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ARTICLE INFO ABSTRACT

Handling Editor - Dr. Mostafa H. Fayed Water scarcity and salinity are among the most critical constraints affecting sugar beet
(Sultan Beta vulgaris L.) production in arid regions of Egypt. To address the dual chal-

lenges of water scarcity and salinity in arid agricultural regions, a two-year field exper-

Keywords: . ) . .
iment (2022/2023 and 2023/2024) was conducted in Wadi El-Natrun to assess the inter-
Sugar beet active effects of irrigation regimes (IRs 100%, 80%, and 60% of crop evapotranspiration,
Total water and salinity stresses ETc) and saline irrigation water (2.19, 4.38, and 6.57 dS m™) under two drip irrigation
Adjust crop evapotranspiration systems: surface (SDI) and sub-surface (SSDI). Results demonstrated that roots yield and
Water use efficiency quality attributes (length, diameter, fresh weight, purity, and sucrose content) signifi-
Yield response factor cantly declined (P <0.05) with increasing salinity and water deficit while impurity levels

increased. The highest marketable yield (54.75 and 54.31 t ha™ in the first and second

seasons, respectively) was recorded under full irrigation (IRs 100%) with low salinity

Water and [rrigation Systems Engineering water (2.19 dS m™) using the SSDI system. Notably, the most significant values of water

use efficiency (WUE) and irrigation water use efficiency (IWUE), reaching 12.36 and
12.06 kg m™3, were obtained at IRs 80% with low salinity under SSDI treatment. Further-
more, the lowest yield response factor (Ky =0.14 and 0.16) was observed under the same
treatment, indicating the superior capacity of the SSDI system to sustain yield under
moderate water-saving conditions. In addition, these results reveal that irrigating sugar
beet in sandy soils with low-salinity water (2.19 dS m-') at 80% of the SSDI irrigation
level can increase marketable sugar beet yield by approximately 10% and effectively re-
duce irrigation water consumption by approximately 26% compared to the control (tra-
ditional) treatment. Furthermore, when freshwater is unavailable, using moderately sa-
line water (52 = 4.38 dS m!) under the same treatment maintains acceptable yield levels
and water use efficiency, making it a suitable alternative with a limited impact on crop
yield and quality of no more than 4%. This strategy provides a practical and sustainable
approach to irrigation in arid environments, contributing to national efforts to conserve
water, enhance food security, and achieve sustainable agriculture in reclaimed desert
regions.

1. Introduction water supply or both factors. When crops are subjected
to varying sequences of environmental constraints, the
area is flabbergasted that the crops are growing poorly;
hence the overall yield is negatively impacted due to the
impediments to physiological processes in the plant
caused by the uptake of water by the roots, photosyn-
thesis, and availability of nutrients (El-Fattah et al.,
2019; Zhang et al., 2022). Salinity, water deficit, and/or
combinations of the two cause osmotic stress that

Sugar Beet (Beta vulgaris L.) is a key agricultural
crop in Egypt that is a major source of sugar consump-
tion for the country in areas with limited fresh water
and increasing salinity (Abdelraouf et al., 2020). The sa-
line and arid environment allows the growers to de-
pend on saline water, which can add to the risk of in-
creasing soil salinity resulting from either a limited

Corresponding author (s)
E-mail addresses: ali_amr5555562@yahoo.com (Ali A. Abd El-Aziz)

https://doi.org/10.21608/AZENG.2025.388500.1038

Peer review under responsibility of Faculty of Agricultural Engineering, Al-Azhar University, Cairo, Egypt.
Received 24 May 2025; Received in revised form 01 June 2025; Accepted 01 June 2025

Available online 30 June 2025

2805 —2803/© 2025 Faculty of Agricultural Engineering, Al-Azhar University, Cairo, Egypt. All rights reserved.


https://www.ekb.eg/web/guest/journals
https://azeng.journals.ekb.eg/
mailto:ali_amr5555562@yahoo.com
https://doi.org/10.21608/AZENG.2025.388500.1038

Abd El-Aziz

Al-Azhar Journal of Agricultural Engineering 9 (2025) 64

reduces the availability of water to the root zone (Fur-
rok et al., 2020; Khan et al., 2020). The physiological im-
pairments from the sequence of environmental con-
straints must lead to lower crop evapotranspiration
(ETc) measured in mm, water use efficiency (WUE), and
eventually root quality (Mahmoud et al., 2021b). Salin-
ity can not only cause physiological drought, salinity,
and osmotic stress, which would increase the overall
energy and possible output “costs” along with subse-
quently causing even lower IWUE and agricultural crop
productivity (Salem et al., 2019; Zhang et al., 2022). The
result would be excessive water losses and a less-than-
ideal crop (Zhang et al., 2021). The indicators for quan-
tifying the seriousness of these effects are yield re-
sponse factor (Ky), water stress coefficient (Ks), and ad-
justed crop evapotranspiration (ETc adj). Research
shows, for example, that Ks declines sharply in high sa-
linity, which adds to previous effects and would sug-
gest Ks below 0.75 and likely lower than 0.5 at salinity
above 8.0 dS/m for periods of combined drought stress
at critical growth stages (El-Sayed et al, 2019;
Mahmoud et al., 2021b). Ky follows similar trends and
was reported to remain greater than 1.0 in saline and
low water-stressed conditions, given that yield losses
occur at the same ETc level for all restricted treatments.
The Ky we measured with Ibrahim et al. (2019), for ex-
ample, would have exceeded 1.0 during the root bulk-
ing stage, highlighting how sensitive the sugar beet
crop was to water stress during this critical period of
root growth. Mahmoud et al. (2021a) and El-Sayed et al.
(2020) also recorded elevated Ky under salinity and wa-
ter deficit, but serve as a good confirmation of these pat-
terns. Since effective water management is critical to
mitigate the influences of salinity and salutary drought,
regulated deficit irrigation (RDI) applied during a crop
less sensitive to stress will certainly maximize WUE
without dramatically compromising yield if appropri-
ate (Hassan et al., 2020; Ali and Mohamed, 2017). Har-
nessing drip irrigation systems, including surface drip
irrigation (SDI) has been shown to improve Ks values,
and mitigate stress by enhancing water application fre-
quency at low volume to increase root-zone moisture
and restrict saline accumulation (Fathy et al., 2018). Sur-
face drip irrigation (SDI) and subsurface drip irrigation
(SSDI) are both effective systems for growing sugar
beets, especially in dry and saline conditions. The aver-
age irrigation efficiency (Ea) for SDIis 85-90 %, whereas
SSDI is higher than 90% to 98% due to decreased evap-
orative loss as the water is delivered more directly to
the crop with less water movement horizontally across
the surface. For water use efficiency (WUE), SSDI out-
performs SDI because SSDI maintains a drier, consistent
moisture regime in the root zone, while minimizing
other non-productive water losses (Omar and Salem,
2021). Both of these systems also rely heavily on stress
coefficients. Generally, the water stress coefficient (Ks)

should be higher for SSDI because the range of moisture
in the soil is reduced, which supports continual plant
growth. The salinity stress is also reduced better with
SSDI because the salinity is washed downward away
from the root zone. The yield response factor (Ky) is es-
sential for sugar beet, as it reflects the ability of that crop
to respond to water deficit. Under SSDI, Ky tends to be
less than SDI, indicating an improved stress-buffering
and more efficient water use (Ali et al., 2018; Zhao et al.,
2021). Both SDI and SSDI produced some enhancement
of sugar beet root diameter and sucrose content, in
agreement with previous studies of sugar beet irriga-
tion performance, but SSDI produced enhanced juice
purity and total soluble solids (TSS) (El-Metwally et al.,
2019). Sugar beet is reported to be one of the most sen-
sitive crops to water deficit, and the impacts of sched-
uled water and salinity stress are most potent when ex-
perienced during critical stages of the crop develop-
ment cycle (Ahmed and Ali, 2021). As previously rec-
ommended, it is essential to schedule irrigation effec-
tively based on well-calibrated Kc, Ks and Ky values to
produce the highest yield and quality (Omar et al,,
2018). The principle of adopting both adaptive irriga-
tion and the use of stress-resilient sugar beet cultivars is
increasingly important in order to sustain quality per-
formance from the crop under light or moderate water
and salinity stress.

In this context, this research aims to evaluate the
combined effects of water and salinity stresses on sugar
beet marketable yield and root quality and to compare
differences in evapotranspiration (ETcaq), water use ef-
ficiency (WUE), irrigation water use efficiency IWUE),
yield response factor (Ky), and coefficient of water and
salinity stresses (Ks) to surface and subsurface drip irri-
gated sandy soils. This comparison helps to identify
best practices for improving sugar beet production and
broader production resource efficiency within arid and
saline agricultural conditions in Egypt.

2. Materials and methods
2.1. Experimental

Field experiments were carried out in the winter
seasons of 2022/2023 and 2023/2024 at a privately
owned farm (30° 23’ 37" N, 30° 19" 41" E, 21 m b. s. L)
located 100 km southwest of Alexandria, in the Wadi El
Natrun region of El-Beheira Governorate, Egypt. Three
replicates were used in a split-split plot design for the
experiments. The experimental area was divided into 50
m? plots to halt horizontal infiltration of water, with a
bare 2 m strip between plots. As shown in Figure 1,
sugar beet (Sultan Beta vulgaris L.) was irrigated using
three different irrigation water stress levels (IRs 100%,
80% and 60% of crop evapotranspiration) and three dif-
ferent salinity stress levels of irrigation water (SWL) (S1
=2.19, S2 =438, and S3 = 6.57 dS m™1), which represent
a realistic salinity gradient observed in the Wadi El-
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Natrun region. These levels simulate low, moderate,
and high salinity stress typically found in local ground-
water and drainage sources encountered during irriga-
tion in sandy reclaimed soils under two irrigation sys-
tems: surface drip irrigation (SDI) and sub-surface drip
irrigation (SSDI). Quality traits were evaluated for the
winter sugar beet crop, such as marketable yield (MY)
(tha?), sucrose (S) (%), purity (P) (%), impurities (I) (%),
fresh weight (FW) (kg plant?), length (L) (cm plant?),
and diameter (D) (cm plant?). Yield and salinity stress

S2=438dS m*

=

S3=6.57dSm™*

indicators were also calculated for the winter sugar beet
crop. Yield response factor (Ky), water use efficiency
(WUE) (kg m?), irrigation water use efficiency (IWUE)
(kg m-%), adjusted crop evapotranspiration (ETcadq)
(mm), and overall water and salinity stress coefficient
(Kstotal) characteristics were determined from winter
sugar beet crop treatments and also included in all
treatments for surface drip (SDI) and sub-surface drip
irrigation (SSDI) related to salinity and irrigation water
levels.

S1=2.19dS m™

=
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Fig. 1. Field experiment layout in Wadi El Natron, Behera Governorate.

2.2. Soil characteristics

Soil samples intended for planting were collected to
determine the physical and chemical properties of the
soil. The methods adhered to the protocol established
by Page et al. (1982); Klute (1986) (Tables 1 and 2).

2.3. Preparation of irrigation water salinity levels

To create the saline water, well water (S1 =2.19 dS
m') was combined with well water (S3 = 6.57 dS m™),
which was determined using the equation (Ayers and
Westcot, 1994):

EC,, (dS m™1)of mix =

[S;(dS m™1) X ratio used 1] +

[S3(dS m™1) X ratio used 2] .

S, = (2.19 X 0.50) + (6.57 X 0.50) = 4.38 dS m™?
2.4. Quality of irrigation water

N

As illustrated in Table 3, the methods summarized
by Ayers and Westcot (1994) were used to analyze the
chemical makeup of irrigation water.

2.5. Reference evapotranspiration ETo

The reference evapotranspiration (ETo) displayed
in Table 4 was estimated using the CropWat 8 program,
utilizing the FAO 56 method and the Penman-Monteith
equation (Allen et al., 1998).

2.6. Crop evapotranspiration

The crop evapotranspiration (ETc) (without stress)
revealed in Table 5 was estimated using the formula be-
low (Allen et al., 1998):

ETc = Kc FAO X ETO - [2]

where:
ET¢: crop evapotranspiration (mm day ™),
Kc gao: FAO No. 56 crop coefficient., and
ETo: Reference crop evapotranspiration (mm day ).
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Table 1

Some of the experimental soil's physical attributes.

Soil

Particle size distribution %

Textural OM o Ks FC WP AW
depth C. M. F. .
Silt Clay class % gcm?®  cmh? Y% Y% Y%
cm sand sand sand
0-20 541 1952 66.63 5.08 3.36 S 0.43 1.58 1245 1759 523 1236
20-40 518 1875 6591 542 4.74 S 0.41 1.56 1328 18.62 547 13.15
40-60 486 1819 6575 5.67 5.53 S 0.39 1.54 13.62 1927 569 13.58
Table 2
A few of the experimental soil chemical properties.
Soil . ) o Soluble ions (meq/l) in saturated soil paste extract
depth Y g s S Eu) ﬁ . 'm , ,
H oo o 0 O < E - i o - O ° S
on " s "§ 2 % 9 ¥ ° E 8§ %
0-20 7.63 797 1645 771 4576 4.15 2752 887 3789 874 - 39.67
20-40  7.86 779 1521 774  46.92 4.39 2817 912 3854 917 - 40.89
40-60 798 7.65  14.83 7.8 47.19 4.52 2875 934 3917 939 - 4124
Table 3
Some chemical analysis of water used for irrigation.
EC Soluble cations, meq 1! Soluble anions, meq I
Sample  pH SAR
dS m! Na* K+ Ca* Mg+ CL- HCOs COs SO«
S1 7.63 2.19 429 981 1.64 5.86 4.59 10.91 4.46 - 6.53
52 791 4.38 6.07 1875 598 10.21 8.86 21.83 8.91 - 13.06
S3 8.17 6.57 794 2918 952 1373 13.27  32.25 13.37 - 20.08
Table 4

Determine the reference evapotranspiration, measured in mm day-!, during Wadi El-Natrun's winter sugar beet

growth season.

Seasons Month Oct Nov Dec Jan Feb Mar Apr
2022/2023 ETo 4.81 3.63 2.95 2.78 3.96 4.74 5.89
2023/2024  mm day™ 4.86 3.69 2.98 2.85 4.01 4.79 5.94

Table 5
Crop evapotranspiration, measured in mm day-!, during the winter sugar beet development.
Planting date 21/10 to 19/11 20/11 to 18/1 19/1 to 19/3 20/3to 18/4  21/10 to 18/4

Period length (day) 30 60 60 30 180

Kcrao (-) 0.35 0.78 1.20 070 e
Season 2022/2023
ETo (mm) 121.88 181.42 237.08 162.9 703.28
ETci00% (mm) 42.66 141.51 284.50 114.03 582.70
Eff. Rainfall (mm) 6 9 18 4 37
Season 2023/2024
ETo (mm) 123.57 184.27 240.34 164.40 712.58
ETci00% (mm) 43.25 143.73 288.41 115.08 590.47
Eff. Rainfall (mm) 5 8 16 3 32




Abd El-Aziz

Al-Azhar Journal of Agricultural Engineering 9 (2025) 64

2.7. Applied irrigation water (IRs)

The irrigation water stress levels (IRS) involved in
the winter sugar beet crop as indicated in Table 6, were
determined by employing the subsequent equation Kel-
ler and Karmeli, 1974):

IRS].OO 80,60 % — (ETC - pe)(KI‘/Ea) + LR e [3]
where:
IRS1909, : Seasonal applied irrigation water

(mm period™1),

Table 6

ETc: Crop evapotranspiration, mm period* (Table
5)

Pe: Adequate rainfall, mm season™! (Table 5),

Kr: The adjustment factor for limited wetness for
sugar beets with canopy 80% round coverage is Kr
=0.90 (Smith 1992),

Ea: 85% of surface drip irrigation and 95% of sub-
surface drip irrigation are efficient (Allen et al,
1998), and

LR: Leaching needs, at irrigation water salinity lev-
els of 0.06, 0.13, and 0.20 x ETc), mm.

Water stress levels of irrigation water (IRs), measured in mm during the winter growing cycle of sugar beets dur-

ing the 2022-2023 season.

Water stress levels of irrigation water, mm

SWL IRs

IS (dS m) (%) _ Growth. Stages
Initial Development Mid Late Seasonal

100 41.35 148.70 299.05 123.27 612.37

S1 80 33.08 118.96 239.24 98.62 489.90

60 24.81 89.22 179.43 73.96 367.42

100 44.20 158.15 318.06 130.89 651.30

SDI S2 80 35.36 126.52 254.45 104.71 521.04
60 26.52 94.89 190.84 78.53 390.78

100 47.43 168.88 339.63 139.53 695.47

S3 80 37.94 135.10 271.70 111.62 556.36

60 28.46 101.33 203.78 83.72 417.29

100 37.26 133.93 269.35 111.00 551.54

S1 80 29.81 107.14 215.48 88.80 441.23

60 22.36 80.36 161.61 66.60 330.93

100 40.11 143.38 288.36 118.62 590.47

SSDI 52 80 32.09 114.70 230.69 94.90 472.38
60 24.07 86.03 173.02 71.17 354.29

100 43.34 154.11 309.93 127.27 634.65

S3 80 34.67 123.29 247.94 101.82 507.72

60 26.00 92.47 185.96 76.36 380.79

§1=219dSm? S2=438dSm?'! S3=6.57dSm-
2.8. Adjusted (actual) crop evapotranspiration where:

The adjusted crop evapotranspiration ETcaqj under
water (or salinity) stress conditions was calculated us-
ing the formula below (Allen et al., 1998):

ETadj = ETc X Ks total [4]

where:
K tota1: Total water and salinity stresses coefficient
was determined using the following equation (Al-

len et al., 1998):

b
KSiotal = [1 " Ky x 100 (ECe — ECenrshola) | X
TAW — Dr =)
TAW — RAW - [3]

b: Reduction in yield per increase in ECe; for sugar
beet b=5.9 % / dS m-!, table 23 FAO56

ECe: Mean electrical conductivity of the saturation
extract for the root zone, dS m-!

ECetnreshola: Electrical conductivity of the saturation
extract at the threshold of ECe when crop yield first
reduces below Ym; for sugar beet Ece treshola= 7 dS
m, Table23 FAO56

Ky: Yield response factor; for sugar beet Ky=1, table
24 FAO56

TAW: Total available soil water in the root zone,
mm.

Dr: Root zone depletion, mm

RAW: Readily available water, mm
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Total available water was determined using the fol-
lowing equation (Allen et al., 1998):

where:
Orc: The water content at field capacity, %
Orwr: The water content at wilting point, %
Zr: Rooting depth, m.

Readily available water was determined using the
following equation (Allen et al., 1998):

RAW = TAW X P v

where:
P: fraction of TAW that a crop can extract from the
root zone without suffering water stress (-); for
sugar beet p=0.55, Table 22 FAO56.
If Dr < RAW, there is no water stress, and Ks water
=1, meaning the plant can access water easily.
If Dr > RAW, water stress begins, and Ks water
gradually decreases.

Table 7

If Dr = TAW, then Ks water = 0, indicating severe
water stress for the plant.

2.9. Water use efficiency (WUE) and irrigation water
use efficiency (IWUE)

WUE and IWUE were determined by the equations
[8] and [9] (Howell et al., 2001, Michael, 1978):

MY
WUE = .. [8]
ETc adj
MY
IWUE = — .. [9
R [9]
where:

WUE and IWUE: Water use efficiency and irrigation
water use efficiency (kg m—3),

MY: Marketable sugar beet crop yield (tha™*) and
IR: Seasonal applied irrigation water, m?, (Tables 6
and 7).

Water stress levels of irrigation water (IRs), measured in mm during the winter growing cycle of sugar beets dur-

ing the 2023-2024 season.

Water stress levels of irrigation water, mm

IS SWL_ IFS Growth Stages
(dSm™) (%) — ,
Initial Development Mid Late Seasonal

100 43.07 152.24 305.54 125.50 626.35

S1 80 34.46 121.79 244.43 100.40 501.08

60 25.84 91.34 183.32 75.30 375.80

100 45.96 161.85 324.82 133.19 665.82

SDI 52 80 36.77 129.48 259.86 106.55 532.66
60 27.58 97.11 194.89 79.91 399.49

100 49.23 172.74 346.68 141.92 710.57

S3 80 39.38 138.19 277.34 113.54 568.45

60 29.54 103.64 208.01 85.15 426.34

100 38.80 137.11 275.18 113.01 564.10

S1 80 31.04 109.69 220.14 90.41 451.28

60 23.28 82.27 165.11 67.81 338.47

100 41.69 146.72 294.45 120.70 603.56

SSDI 52 80 33.35 117.38 235.56 96.56 482.85
60 25.01 88.03 176.67 72.42 362.13

100 4497 157.62 316.32 129.42 648.33

S3 80 35.98 126.10 253.06 103.54 518.68

60 26.98 94.57 189.79 77.65 388.99

S1=219dSm™' S2=438dSm'! S3=6.57dSm
where:

2.10. Yield response factor (Ky)

The Ky was calculated using equation [10] pro-
vided by Allen et al. (1998).

1 Ym K 1 ET — ETc adj
— | = X - @ —
( a ) Y ( ETc ) =)

.. [10]

Ym: maximum expected crop yield when ECe <
ECethreshold, t hl,

Ky: Factor for yield response,

ETc,q;: Adjusted crop evapotranspiration (without
stress), mm season! and

Ya: actual crop yield, t h'
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3. Results and discussions

3.1. Effect of SWL and IRs on quality parameters for
sugar beet roots under SDI and SSDI irrigation sys-
tems

The data illustrated in Tables 8 and 9 present that
the quality parameters of sugar beet roots length (L) cm
plant™, diameter (D) cm plant™, fresh weight (FW) kg
plant™ purity (P%) and sucrose content (5%) decreased
as irrigation water stress levels (IRs) and salinity levels
of irrigation water (SWL) increased across all treat-
ments. At the same time, impurities (I%) exhibited an
increasing trend with higher IRs and SWL under both
surface drip irrigation (SDI) and sub-surface drip irri-
gation (SSDI) systems. Notably, the SSDI system had a
more apparent effect on all treatments than the SDI sys-
tem. A consistent pattern was observed during the
2022-2023 and 2023-2024 growing seasons. The highest
values of L, D, FW, P and S were recorded under full
irrigation (IRs 100%) with the lowest salinity level (S1 =
2.19 dS m™) using the SSDI system, reaching 39.87 cm,
14.87 cm, 0.89 kg plant™, 92.83% and 18.85% respec-
tively, in the first season, and 39.15 cm, 14.59 cm, 0.86
kg plant™, 92.41% and 18.38% respectively, in the sec-
ond season. The highest stress conditions (IRs 60%, S3 =
6.57 dS m™) with the SDI system, gave the lowest values
were 12.72 ¢cm, 5.76 cm, 0.45 kg plant™, 58.76% and
9.68%, respectively, in the first season, and 11.31 cm,
5.61 cm, 0.43 kg plant™, 58.09% and 9.46% respectively,
in the second season. On the other hand, the highest I

Table 8

values were recorded under IRs 60% and S3 = 6.57 dS
m~! using the SDI system, reaching 6.79% and 6.83% for
both seasons, respectively. Meanwhile, the lowest val-
ues of these parameters were observed under full irri-
gation (IRs 100%) with the lowest salinity level (S1 =
2.19 dS m™) using the SSDI system, with I value of
1.46% and 1.51% for both seasons respectively. Sugar
beet root quality traits (L, D, FW, P%, and S%) gradually
declined with increasing irrigation deficit (IRs) and sa-
linity levels (SWL). The decrease in quality was caused
by osmotic stress and ion toxicity limits to water uptake,
nutrient uptake, and physiological functions (photo-
synthesis and sugar accumulation) (Furrok et al., 2020;
Khan et al., 2020; Mahmoud et al., 2021b). Embracing
sub-surface drip irrigation (SSDI) had higher signifi-
cance with adequate moisture levels in the root zone,
allowing higher root development and sucrose content
due to less salinity accumulation and more nutrient
availability compared to surface drip (SDI) (Omar and
Salem, 2021; El-Metwally et al., 2019). In contrast, under
SDI system at severe water and salinity stress (IRs 60%,
53 =6.57 dS m™), had the lowest quality values coupled
with the highest impurity levels due to disturbed nutri-
ent balance and salinity toxicity (El-Fattah et al., 2019;
Zhang et al., 2022). The study concluded that SSDI with
full or moderate irrigation (IRs 80 — 100%) using low sa-
line water (S1) is the most effective way to maintain
sugar beet root quality traits in arid and saline environ-
ments.

Impact of IR and SWL on sugar beet root length, diameter, and fresh weight of sugar beet root grown during the
2022-2023 and 2023-2024 seasons under SDI and SSDI irrigation systems.

Root length Root diameter Root fresh weight
SWL IRs
IS (dS m1) %) (cm plant™) (cm plant?) (kg plant™)

st 2nd st 2nd st 2nd

100 36.06¢ 35.39%¢c 13.45¢ 13.19¢ 0.81b 0.79b
S1 80 33.8% 33.27e 12.5% 12.35e 0.75d 0.73d
60 24.32j 23.81j 9.73k 9.53k 0.53g 0.51k

100 32.45¢g 31.83¢g 11.92¢g 11.69g 0.71e 0.6%
SDI 52 80 29.73h 29.19h 10.851 10.64i 0.64¢g 0.62h
60 18.87m 18.45m 7.71n 7.55n 0.42j 0.40n

100 27.31i 26.74i 9.521 9.321 0.62h 0.60i

S3 80 23.95k 23.47k 8.64m 8.46m 0.56i 0.54j
60 12.720 11.31n 5.760 5.610 0.451 0.43m

100 39.87a 39.15a 14.87a 14.59a 0.89a 0.86a

S1 80 37.42b 36.73b 13.93b 13.67b 0.82b 0.79b

60 27.29i 26.69i 11.85g 11.62g 0.69f 0.67f

100 35.54d 34.87d 13.17d 12.92d 0.78¢c 0.76¢

SSDI S2 80 32.61f 31.98f 12.02f 11.79f 0.70e 0.67f
60 21.161 20.671 9.63k 9.45k 0.57i 0.55j

100 32.32g 31.72¢g 11.62h 11.40h 0.68f 0.65g

S3 80 29.85h 29.31h 10.67j 10.47j 0.61h 0.59i

60 23.98k 23.49k 7.56n 7.39n 0.49k 0.471

S1=219dSm™* S2=438dSm'! S3=6.57dSm
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Table 9

Impact of IR and SWL on the purity, impurities and sucrose of sugar beet root grown during the 2022-2023and

2023-2024 seasons under SDI and SSDI irrigation systems.

IS SWL IRs Purity (%) Impurities (%) Sucrose (%)
(dS m™) (%) 1st Ind 1st 2nd 1st 2nd

100 87.69¢c 87.35¢ 2.41c 2.45¢ 17.17¢ 16.94c

S1 80 84.53e 83.97e 2.85e 2.8% 15.59d 15.16d

60 75.85k 75.23i 3.78j 3.81j 11.861 11.581

100 83.95f 83.71e 2.93e 2.97e 15.31e 15.24e

SDI S2 80 79.21h 78.56g 3.47h 3.51h 13.23i 12.87i
60 67.43n 66.541 5.12m 5.16m 10.59n 10.27n

100 76.59j 76.07h 4.17k 4.21k 13.64h 13.39h
S3 80 67.23n 66.521 5.560 5.610 11.41m 11.15m

60 58.76p 58.09n 6.79p 6.83p 9.680 9.460

100 92.83a 92.41a 1.46a 1.51a 18.85a 18.38a

S1 80 89.75b 89.28b 1.97b 2.01b 17.21b 16.75b

60 78.97i 78.13g 3.31g 3.34¢g 12.43j 11.94;

100 86.62d 86.09d 2.65d 2.69d 17.15¢ 16.67¢

SSDI S2 80 82.48¢g 81.91f 3.09f 3.13f 14.57f 14.16f
60 73.531 72.69j 427k 4.32k 11.871 11.491

100 79.46h 78.78g 3.67i 3.71i 14.19¢g 13.76g

S3 80 71.81m 70.81k 4.841 4.871 12.34k 11.82k

60 62.190 61.57m 5.45n 5.49n 8.96p 8.79p

S51=219dSm?' S2=438dSm?' S3=6.57dSm?

3.2. Effect of SWL and IRs on Kstotal for sugar beet roots
under SDI and SSDI irrigation systems

Data in Table 10 shows that the total water and sa-
linity stress coefficient (Kstotal) varied significantly by ir-
rigation regime and salinity level (SWL) in both SDI and
SSDI systems over the four growth stages of sugar beet
Initial (I), Development (D), Mid (M), and Late (L). The
highest Kstotal values 1.00, 1.00, 1.00, 1.00 for both sea-
sons respectively, would all occur under full irrigation
(IRs 100%) and low salinity (S1 =2.19 dS m™!) using the
SDI system, indicating minimal stress and optimal crop
conditions. In comparison, the lowest values of I, D, M
and L were 0.61, 0.48, 0.43, 0.59 in the first season 0.61,
0.48, 0.43, 0.62 in the second season occurred under
SSDI at IRs 60% and high salinity (S3 = 6.57 dS m™),
which resulted in compounded water and salinity
stress, particularly during the development and mid
stages. Kswil values decreased steadily because of
higher salinity and less irrigation, especially under the
SDI system, which consistently had lower coefficients
than SSDI under the same conditions. This trend was
even more marked during the developmental and mid-
growth stages, which are the most sensitive to moisture
and nutrient availability. For instance, Kstota was as low
as 0.48 under SSDI during the developmental stage at
only IRs 60% and high salinity (S3). During the mid-
stage, it further dropped to 0.43 under the same treat-
ment, reinforcing the sensitivity of these stages to the
productivity of sugar beets. Interestingly, SSDI also

maintained higher Kstwt under most treatments com-
pared to the lower irrigation amounts of SDI, suggest-
ing efficient water uptake and less overall salinity
within the root zone. This could be because SSDI deliv-
ered water more localized and deeper in the soil profile
than SDI, which would reduce surface evaporation and
alleviate salinity crusting, thereby balancing the mois-
ture again within the root zone (Omar and Salem, 2021;
El-Metwally et al., 2019). Also, higher Ks values under
SSDI supported previous findings of Fathy et al. (2018);
Mahmoud et al. (2021b), who demonstrated that SSDI
enhances moisture uniformity while mitigating salinity
stress due to osmotic stresses. From a physiological per-
spective, the decrease in Kswtal due to combinations of
water-saline stresses is a function of their restriction on
root water uptake and transpiration and inhibition of
photosynthesis due to ion toxicity and osmotic stress
(Zhang et al., 2022; Furrok et al., 2020). The effects of
stress are enhanced during the critical growth stage (de-
velopment and mid) when these stresses result in lower
evapotranspiration (ETcaqj) and yield and quality loss.
Therefore, it is important to keep Kswta above 0.75 to
maintain growth under stress, which could be achieved
using SSDI with moderate amounts of irrigation with
low to moderate salinity. In conclusion, SSDI at IRs 80—
100% under low or moderate salinities maintained Ksto-
wl above other trials at each growth stage, which sup-
ports SSDI as both a water-efficient and stress-mitigat-
ing irrigation approach in saline, arid environments like
Wadi El-Natrun.
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Table 10

Impact of IR and SWL on the total water and salinity stress coefficient for all sugar beet growth stages during the

2022-2023 and 2023-2024 seasons.

Total water and salinity stress coefficient, (-)

SWL IRs Growth Stages
IS (dS m) (%) Initial Development Mid Late
1st 2nd 1st an 1st an 1st 2nd

100 1.00a 1.00a 1.00a 1.00a 1.00a 1.00a 1.00a 1.00a

S1 80 0.91e 0.92e 0.81f 0.81f 0.77g 0.77g 0.8% 0.90.e

60 0.78j 0.81i 0.611 0.611 0.57m 0.57m  0.72k 0.74k

100 1.00a 1.00a 1.00a 1.00a 0.98b 0.98b 1.00a 1.00a

SDI S2 80 0.89f 0.90f 0.79¢g 0.79¢g 0.75h 0.75h 0.87f 0.87f
60 0.76k 0.78k  058m  0.60m  0.54n 0.54n 0.691 0.701

100 0.97¢ 0.97¢ 0.95b 0.95b 0.94c 0.94c 0.97b 0.98b

S3 80 0.83h 0.86g 0.76h 0.78h 0.73i 0.73i 0.83g 0.84g
60 0.721 0.721 0.530 0.56n 0.500 0.510 0.67m 0.67m

100 0.99b 1.00a 0.92¢ 0.91c 0.91d 0.90d 0.97b 0.98b

S1 80 0.86g 0.86g 0.72i 0.74i 0.70j 0.70j 0.82h 0.83h

60 0.71m 0.721 0.55n 0.540 0.500 0.50p 0.66n 0.65n

100 0.97¢ 0.98b 0.90d 0.89d 0.88e 0.87e 0.95¢ 0.95¢

SSDI S2 80 0.83h 0.83h 0.69j 0.69j 0.66k 0.66k 0.791 0.79i
60 0.69n 0.70m  0.51p 0.51p 0.47p 0.47q 0.620 0.620

100 0.94d 0.94d 0.84e 0.84e 0.82f 0.82f 0.91d 0.91d

S3 80 0.791 0.79j 0.66k 0.66k 0.621 0.611 0.75j 0.76

60 0.610 0.61n 0.48q 0.48q 0.43q 0.43r 0.59p 0.62p

S1=2.19dSm? S2=4.38dSm?' S3=6.57 dSm

3.3. Effect of SWL and IRs on ETcadj for sugar beet
roots under SDI and SSDI irrigation systems

Table 11 and Figs. 2 and 3 present that the adjusted
crop evapotranspiration (ETcadj) across different growth
stages (initial, development, mid, late) and the overall
growing season for sugar beet consistently declined
with decreasing irrigation levels (IRs) and increasing
salinity levels (SWL) across all treatments. The SSDI ir-
rigation system also demonstrated greater efficiency in
regulating irrigation water applications than the SDI
system, a trend observed throughout the 2022-2023 and
2023-2024 seasons. The highest ETcaqj values recorded
in the first season were 42.66, 141.51, 284.50, 114.03, and
582.70 mm across the respective growth stages, while in
the second season, they were 43.25, 143.73, 288.41,
115.08, and 590.47 mm. These values corresponded to
full irrigation (IRs 100%) and the lowest salinity level
(51 =2.19 dS m™!) under SDI irrigation treatment. Con-
versely, the lowest ETcadj values in the first season were
25.95, 67.36, 121.71, 66.71, and 281.73 mm, while in the
second season, they were 26.31, 68.99, 123.38, 70.81, and
289.49 mm, recorded under IRs 60%, S3 = 6.57 dS m-,
and SSDI irrigation. These results may stem from the
combined effects of water deficit and salinity stress on
the primary physiological aspects of sugar beet. Salin-
ity-induced osmotic stress and ion toxicity reduce the
availability of water to plant roots, which can limit

water establishment during critical physiological pro-
cesses and, as a result, cause a stop in transpiration and
photosynthesis and negatively affect ETcaq (Zhang et
al., 2022; Furrok et al., 2020). If salinity is high, it can
increase the impacts of water deficit stress when plants
are presented with deficit irrigation because the osmotic
gradient decreases, reducing stomatal conductance and
photosynthetic production. There is also an impact on
the irrigation system. SSDI has been shown to allow,
with reasonable precision, the placement of water into
the crop root zone, decrease surface evaporation from
within the SDI method, and reduce salinity accumula-
tion in the root zone (Omar and Salem, 2021; El-Met-
wally et al.; 2019). Efficiently watering the root zone al-
lows moisture to be available when the plants need it,
thereby supporting weak, stressed physiological ac-
tions. Sugar beet physiological functions can continue
under moderate combined water and salinity stress,
provided nutrient and moisture availability are main-
tained. Alternatively, surface drip irrigation creates a
non-uniform soil moisture profile compared to other
systems, as well as contributes to evaporative losses,
and as a result, stress conferred by salinity is worsened
with SDI (Mahmoud et al., 2021b; Fathy et al., 2018).
Previous research has also confirmed that the develop-
ment and mid-growth stages are particularly vulnera-
ble to water and salinity stress, which also explains the
larger drops in ETcaq; at these points (Ali et al., 2018; El-
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Sayed et al., 2019). Under these conditions, lower values
of total water and salinity stress parameters reflected a
larger physiological toll on the crop and less water use
efficiency (Hassan et al., 2020; Mahmoud et al., 2021a).

especially SSDI with moderate irrigation and low-mod-
erate salinity, offers an exciting new avenue to maintain
plant performance and water productivity under arid
and saline field environments.

Therefore,
Table 11

integrated water-salinity management,

Impact of IR and SWL on adjusted crop evapotranspiration, (mm) for all sugar beet growth stages throughout the
2022-2023 and 2023-2024 seasons.

Adjusted crop evapotranspiration, (mm)

IS SWL IRs Growth Stages
(dSm1) (%) Initial Development Mid Late
st 2nd st 2nd st 2nd st 2nd

100 42.66a 43.25a 141.51a 143.73a  284.50a  288.4la 114.03a 115.08a
S1 80 38.91d 39.79d 114.27f  116.06e  219.61g 222.62g 101.49e 103.57d

60 33.27h  34.91h 86.41k 88.38j 160.971 163.181 82.10j 84.93i
100 42.66a 43.25a 141.51a 143.73a  277.54b  281.35b 114.03a 115.08a
SDI 52 80 37.78¢ 38.73e  112.21f  113.97f 21229h 215.68h  99.67f  100.52e

60 32.22i  33.85i 82.021 85.72j 154.34m 156.46m 78.53k  80.22j
100 41.56b 42.14b 13492b  136.88b  267.66c  271.34c 110.61b 112.78b

S3 80 35.50g 37.37f 108.06g  111.48f 207.40h 210.91h  94.25g  97.12f

60 30.75) 31.18  75.15m 80.33k  143.67n  146.75n  76.191  77.33k
100 4223a 43.25a  130.19c  130.79c¢  258.90d 259.57d 111.09p 112.55b

S1 80 36.87f 37.38f 101.89h  106.07g  197.88i  203.17i 93.67g  95.29g

60 30.46j 31.14) 77.60m 78.001 142.39n  143.66n  74.711 75.281
100 41.38b 42.24b  126.66d  127.31c  250.67e  251.22e 108.33d 109.53c

SSDI 52 80 35.26g 36.05g  98.24i 99.78h 188.11j 190.70;  89.66h  90.49h
60 29.35k  30.10k  72.62n 7319m 132920 134460 70.24m 71.72m
100 39.96c 40.48c  119.55e  120.04d  232.44f  235.63f 103.93e 104.88d

S3 80 33.72h  3433h  93.57j 95.18i 176.85k  177.14k  85.00i 86.92i
60 25951 26311  67.360 68.99n  121.71p 12338p 66.7In  70.81m

S$1=2.19dSm' S2=4.38dSm? S3=6.57dSm"!

3.4. Effect of SWL and IRs on MY for sugar beet roots
under SDI and SSDI irrigation systems

Figs. 2 and 3 indicate that the marketable yield (MY)
production (t ha™) of sugar beet roots declines as irriga-
tion levels (IRs) decrease and salinity levels (SWL) in-
crease across all treatments. Additionally, the SSDI irri-
gation system significantly enhanced MY values com-
pared to the SDI irrigation system under water and sa-
linity stress conditions throughout the 2022/2023 and
2023/2024 seasons. The highest MY values were 54.75
and 54.31 t ha™ in the first and second seasons under
full irrigation (IRs 100%), with the lowest salinity level
(S1 = 2.19 dS m™) using the SSDI system. Conversely,
the lowest MY values were observed at 16.15 and 15.89
t ha™ in the respective seasons under IRs 60%, S3 = 6.57
dS m! with the SDI system. These findings may be at-
tributed to the combined physiological effects of salin-
ity stress and water deficit stress on the productivity
and growth of sugar beet plants. Salinity causes osmotic
pressure and ion toxicity (primarily Na* and CI- ions).
It drastically impacts root zone water availability and

root membrane functionality, lowering water availabil-
ity and nutrient uptake. Reduced uptake of nutrients
and water will impact photosynthesis and restrict cell
expansion, especially under low irrigation conditions,
resulting in limited biomass accumulation and a mar-
ketable yield (Furrok et al., 2020; Zhang et al., 2022). Re-
garding salinity, irrigation deficits are also more prob-
lematic because salinity diminishes the soil-plant water
potential gradient and worsens drought conditions. As
a result, nutrient uptake and water availability are di-
minished under poor water conditions, and the crops
experience greater metabolic disruption, especially dur-
ing important times of growth like sugar storage and
root bulking (El-Fattah et al.,, 2019; Mahmoud et al,,
2021b). The improved yields under SSDI may be at-
tributed to its higher efficiency in delivering water di-
rectly to the root zone under stress conditions. SSDI ap-
plies water directly to the effective root zone, minimizes
evaporative losses and salinity accumulation near the
crown area, and provides a better soil moisture profile.
These attributes assist in maintaining physiological
functions and reducing osmotic stress, even with
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moderate reductions in water availability (Omar and
Salem, 2021; EI-Metwally et al., 2019). The findings reit-
erate the importance of irrigation strategies and salinity
management when considering sugar beet yield in arid
environments. The ability to apply regulated deficit ir-
rigation using SSDI, particularly under conditions of
low to moderate salinity, allows for improvements to

Surface drip irrigation (SDI)

water use efficiency while buffering yield loss in saline-
prone conditions (Ali and Mohamed, 2017; Fathy et al.,
2018; Zhao et al., 2021). Thus, integrating SSDI with reg-
ulated deficit irrigation offers a practical strategy to sus-
tain sugar beet productivity under water-saline stress in
arid agro-ecosystems.

Sub surface drip irrigation (SSDI)

BIRs=100% BIRs=80%

B IRs=60%

a4 p

S1=2.19

S2=4.38

S3=6.57

S1=2.19 S2=4.38 S3= 6.57

Salinity levels of irrigation water (SWL), dS m™

Fig. 2. Impact of salinity levels of irrigation water (SWL) and added irrigation water levels (IRs) on marketable
yield (MY) of sugar beet roots, seasonally adjusted evapotranspiration (ETcadj), water use efficiency (WUE), and
irrigation water use efficiency IWUE) under SDI and SSDI irrigation systems for the 2022-2023 seasons.
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Surface drip irrigation (SDI) Sub surface drip irrigation (SSDI)

BIRs=100% BIRs=80% BIRs=60%

S1=2.19 S2=4.38 83=6.57 S1=2.19 S2 =4.38 S3=6.57
Salinity levels of irrigation water (SWL), dS m™

Fig. 3. Impact of salinity levels of irrigation water (SWL) and added irrigation water levels (IRs) on marketable
yield (MY) of sugar beet roots, seasonally adjusted evapotranspiration (ETcadj), water use efficiency (WUE), and
irrigation water use efficiency (IWUE) under SDI and SSDI irrigation systems for the 2023-2024 seasons.

3.5. Effect of SWL and IRs on WUE and IWUE for sugar  efficiency (IWUE) for sugar beet roots were observed at

beet roots under SDI and SSDI irrigation systems 12.36 kg m= and 12.06 kg m= in the first season and
11.92 kg m= and 11.68 kg m= in the second season re-
spectively, under IRs 80% and low salinity (51 =2.19 dS
m™1) using the SSDI system. In contrast, the lowest WUE

Figs. 2 and 3 illustrate that the highest values of wa-
ter use efficiency (WUE) and irrigation water use
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and IWUE values were 4.96 and 3.87 kg m= in the first
season and 4.73 and 3.73 kg m= in the second season
under severe water stress (IRs 60%) and high salinity
(83 = 6.57 dS m™) using SDI. Notably, under IRs, 80%
and S1 with SSDI, WUE, and IWUE increased by 47.60
and 51.27% in the first season and 46.86 and 52.55% in
the second season, compared to the conventional treat-
ment (IRs 100%, S1, SDI). These improvements may be
attributed to SSDI’s enhanced capability to deliver wa-
ter precisely and uniformly within the crop root zone,
reducing non-beneficial water losses such as surface
evaporation and deep percolation. This promotes con-
sistent root moisture availability, supporting optimal
physiological processes and metabolic efficiency in
sugar beet plants (Omar and Salem, 2021; El-Metwally
et al, 2019). Under moderate deficit irrigation (80%
ETc), sugar beet exhibits a degree of resilience without
significant compromise to photosynthesis or stomatal
conductance, thereby maintaining higher WUE and
IWUE (Mahmoud et al., 2021a). However, under more
severe stress (60% ETc) and salinity (S3), plants experi-
ence dual stress osmotic and drought, which intensifies
physiological disruption, particularly in processes like
nutrient uptake, sugar accumulation, and root expan-
sion (Furrok et al., 2020; Zhang et al., 2022). Moreover,
salinity reduces water uptake by damaging root mem-
branes through sodium and chloride toxicity, further
decreasing yield and water productivity (Khan et al.,
2020; El-Fattah et al.,, 2019). The SSDI system helps
counteract these effects by minimizing salinity accumu-
lation near the root zone through deeper, more con-
trolled water delivery (Ali et al., 2018; Zhao et al., 2021).
Therefore, integrating SSDI with regulated deficit irri-
gation, particularly at IRs 80%, represents an effective
strategy to optimize WUE and IWUE while sustaining
yield and resource efficiency in arid and saline environ-
ments. These insights suggest that adopting SSDI at
80% ETc under low salinity can serve as a practical irri-
gation strategy to improve water savings without com-
promising yield, which is particularly valuable for
farmers in arid regions facing water scarcity.

3.6. Effect of SWL and IRs on Ky for sugar beet roots
under SI and SDI irrigation systems

The data presented in Fig. 4 illustrates a linear rela-
tionship between the relative reduction in actual evap-
otranspiration, 1 - (ETa/ETmax), and the relative decline
in yield, 1 - (Ya/Ymax), for winter sugar beet roots. This
relationship was highly significant during the
2022/2023 season, with crop yield response factor (Ky)
values of r =0.900, 0.902, and 0.920 for salinity levels S1
=2.19,52=4.38, and S3 =6.57 dS m"! respectively, under
surface drip irrigation (SDI). Similarly, under sub-

surface drip irrigation (SSDI), Ky values were recorded
as r=0.864, 0.869, and 0.888 for the same salinity levels.
Figure 4 also indicates that during the 2023/2024 season,
the trend between 1 - (ETa/ETmax) and 1 - (Ya/Ymax)
remained consistent under varying water and salinity
stress conditions for both SDI and SSDI systems. Fur-
thermore, Fig. 5 shows that Ky values rose when irriga-
tion water stress (IRs) and salinity levels (SWL) in-
creased for all treatments. The SSDI system continu-
ously functioned better than the SDI system, which led
to lower Ky values and demonstrated its greater effec-
tiveness in reducing the effects of water stress. The low-
est Ky values were 0.14 and 0.16 for the first and second
seasons, respectively, under the treatment IRs, 80%, S1
=2.19 dS m-1 and SSDI. On the other hand, the treat-
ment IRs 60%, S3 = 6.57 dS m-1 under SDI, gave the
highest Ky values of 1.57 and 1.59 for the first and sec-
ond seasons, respectively. These observations may be
attributed to the heightened sensitivity of Ky under
dual stress conditions, especially in the case of surface
drip irrigation (SDI). Ky represents the proportional
yield reduction relative to the adjusted seasonal evapo-
transpiration (ETcadj), and serves as a sensitive indica-
tor of crop vulnerability to water and salinity stress (El-
Sayed et al., 2019; Mahmoud et al., 2021b). Regarding
SDJ, the reduced leaching capacity and heterogeneous
moisture distribution likely contributed to salinity ac-
cumulation in the root zone, which exacerbated osmotic
stress and physiological effects associated with nutrient
uptake and photosynthesis (Zhang et al., 2022; El-Fattah
etal., 2019). This was likely to have increased Ky values
since plants under stress conditions could not mitigate
the effect of two sources of stress. In comparison, SSDI
had lower values of Ky due to the hydrologic regime of
the irrigation system keeping the bulk of the moisture
and placing drainage vertically (L.e. facilitating vertical
salinity leaching beyond the root zone) while reducing
losses of non-productive water (Omar and Salem, 2021;
Fathy et al., 2018). The improved irrigation efficiency of
SSDI guarantees greater consistency in plants' water
uptake and reduced yield loss due to stress, even under
reduced irrigation volume. The results align with pre-
vious research findings regarding improved stress-
buffering using SSDI and water use efficiency where Ky
serves not only as an indicator of water deficit but also
as a responsive parameter reflecting the interaction be-
tween irrigation method and salinity (Ali et al., 2018;
Zhao et al., 2021; Ibrahim et al., 2019). Strategic irriga-
tion management aimed at minimizing Ky values un-
der combined stress conditions is therefore essential to
ensure sustainable sugar beet productivity in arid and
saline environments (Omar et al., 2018; Hassan et al.,
2020).
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Fig. 4. Relationship between adjustments to evapotranspiration stress (ETcadj), mm season’, and the decline
in marketable yield (MY) for sugar beet roots at varying salinity levels of irrigation water (SWL) and irrigation
systems (IS) during the seasons 2022/2023-2023/2024.

Surface drip irrigation (SDI) Sub-surface drip irrigation (SSDI)

-l 51=2.19 dS/m
+ A+ 82=4.38 dS/m
@ -53=6.57 dS'm

Season 2022/2023

Yield response factor Ky, (-)

Season 2023/2024

540 685 830 250 395 540 685 830

[
J
=
[
-]
th

Added irrigation water levels (IRs), mm season™

Fig. 5. Impact of varying salinity levels of irrigation water (SWL) and irrigation systems (IS) on sugar beet root
yield response factor (Ky) for seasons 2022/2023-2023/2024 at additional irrigation water levels (IRs), mm season.
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4. Conclusion

This study concluded that the production of sugar
beet in the sandy soils and dry conditions of Wadi El-
Natrun, Egypt, was impacted by a deficit of irrigation
water and salinity stress, both of which impaired crop
productivity, root quality and water use efficiency. The
most suitable treatment was achieved using a subsur-
face drip irrigation (SSDI) system with IRs= 80% irriga-
tion level and low salinity water (S1 = 2.19 dS m™)
which produced a 10% increase in marketable sugar
beet productivity, 26% less actual water consumption
and a 12% improvement in water use efficiency com-
pared to the control treatment (full irrigation IRs = 100%
and S1=2.19 dS m™* using SDI). The study also showed
that, provided low salinity water was unavailable,
moderate salinity water (52 =4.38 dS m™) with IRs=80%
irrigation level under SSDI gave adequate productivity
and water use efficiency. High or very high salinity lev-
els combined with water deficit produced significant
yield reductions when using SDI. The results highlight
the utility of implementing an irrigation strategy using
SSDI at 80% IR value and with low and moderately sa-
line (51, S2) water resources as a sustainable solution to
improve water productivity and salinity management
in harsh conditions of arid regions such as Wadi El-
Natrun. Moreover, if moderately saline water is used, a
reasonable productivity of sugar beet can still be main-
tained at acceptable quality and salinity levels for sus-
tainable agricultural productivity in limited water re-
sources and high salinity environments.
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