stage
(from 26 Aug-30 Sep) 0.93 15 4.96 9.91 14.87 5.11 1021 15.32 743.4 797.1
Reproductive growth
(4 months) 0.82-0.92 16 1586 1586 1586 1635 1635 16.35 1014.8 10445
Total (year) - 104 50.8 8193 113.07 5233 8439 11646 5321.85 5084.3

1 From Alamoud et al. [23] 2 Irrigation plus rainfall. Is, I1g, and Ijs50: 50%, 100%, and 150% crop evapotranspiration, respectively; GDD:

growing degree-days.

Heat accumulation is deemed as one of the agricultural climate indices to assess
the adaptability extent of growth and development of fruit trees to regional climatic
conditions [23] through the sum of effective and active growing degree-days (GDD). GDD
values (°C day) were computed for a full production cycle as follows:

Gop — (T luin) g, 0
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where Ty and Ty, represent the daily maximum and minimum of air temperature,
respectively, and Tj,;, is a threshold temperature in which the date palm growth begins
(12 °C), which is based on long-term temperature series. The accumulated GDD values for
both 2017 and 2018 are presented in Table 2.

The established irrigation system consisted of centrifugal pumps, filters, flow meters,
solenoid valves, and pressure gauges. Water was monitored through water flow meters
located at each plot and near the water source (at the pumping station). Water was delivered
to the irrigation plots from three water tanks (one for each water type) using two 3.73-kW
pumps serially installed to maintain a 300-kPa operating pressure throughout the irrigation
system. The three water tanks were of 6 m® capacity. A pressure-compensating bubbler
system was employed in the experiment to ensure a uniform distribution of the irrigation
water within each plot. Two bubblers were used to irrigate around each tree in a circle
shape at a flow rate of 227 L h~!. The pressure was monitored during the experiment using
pressure gauges installed upstream of each line (feeding trees) as well as at the pumping
station. A circle of soil surrounded each tree approximately 1.5 m from its trunk, and
neutral trees were left within all the treatments.

The irrigation frequency was based on a thrice-weekly basis during the period of
irrigation level experiments and once-a-week outside this period. Fertilizing was performed
through the irrigation system at similar levels for all the trees. Organic fertilizer was added
at a rate of 50 kg per season. After flowering, urea (CO(NH;);; 46% N) was added three
times a month in each season at a rate of 500 g, whereas 1.5 kg of diammonium phosphate
((NHy4),HPO4) was added before flowering. Furthermore, 1.5 kg of potassium sulfate
(K2504) was distributed twice before flowering and then after fruit setting. Pest and weed
control substances used in the present study were the same as those used by the local
extension service, which was not allowed to be developed inside the orchard.

2.3. Water Content and Soil Salinity

The volumetric soil water content (6) was measured for three trees per each irrigation
level under each water quality to a depth of 100 cm with 20 cm depth intervals inside the
irrigated area using the gravimetric method previously described by Lal and Shukla [24].
Soil samples were collected thrice (March, May, and July) in each season from boreholes
made by an auger. Samples were weighed, dried at 105 °C for 24 h and subsequently
weighed again. The difference between the two weights (before and after drying) was
multiplied by the soil bulk density for each soil sample depth, which rendered the 6 values.

From the same boreholes used for the soil water measurements, soil samples (200 g)
were taken at 20 cm intervals up to 100 cm depth. These samples were air-dried and crushed
to pass through a 2-mm sieve to prepare mixed soil and water solutions. An extraction
ratio of 1:5 (soil: water) was then used to determine soil salinity. Salt concentrations were
measured from the electrical conductivity values in the soil paste (saturation extract) at
25 °C £ 1 °C using an EC—meter (model 3200, YSI, Inc., Yellow Springs, Ohio, USA) [25].
Salt accumulation within the 100 cm soil profile was taken as an indicator in order to assess
the effects of saline water irrigation.

2.4. Yield and Water Productivity

The date palm trees were harvested by collecting the dates that reached the Rutab
stage, a stage at which the fruits of the ‘Succary’ cultivar are collected. Overall yield was
evaluated from six trees per treatment group. Bunch weight (BW) was recorded for each
tree, and the mean weight (kg) was calculated. Fruit yield (kg per tree) was determined as
a sum of weights of all bunches from a tree. The WP (kg m~3) was calculated as the ratio
between the fresh date yield (kg per tree) and the total year water use (m3 per tree) [26].
The water use represents the total of irrigation water applied and rainfall during the year.
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2.5. Fruit Quality

The fruits’” physical and chemical characteristics were determined from 30 fruits
collected randomly from samples of three replicates per treatment. The physical fruit
characteristics included fruit weight (FW), seed weight (SW), FIW, fruit size (FS), fruit
length (FL), and fruit diameter (FD). FW (g), SW (g), and FIW (g) were measured using a
precision weighing balance (ME1002E, Mettler Toledo, Greifensee, Switzerland) with 0.01-g
accuracy. The FS (cm?) was determined by dropping a sample of the fruits (after removing
seeds) into a measuring cylinder containing a known volume of water, thus increasing
this volume (water displacement method). Then the difference between the two volumes
represented the size of the sample fruits. FL (mm) and FD (mm) were measured using a
digital caliper (SuperCaliper series 500-775, Mitutoyo, Japan) with 0.01-mm accuracy.

The fruits” chemical characteristics included TSS, acidity, moisture content (M) as
well as total, reducing, and non-reducing soluble sugars. A digital refractometer (MA871,
Milwaukee Instruments, WI, USA) was used to estimate TSS in the fruit juice (50 mL),
which was later expressed as a percentage. The titratable acidity of the fruit juice was
presented as a percentage of malic acid and was determined by titration with 0.1 N NaOH
in the presence of phenolphthalein as an indicator [27]. M (%) was determined by drying
100 g of fruit flesh in an oven at 70 °C until constant weight. The percentages of total
soluble sugars and reducing soluble sugars in the fruit juice were determined according
to AOAC [28], using the colorimetric method after extraction with 80% ethanol. The
difference between the total and reducing sugar levels was used to calculate the amount of
non-reducing sugars.

2.6. Statistical Analysis

A three-way analysis of variance was performed using the CoStat software version
6.003 (CoHort, USA,1998-2004) [29] to examine if the treatments with different water
qualities and quantities as well as experimental year had statistically significant effects
on date palm yields, WP, and fruit quality parameters. The least significant difference
test at a 95% confidence level was used to compare treatment means. Data from each
treatment group were presented as the mean of three replicates, and standard errors were
calculated. Regression coefficients among treatments (water qualities and quantities) were
calculated as independent variables, whereas both yields and WP were used as dependent
variables. The slopes and determination coefficients of these relationships were used to
indicate whether the dependent variables significantly increased or decreased.

3. Results
3.1. Soil Water

Figure 2 shows the water content distribution at increasing depths in soils treated
with three irrigation levels of different water types. The soil water distribution in both
experimental years indicated that WE had the highest 0, values, followed by RW and
FR. The soil under the I;59 treatment remained wetter than that of the other two groups
throughout both years, and its 68, values were higher than those of the field capacity.
The 0, values of the I treatment were close to or were higher than those of 50% of the
available water. The I5y treatment always had lower 8, values than soil water at 50% of the
available water.
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Figure 2. Volumetric soil water content distribution in the three irrigation levels (I5g, I109, and Ij59: 50%, 100%, and 150%
crop evapotranspiration, respectively) across three water qualities (FR: freshwater, RW: reclaimed wastewater, and WE:
well water) measured at three dates in (a) 2017 and (b) 2018. Bars represent mean values + standard error of triplicate

measurements.

Figure 3 shows the 8y values in mm for the soil profiles (100 cm deep) measured over
two growing seasons for three irrigation treatments with three different water types. The
0y values for the I;5 treatment were the highest, followed by the I1o9 and I5 treatments.
Regardless of the irrigation level, the 6, value increased on average by 18.22% and 13.47% in
2017 and 10.59% and 16.91% in 2018 for the RW and WE treatments, respectively, compared
to those for the FR treatment.

3.2. Soil Salinity

Figure 4 shows the salt distribution in the soil profiles treated with different irrigation
water qualities and quantities over the study period. Throughout both seasons (2017 and
2018), the soil profiles” salinity values increased upon irrigation with saline water (i.e., RW
or WE). Moreover, this increase was higher in the treatment with WE than the increase
recorded in the RW treatment. When the full irrigation or over-irrigation (I;g or I159) was
applied, soil salinity was reduced along with the soil profile as compared with the deficit
irrigation (i.e., I5p).
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Figure 5 shows that the amount of salt in the 0 to 100 cm deep layer increased with
decreasing irrigation water quantity. In 2017, the average salt amounts measured in the
I1go and I;50 treatments with FR were 15.50% and 18.35%, respectively, which were lower
than those scored in the I5) treatment. The corresponding values decreased by 23.29%
and 30.13% with the application of RW and 13.22% and 26.59%, respectively, with the WE
irrigation. The same trend was obtained in 2018, wherein the I;o9 and I;5) treatments values
decreased by 3.82% and 8.68%, 14.15% and 20%, or 9.09% and 23.89% with the application
of FR, RW, or WE, respectively.
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FR RW WE FR RW WE
2017 2018

Figure 5. Salinity in the soil layers (0-100 cm deep) at three irrigation levels (Isp, I1g9, and Ij50: 50%, 100%, and 150% of
crop evapotranspiration, respectively) across three water qualities (FR: freshwater, RW: reclaimed wastewater, and WE:

well-water) measured at three dates in both experimental years. Bars represent mean values +standard error of triplicate

measurements.

3.3. Yield and Water Productivity

Tables 3 and 4 show the effects of water irrigation quality and levels on BW, yield, and
WP of date palms during 2017-2018. As presented in Table 3, non-significant differences
were found for both BW and yield between the years, whereas significant differences were
found among water qualities and water quantities. Year had a significant effect on WP,
whereas the interaction between water qualities and quantities had no significant effects
on BW. However, it showed to be significant between yield and WP. According to Table 4,
significant differences among treatments in 2017 and 2018 were observed, except for BW.
In 2017, the Ijgg treatment with FR caused the highest and significant increase in yield,
followed by the I;50 treatment with RW and the Iy59 treatment with FR. The I5) treatment
with RW provided the lowest yield, followed by the I5y treatment with WE. In 2018, FR in
the Ij50 treatment led to a significant increase in yield relative to other treatments, whereas
no difference was observed between FR and WE under the I5) treatment, having the lowest
yield. In 2017, WP showed the highest value in the I5y treatment with FR and lowest in
the I15p treatment with WE. In 2018, the I5y treatment with RW achieved the highest WP,
followed by WE and FR, whereas the 15y treatment with WE and RW had the lowest WP.
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Table 3. Statistical analysis of the effects of water quality and irrigation level on the bunch weight (BW), yield, water

productivity (WP) of date palms, and physical and chemical characteristics of dates during the experimental years.

Physical Characteristics Chemical Characteristics
BW Yield wp
Factor (kg) (kg per Tree) (kgm—3) W sw AW FS FL D TSS  Addity M Total Re. Non-re.
%) ® ® (em3) (cm) (em) (%) (%) (%) Sugar Sugar Sugar
(%) (%) (%)
Year (Y)
p-value 043218 041218 0.006 ** 0.009 0.009 0.021 0.002 0526 <0001 <0001 0706 0843 <0.001 0015 * 0.010*
LSD 0.05 003 015 0.03 0.14 015 - 0.02 1.91 - - 1.59 1.53 1.94
Water quality
(WQ)
pvalue 0,001+ 0,001 0,001+ <0001 <0001 0005 <0001 <0001 <0001 0003 0004 <0001 <0.001 0,004 0003 %
LSD 0.05 1.09 233 003 019 0.04 017 018 0.05 0.03 233 0.02 0.46 1.95 1.88 237
Irrigation level
(IL)
pvalue 0001+ 0001+ 0001+ <0001 0008 <0001 <0001 <0001 <0001 0017 0015 0.001 <0.001 0047+ <0.001
LSD 0.05 1.08 233 003 0.19 0.04 017 018 0.05 0.03 233 0.02 0.46 1.95 1.88 237
Y x WQ 0.012* <0.001 <0.001 0016 0.087 0.026 0012 0029 <0001 0004 0.571 <0.001 <0.001 01431 <0.001
Y xIL 0.104 1 <0.001 ++* <0001+ 0180 06s 0123 0010 0650 0850 0910 0696 0429 p55ns 04847 013078
WO xIL 061815 0001+ 0001+ <0001 <0001 <0001 <0001 <0001 <0001 0378 0048 0.001 0411 15 019515 0012
Y x WQ x IL 0.006 <0.001 <0.001 0294 0353 0338 0.028 0.998 0053 0078 0972 0097 0.008 0029 * 0.068 1S
v, % 21.79 332 333 333 514 348 334 247 1.82 472 16.84 4.00 439 7.39 1250

FW: fruit weight; SW: seed weight; FIW: flesh weight; FS: fruit size; FL: fruit length; FD; fruit diameter; TSS: total soluble solids; M: moisture
content; ns: non-significant (p > 0.05); *: p < 0.05, **: p < 0.01; ***: p < 0.001.

Table 4. Comparison of bunch weight (BW), yield, and water productivity (WP) of date palms across
the experimental treatments from 2017 to 2018.

Treatment BW Yield wr
(kg) (kg per Tree) (kg m—3)
2017
FR Iso 12.80 (£1.26) 102.40 (£1.36) 4 2.02 (£0.03) 2
L100 17.70 (£1.37) 141.60 (£1.69) 2 1.73 (£0.02) P
I150 14.50 (£0.63) 116.00 (£2.32) 1.03 (£0.02) ©
RW Iso 9.50 (£0.78) 76.00 (+1.81) 0 1.50 (£0.04)
Lioo 11.38 (£0.71) 91.00 (+1.56) f 1.11 (£0.02) 4
I150 14.44 (4+1.46) 130.00 (£3.35) b 1.15 (+0.03) d
WE Iso 9.44 (£0.89) 85.00 (+£1.15) & 1.67 (£0.02) P
L100 11.44 (£1.35) 91.50 (+1.25) f 1.12 (£0.02) 4
I150 12.09 (0.57) 96.75 (+£1.29) ¢ 0.86 (£0.01) f
p-value 0.048 1s <0.001 *** <0.001 ***
LSD 0.05 - 5.11 0.06
2018
FR Iso 10.60 (£0.85) 84.80 (+£1.89) © 1.62 (£0.04) P
T100 12.25 (£1.00) 98.00 (+1.52) d 1.16 (+0.02) 4
I150 16.31 (£0.97) 130.50 (£2.00)2  1.12 (+0.02) de
RW Iso 9.72 (£0.62) 97.20 (£2.05) 4 1.86 (0.04) 2
T100 11.78 (40.68) 106.00 (£1.56) 1.26 (£0.02) ©
I150 12.30 (£0.96) 123.00 (£2.39) b 1.06 (0.02) ©f
WE Iso 10.88 (£0.65) 87.00 (£1.69) © 1.66 (£0.03) P
T100 11.63 (40.65) 93.00 (+2.33) d 1.10 (+0.03) de
Li50 14.72 (40.66) 117.75 (£2.42) b 1.01 (£0.02)
p-value 0.150 1s <0.001 *** 0.006 **
LSD 0.05 - 5.41 0.08

FR: freshwater; RW: reclaimed wastewater; WE: well-water; Isg, Ijo0, and Ijsp: 50%, 100%, and 150% crop
evapotranspiration, respectively; ns: non-significant (p > 0.05); **: p < 0.01, and ***: p < 0.001. The numbers in
parentheses denote £SE (n = 3). Within each year, mean values followed by the same letter per column indicate
non-significant differences at the 0.05 level, according to the LSD test.

Figure 6 shows that both yield and WP had negative correlations (slope = —4.535 and
—0.056, respectively; R? = 0.590 and 0.452, respectively) with water quality. A positive
correlation (slope = 0.303, RZ = 0.913) was recorded between yield and level of irrigation,
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Yield, kg per tree

whereas a negative correlation (slope = —0.007, R? = 0.929) was scored between WP and
the level of irrigation.

o Yield o WP © Yield 0 WP
140 2.0 140 2.0
- <
120 o 120 b 8 y= 0.3203x . 73.487
=! y =-4.535x + 113.09 116 R?=0.913 o {16
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{08 4 0.8
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Water quality, dS m™! Irrigation level, % ET,
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Figure 6. Relationships of (a) water quality and (b) irrigation levels with either yield or water productivity (WP) of date
palms from the pooled data obtained during the experimental years.

3.4. Physical Properties of Fruit

Table 3 presents the weights, sizes, and dimensions of date fruits that significantly
differ between experimental years, water types, and irrigation levels. FL showed no
significant difference between 2017 and 2018. Table 5 shows that the values of both FW
and FIW were significantly higher in the I5y treatment with FR, whereas the lowest values
were obtained by the I treatment with RW in both years. Moreover, the highest SW was
achieved by the I;( treatment with RW in 2018, whereas the lowest value was obtained
by the I5 treatment with WE. The FS value significantly increased by the 1159 treatment
with RW, but it decreased in both years by the 1oy treatments with either FR or WE. As for
the fruit dimensions, maximum values for both FL and FD were recorded by the I5y and
I150 treatments with RW, whereas the minimum values were recorded by the 11 treatment
with FR and WE.

3.5. Chemical Properties of Fruits

Chemical parameters of date palm fruits were either significantly or non-significantly
affected by the growing season, water quality, and irrigation level (Table 3). Significant
differences between the growing seasons (2017 and 2018) were observed for all of these
parameters, except for acidity and moisture (M). The differences between the water types
as well as between the irrigation treatments were significant in terms of fruit chemical
properties. Table 6 shows that the M, total sugar, and non-reducing sugar contents were
higher because of irrigation with FR of the I;g level in comparison with those of other
treatments in 2017, whereas lower values were obtained by the I;5) treatment with RW. In
2018, irrigation of the I;oy level with high-quality water (FR) significantly increased the
M value as compared with the values obtained with the application of either RW or WE.
Considering non-reducing sugars, irrigation of the I5y level with poor quality water (WE)
showed the highest value, whereas irrigation using the ;59 treatment with high-quality
water (FR) had the lowest value.
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Table 5. Comparison of physical characteristics of dates across the experimental treatments from 2017 to 2018.

Treatment FW SW FIW FS FL FD

(g (g (g (cm®) (cm) (cm)
2017

FR Is 9.71 (£0.19) @ 1.16 (40.04) 8.55 (+£0.17) 2 8.83 (+£0.17) ¢ 3.00 (£0.06) b 2.40 (£0.01) be

Lo 8.10 (£0.11) © 1.12 (40.01) 6.98 (+0.12) © 7.13 (£0.09) de 2.85 (+0.03) 2.18 (£0.02) ©

Liso 7.77 (£0.05) <d 1.14 (4£0.01) 6.63 (0.05) «d 7.52 (+£0.13) 4 2.88 (+0.04) «d 2.20 (£0.01) ©

RW Iso 9.33 (£0.29) 2b 1.26 (40.08) 8.07 (£0.23) b 9.33 (+£0.17) ® 3.42 (+0.06) @ 2.45 (+0.03) b

Lo 7.16 (£0.13) 1.26 (£0.02) 5.90 (+£0.15) ¢ 7.30 (£0.21) de 3.05 (£0.03) b 2.27 (£0.03) 4

Liso 9.45 (£0.23) @ 1.39 (40.07) 8.06 (+£0.17) b 9.93 (£0.13) @ 3.32 (£0.04) 2 2.48 (£0.02) @

WE Iso 7.78 (£0.16) <4 0.99 (£0.04) 6.79 (£0.12) © 7.40 (£0.10) ¢ 2.80 (£0.06) ¢ 2.30 (0.01) ¢

Tioo 7.31 (£0.18) de 1.13 (£0.02) 6.18 (+0.18) de 6.97 (£0.15) ¢ 2.80 (£0.06) 4 2.20 (£0.01) €

Iiso 8.88 (+£0.12) P 1.12 (40.02) 7.76 (+£0.12) b 8.43 (£0.22) 3.00 (£0.01) b 2.37 (£0.03) ©

p-value <0.001 *** 0.1221s <0.001 *** <0.001 *** 0.005 ** <0.001 ***
LSD 0.05 0.53 - 0.47 0.41 0.15 0.06
2018

FR Iso 9.15 (+0.13) @ 1.14 (£0.01) b 8.01 (+0.12) 2 8.53 (£0.09) b 2.93 (£0.03) «d 2.33 (£0.03)

T100 7.73 (£0.15) 1.04 (+0.02) © 6.69 (£0.13) de 6.97 (0.23) 4 2.82 (£0.02) ¢ 2.20 (£0.06) ©

Iis0 7.56 (£0.14) b° 1.04 (£0.01) © 6.53 (0.14) de 7.23 (£0.15) <@ 2.85 (£0.03) ¢ 2.20 (£0.01)

RW Iso 8.72 (+0.13) 2 1.17 (£0.07) ® 7.56 (0.07) © 8.17 (£0.09) 3.33 (0.03) 3.33 (£0.03) 2

Tioo 7.28 (40.07) 1.26 (0.01) 2 6.03 (£0.06) f 7.57 (£0.07) € 3.00 (£0.01) be 3.03 (£0.03) P

Liso 8.85 (+0.14) 2 1.26 (0.02) 2 7.59 (+0.12) be 9.23 (+0.15) @ 3.27 (£0.03) @ 3.27 (£0.03) @

WE Iso 7.76 (£0.13) b 0.99 (0.02) © 6.77 (£0.12) 4 7.37 (+0.17) <d 2.83 (£0.07) 4 2.30 (£0.01) <d

Tigo 7.43 (£0.06) b¢ 1.12 (£0.01) ® 6.31 (£0.06) ©f 7.07 (£0.23) «d 2.87 (+0.03) d 2.27 (£0.03) de

Liso 9.13 (£0.24) @ 1.15 (£0.01) ® 7.98 (£0.24) 2b 8.47 (+£0.23) P 3.10 (£0.06) b 2.38 (£0.02) ©

p-value <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 *** <0.001 ***

LSD 0.05 0.43 0.08 0.40 0.52 0.12 0.09

FR: freshwater; RW: reclaimed wastewater; WE: well-water; I5g, I199, and I150: 50%, 100%, and 150% crop evapotranspiration, respectively;
FW: fruit weight; SW: seed weight; FIW: flesh weight; FS: fruit size; FL: fruit length; FD: fruit diameter; ns: non-significant (p > 0.05), **:
p <0.01, and ***: p < 0.001. The numbers in parentheses denote £SE (1 = 10). Within each year, mean values followed by the same letter

per column indicate non-significant differences at the 0.05 level, according to the LSD test.

Table 6. Comparison of chemical characteristics of dates across the experimental treatments from 2017 to 2018.

Non-Reducing

TSS Acidity M Total Sugar Reducing Sugar
Treatment (%) (%) (%) (%) (%) S;.(l)/f)ar
2017
FR Iso 76.00 (+1.74) 0.14 (£0.01) 17.92 (40.14) be 71.80 (£0.58) 39.94 (+0.60) 31.86 (£0.94) b
T100 82.60 (£3.29) 0.13 (£0.01) 19.37 (+£0.33) @ 80.10 (+4.86) 2 41.54 (+£1.51) 38.56 (+4.12) 2
Liso 73.73 (£1.53) 0.10 (£0.01) 16.81 (£0.69)4  68.08 (£1.59) b 36.77 (+0.86) 31.31 (£1.24) bed
RW Iso 76.80 (+1.83) 0.18 (£0.01) 14.62 (£0.04) f 63.46 (£1.03) © 35.13 (£0.49) 28.33 (4:0.96) bede
T10o 76.00 (£2.00) 0.18 (£0.01) 15.57 (£0.09) 64.44 (£0.31) © 39.60 (£1.14) 24.84 (£1.12) ¢
Liso 74.00 (£2.00) 0.13 (£0.03) 14.9 (£0.26) f 62.98 (£1.00) © 38.13 (£2.90) 24.85 (£2.05) ¢
WE Iso 78.00 (£3.46) 0.14 (£0.03) 18.53 (4£0.32) 72.20 (£3.22) 39.19 (£2.20) 33.01 (£3.91) 2
Lioo 76.00 (£1.44) 0.17 (£0.01) 17.82 (£0.20) b 64.12 (£0.61) © 38.37 (£0.64) 25.75 (4:0.99) <de
Liso 77.20 (£0.80) 0.17 (£0.01) 17.53 (40.44) «d 63.26 (£0.64) © 37.84 (£0.76) 25.42 (£1.07) de
p-value 0.231 718 0.276 ™ 0.004 ** 0.013 * 0.189 s 0.043 *
LSD 0.05 - - 0.92 6.44 - 6.21
2018
FR Iso 66.80 (£0.80) 0.14 (£0.01) 18.57 (£0.21) 2 63.64 (£1.17) 36.79 (£2.71) 26.85 (£2.03) b
Lioo 66.00 (£2.77) 0.15 (£0.01) 18.97 (40.60) 2 60.58 (+1.35) 37.41 (£2.47) 23.17 (£2.04) <d
Tiso 65.60 (£3.12) 0.12 (£0.01) 17.98 (+0.38) 2 55.88 (+0.78) 39.80 (£1.36) 16.08 (£2.14) ©
RW Iso 67.20 (£0.69) 0.17 (£0.01) 15.94 (£0.20) P 62.78 (£0.70) 31.76 (£1.11) 31.02 (£1.56)
T100 72.20 (£0.87) 0.17 (+0.03) 18.03 (+0.43) @ 58.98 (+0.39) 33.54 (0.85) 25.44 (+1.11) «d
T150 64.40 (£2.23) 0.13 (40.01) 16.12 (+0.37) b 56.44 (+0.50) 35.53 (+1.54) 20.91 (41.03) de
WE Iso 76.40 (£0.40) 0.14 (£0.01) 15.79 (+£0.13) 72.46 (£1.16) 36.56 (£1.03) 35.90 (£1.76) @
Lioo 74.00 (£1.44) 0.18 (£0.01) 15.29 (£0.54) b 70.52 (£1.13) 42.76 (£1.94) 27.76 (£2.41) b
Liso 71.60 (£0.40) 0.17 (£0.01) 16.05 (+£0.78) 68.40 (£0.60) 35.00 (£1.29) 33.40 (£1.00) @
p-value 0.169 s 0.276 ™ 0.035 * 0.258 s 0.075 s 0.024 *
LSD 0.05 - - 1.30 - - 5.34

FR: freshwater; RW: reclaimed wastewater; WE: well-water; I5g, L109, and Ij50: 50%, 100%, and 150% crop evapotranspiration, respectively;
TSS: total soluble solids; M: fruit moisture; ns: non-significant (p > 0.05), *: p < 0.05, and **: p < 0.01. The numbers in parentheses denote
=£SE (n = 10). Within each year, mean values followed by the same letter per column indicate non-significant differences at the 0.05 level,
according to the LSD test.



Agronomy 2021, 11, 796

13 of 18

4. Discussion

In this study, soil water in the I;5 treatment was found to be more readily available
than in the 1oy treatment, which was reflected in the production of date palm crops [30].
In general, 0, was changed in almost a straight vertical line along the soil profile, which
satisfies active, wide, and deep roots of date palms [10]. The use of saline water (i.e., RW
and WE) to irrigate the plants led to a decrease in depletion of 6y, thus increasing 6y in
the root zone. This is in accordance with the results of Pedrero et al. [17] and Nicolas
et al. [31] obtained for mandarin oranges and Pedrero et al. [18] obtained for grapefruit,
who reported that 6, depletion had gradually diminished under RW irrigation. Upon
irrigation with saline water, all the salts dissolved in it cannot be absorbed by the roots
and will remain in the root zone, because the date palms were reported to exhibit reduced
water absorption owing to the presence of the osmotic effect in the root zone [32-34].
Homaee and Schmidhalter [32] showed that the soil water’s free energy decreased because
of high-salinity of irrigation water to the extent in which the plants’ biological energy
become insufficient for water absorption.

Irrigation water is the key source of adding salts to the soil [35]. Distribution of salts
in the soil is directly related to water movement, because crops remove only small amounts
of salts [36]. Saline watering (i.e., RW and WE) with the I5, treatment increased the soil salt
concentration, compared with the I1g0 and I35 treatments. This may correlate with more
available water in the soil profiles obtained by the I19g and Ij5p treatments, compared with
the Iy treatment. These results were consistent with those reported by Al-Darby et al. [30]
for date palms and Pedrero et al. [18] for grapefruit. Al-Muaini et al. [7] reported that 150%
of the ET. (25% salt leaching and 25% safety factor) reduced the buildup of salt in the root
zone, even when irrigated with high-salinity water. By increasing soil water availability
with either full irrigation or over-irrigation (Ijgg or I;50), more efficient salt leaching can be
achieved, thus reducing the accumulation of salts in the root zone of crops [37,38], whereas
deficit irrigation (Isp) with high-salinity water can reduce the amount of water usage even
with reduced precipitation, increased evapotranspiration, reduced leaching, and increased
soil salinity level [39,40]. Homaee and Schmidhalter [32] explained that the soil become
more saline when roots absorbed water, unless the water was replenished. Additionally,
with salts present the irrigation water, the root zone tends to lower the osmotic potential,
which increases the effects of osmotic stress on plant growth [33].

Palm trees irrigated with salinized (RW or WE) with deficit irrigation (I59) produced
the lowest BW and yield, although achieving the highest WP values compared with those of
FR-irrigated trees by either full irrigation or over-irrigation (I;g or I;50). This finding agrees
with other studies on date palms. Shahin and Alhajhoj [6] reported that the use of saline
water (ECy, = 2.81 dSm™!) for irrigation enhanced the development of fruits, providing
the highest BW and yield of date palms, followed by date palms irrigated with saline water
and wastewater (EC,, = 3.15 dS m™!). Ismail et al. [10] found that in ‘Nabbut-Saif’ date
palms irrigated with 50% of ET. reduced both BW and yield but increased WP. Moreover,
Al-qurashi et al. [41] reported that in ‘Barhee” date palm irrigated with 115% of the ET.
gave the highest yield and the lowest WP, in contrast to 70% ET.. Lower yields of palm
trees irrigated with saline water may be because of the increased osmotic potential of soil
water and decreased ability of roots to absorb water [32], as well as of reduced activities
of several major enzymes of the Calvin cycle, divergence of energy to salt protection, and
disrupted ion homeostasis in cells [42,43]. Fruit trees deal with decreased irrigation by
reducing transpiration, which is achieved by reducing leaf growth, regulating stomata or
reducing leaf surface area [44], as well as by changing stomatal conductance and carbon
uptake [11] to inhibit photosynthesis [45,46]. The sensitivity of fruit trees to water stress
is not constant throughout the growing season, and this stress may benefit WP during
certain periods by reducing irrigation water consumption and improving the quality of the
fruits [47,48]. Our study reports that the correlations of both yield and WP with irrigation
level were higher than with water quality. This is in agreement with the results published
by Mounzer et al. [34] and Pedrero et al. [17] for mandarin trees, and Pedrero et al. [18] and
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Romero-Trigueros et al. [49] for grapefruit trees, who reported that RW irrigated at 50% of
ET. negatively affected both vegetative growth and yield, whereas using FR at 50% of ET.
provided the highest WP. This can be explained by the fact that the increased amount of
added irrigation water, which have low salinity, reduced or maintained low salt levels in
the root zone, leading to increased yield of date palms.

Physical parameters of dates showed a tendency to decrease during full irrigation
with WE. These results are consistent with those obtained by Shahin and Alhajhoj [6]
and Tripler et al. [50], who found that irrigation of date palms with low-quality water
negatively affected FW, SW, FIW, and FL. In ‘Kabkab and Mazafati’ date palms, FW and FL
increased because of a reduced irrigation water level [11,51], although Ismail et al. [10] and
Mohebi [52] reported that the increment of irrigation water level from either 50% or 75% to
100% of total water requirement had no significant effect on physical fruit characteristics of
date palms ‘Nabbut-Saif’ and ‘Piarom’. As reported in earlier studies, irrigation with saline
water caused a reduction in FW of mandarin [31,53], in fruit size of orange [54], and in both
FD and FW of grapefruit [49], which may be due to either less dry matter accumulation or
dehydration of stressed fruits [55]. Similarly, the application of deficit irrigation strategies
increased both loquat [56] and jujube [57] fruits’ size without affecting their yield. Pedrero
et al. [17,18] found that deficit irrigation with saline water led to the highest FW values
with the lowest crop fruit load, which was described to act as a natural mechanism of
fruit-thinning to ameliorate negative effects of both water and salinity stresses on fruit
growth. Availability of sufficient water in saline soils increased both water and nutrient
absorption by plants. Enhanced metabolism mechanisms in plants led to an increase in both
FW and the FL [58]. Moreover, the reduced CO; absorption by plants subjected to severe
water stress, resulting from the regulation of stomatal openness, may lead to plant growth
retardation, because the primary metabolites take their full carbon needs for fruit growth
and secondary metabolites take up the remainder [59]. Thus, deficit irrigation leads to more
intensive fruit growth in comparison with vegetative growth. It was reported that water
stress had no effect on fruit cell division. However, it greatly affected cell expansion. Less
water stress works to block cells and reduce their growth due to low turgor pressure [60].

The chemical properties of the fruits investigated in this study improved with deficit
irrigation when freshwater or saltwater was used. These results agree with those obtained
by Shahin and Alhajhoj [6], who reported that the fruits of date palms irrigated with
saline water (EC,, = 2.81 dS m~') had higher M values and total sugar content (both
reducing and non-reducing sugars). Water-stressed ‘Mazafati and Khalas” date palms
had the lowest M value of fruits and the highest TSS levels, and sugar content was also
increased [11,14]. The combination of deficit irrigation and saline water in peach [61,62],
pomegranate [63], grapefruit [49,64], and mandarin [53,65] gave an increase in TSS, acidity,
sugar content, and ripening of fruits. Contrarily, Pedrero et al. [18], Galindo et al. [66],
and Maestre-Valero et al. [67] pointed out that grapefruit, pomegranate, and mandarin,
respectively, unclearly responded to different irrigation level and water qualities, regarding
fruit quality parameters. The osmotic effect of salinity results in reduced water movement
in the fruit. Production of more solids in the fruit might be essential for fruit processing [33].
Romero et al. [68] also explained that the redistribution of plant photosynthesis toward the
fruits in citrus trees due to water deficiency led to decreased water content as well as to
increased sugar content, TSS, and acidity. This suggests that the active accumulation of
sugars combined with decreased water potential and increased concentration of dissolved
substances increased TSS of the fruits under water stress conditions [69]. This is due to
decreased fruit growth and low glucose and fructose usage in glycolysis [62].

5. Conclusions

Given the limited water resources globally, their low quality, and the continued
expansion of areas under date palm cultivation that require a large amount of water for
irrigation, farmers must improve water management systems to maintain the optimal
production level. Therefore, our study on the effects of different qualities and quantities
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of irrigation water on water and salt levels in the soil, yield, WP, and fruit quality of
date palm provides knowledge on the optimal irrigation water application. The use of
saline irrigation water (RW or WE) decreased the soil osmotic potential that reduced water
uptake by roots, thereby increasing the 6, values in the root zone upon over-irrigation (I159),
resulting in the filtering of salts from the root zone and vice versa with deficit irrigation
(Isp). Date palm trees irrigated with saline water (RW or WE) and subjected to drought
stress (I50) significantly reduced the yield of dates but increased WP and improved the
fruits” physicochemical properties. Therefore, with limited amounts of irrigation water,
it is advisable to irrigate date palms by I5y treatment to get both higher WP values and
improved fruit quality while saving water. However, this may lead to a decreased yield.
Consequently, water conservation should be implemented to the extent when a decrease
in income resulting from lower yields is compensated by reducing production costs. The
application of deficit irrigation with saline water would only succeed if irrigation were
carefully managed by using both water and salt content sensors in the root zone to avoid
salinization in the soil profile of the root zone, leading to a deterioration of the soil’s
physical properties.

Finally, the present study raises future challenges in alleviating the contribution and
duration of water shortage as well as in studying the salinity tolerance that may change
over time during date palm cultivation, to grasp their cumulative effects on tree growth,
fruit production, and water consumption relationships.
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