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NUMERICAL MODELING FOR SOIL WATER
MOVEMENT UNDER DEFICIT IRRIGATION AND
PARTIAL ROOT ZONE DRYING.

Abousrie A. Farag”

ABSTRACT

The successful water management is considered one of the best solutions
for the problem of water shortage. The first step in successful water
management is to estimate the water requirements for crops accurately and
monitoring the residual water content in soil during the growth season, but
that cost a lot of everts and money. Others most important techniques for
water saving are deficit irrigation (DI), partial root zone drying (PRD) and
the integration between them. So, the aim of this study is to simulate the
water flow in soil by Hydraus-1D as an easy and a cheap method. Also,
studying the applied full irrigation (FI), two levels of sustainable deficit
irrigation (DI) applied 75% of total crop evapotranspiration (ETc) (Dl7se)
and applied 50% of ETc (Dlso%), partial root zone drying (PRD) and the
integration between DI and PRD on eggplant yield and water productivity
efficiency (WP). The experimental work was carried out during the summer
seasons of 2017 and 2018 at the experimental farm of Faculty of
Agriculture (Moshtohor), Benha University. The soil water content (6) was
measured several times during the growth season by using soil moisture
sensor (ML3 Theta Probe) at depths of 10, 30 and 50 cm. In addition, a
numerical modeling was used for predicting the soil water content and
comparing the output of model with the actual measured soil water content.
The results of the numerical model showed that, the simulated and
measured 0 values were very close to each other. Moreover, the soil water
content under subsurface drip irrigation (SSDI) at a depth of 10 cm were
higher by 15.44 % than the corresponding ones under surface drip
irrigation (SDI), while at depths of 30 and 50 cm, the values of @ under SDI
were higher by 7.16 % and 11.41 % than the corresponding ones under
SSDI, respectively. PRD technique with full irrigation (Flprp) treatment
increase the yield and WP by average values about 7.5 % and 16.25 % than
that obtained without PRD, respectively under SDI and SSDI.
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In addition, the PRD technique associated with deficit irrigation treatments
resulted in lower fluctuation in the water contents in the vertical
distribution than that obtained by the corresponding treatments without
PRD technique. While, the using DI decreased the yield and increase WP
by different percentage. Dlsy decrease the yield by average value 14.9 %
than that obtained at FI and increase WP by 29.1 % under SDI and SSDI.
Dlso% significantly decreased the yield by average value 36.25 % and
increase significantly the WP by 59.1 % than the corresponding values at
FI. The statistical analysis showed that, there were no significant
differences among the Flprp, FI and Dlzs+prp. The SDI resulted in
increasing in yield by 4.11 % but not significant than that obtained by
SSDI, and SSDI increased WP by 7.15 % than that achieved under the SDI,
however the differences between these values were not significant.

Keywords: Hydrus-1D, sustainable deficit irrigation, soil water content,
surface drip irrigation, subsurface drip irrigation and water
productivity.

INTRODUCTION
As a result of steep population growth and limited water resources,

the food and water gaps in Egypt are growing rapidly (Abdelkader

et al., 2018). The agricultural sector consumes around 85% of the
Nile water and this percentage is expected to increase due to the increased
population and consequently the increased agricultural demands (FAO,
2018).

Improving the sustainability of irrigation systems requires optimizing
operational parameters such as the threshold of irrigation and the amount
of irrigation. Numerical modeling is a means of optimizing such
operational parameters quickly and accurately (Dabash et al. ,2013). Using
the numerical model data as a data source for modeling soil moisture is
considered a good method for calculating the potential evapotranspiration
and consequently the water requirement accurately from the output of a
numerical atmospheric model (Dabash et al.,2013).

Many numerical methods have been used in soil to predict water flow and
transportation processes. HYDRUS-1D is one of the recent models in this
respect. This model was created and developed under different moisture
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conditions to simulate the movement of water, solutes and heat flow in
porous media. This model describes water and solvent movement.
(Simunek et al.,1998a and Noshadi and Torkaman, 2018).

Deficit irrigation means that the water applied is reduced to only a fraction
of potential evapotranspiration of a well-watered reference crop (ETc).
According to English and Raja (1996) deficit irrigation is an optimization
strategy, under which crops are deliberately subjected to some degree of
water deficit and reduced yield.

An irrigation-deficit strategy can be implemented in different ways, mainly
differing in how the water limitation is applied. Sustainable deficit
irrigation (DI) is based, in particular, on a uniform restriction of water,
depending on the requirements of crop water. This approach makes it
possible for the crop to adapt to the stressful situation. DI reduce the
production of biomass under moderate water stress due to reduced canopy
size and interception of radiation (Fereres and Soriano, 2006).

Determining accurate yield expectations under deficit irrigation conditions,
corrects irrigation scheduling, and using current best management practices
for nitrogen can help minimize leach nitrate losses Tarkalson et al.,
(2006).

Partial root-zone drying (PRD) is a new water-saving irrigation strategy
which requires that the roots are simultaneously exposed to both dry and
wet soil zones. This technique is now undergoing extensive trials with a
range of agricultural crops. According to Jovanovic, et al., (2010), the
PRD strategy could save 33% to 42% of irrigation water requirements
while maintaining, at the same time, almost similar yields of potato.

Also, Topcu and et. al, (2007) found that, the highest yield of tomato was
under full irrigation (FI), followed respectively by partial root drying
(PRD) and deficit irrigation (DI). Water use efficiencies (WUE) were
significantly higher for both PRD and DI compared to full irrigation. The
PRD practices can be viable and advantageous in comparison with
conventional techniques to minimize crop vyield reductions during
irrigation deficit.
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At the full bearing period, the eggplant was most sensitive to deficit
irrigation, which not only restricted root growth and spatial distribution,
but also reduced yield significantly ZhenYu et. al. (2010).

According to Karam et. al. (2011), in full irrigation, the average of soil
water deficit (SWD) was about 30 percent of total available water (TAW),
while in deficit irrigation it ranged from 50 to 75 percent of TAW. In
response to deficit irrigation, the reduction in fresh yield of eggplant was
compensated by an increase in the mean weight of the fruit. The fruit fresh
yield in the control was 33.7 t hal, while it was 12, 39 and 60 percent lower
in 80, 60 and 40 percent of DI.

The aim of this study are evaluate the simulation of soil water flow, root
growth and root water uptake in clay soil for eggplant by HYDRUS-1D
under both deficit irrigation (DI), partial root zone drying (PRD) and the
integration between them and their effects on eggplant yield and water
productivity (WP)

MATERIALS AND METHODS
The experimental site.
The experimental site was located at Faculty of Agriculture (Moshtohor),
Benha University, in El-Qalubia governorate, Egypt. It placed at latitude
30°21/26.24" longitude 31°13/15.89" and 15 m above sea level and receives
rainfall in winter at a rate of about 22 mm/year. The metrological data were
recorded by iMatios station of Faculty of Moshtohor.

The soil of the experimental site was physically and chemically analyzed
according to Holliday (1990) and Blume (1985). Results of analysis
showed that this soil was of pH 7.77 and EC 2.81 dS m™.. The soil textural
class was clay; saturation percentage was 75.5 %; field capacity (FC) was
36.28 %; permanent wilting point (PWP) was 17.39 %; total available
water was (TAW) 18.93 %; bulk density was 1.15 Mg m3; particle density
was 2.2 Mg m™ and total porosity was 47.74 %. The main properties of the
irrigation water were EC of 2.65 dS m*and pH of 7.34.

The eggplant (soma sp.) was transplanted after 20 days of seeding during
the summer seasons of 2017 and 2018 at distances of 50 cm between plants
on each row and 80 cm between rows of 11.5 m length. The specification
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of the used drip irrigation system were GR laterals of 50 cm emitters
spacing and 4 I/hr emitter flow rate at 0.8 bar. Two drip irrigation layouts
were used; surface drip irrigation (SDI) and subsurface drip irrigation
(SSDI). Different irrigation levels were studded: the full irrigation FI
(100% of ETc), Dlsy (deficit irrigation at 75% of ETc) and Dlsoy (deficit
irrigation at 50% of ETc). The PRD technique was applied under all
treatments (Flprp, D17s%+pro and Dlsow+pro) as shown in Fig. (1).
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Figure (1): Irrigation management strategies under SDI and SSDI for
eggplant crop.
To achieve the PRD treatments two drip irrigation lines for each treatment
were at distance 60 cm from each other and the plant was located in the
center between them. Each irrigation event only one of them was used for
irrigation alternatively with the other one at the half period of irrigation
intervals.
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The applied fertilizer requirements of eggplant were 250 kg nitrogen, 55
kg P20s and 60 kg K20 ha* according to FAO, 2005.

Irrigation Water Requirement:

The IRRMIT model integrated with iMatios station web site, which is
supplied by many sensors was used for measuring humidity, temperature,
radiation, perspiration, wind speed and wind direction. IRRMIT model
used the recoded data of iMatios for calculating reference
evapotranspiration and crop evapotranspiration according to Benman-
Montith equation and FAO table, equation (1) (Allen et. al., 1998).

ETc = ETo K, [1]
where: ETc is the crop evapotranspiration in mm / day, ETo is the potential
evapotranspiration in mm / day and, Kc is the single crop factor.

The total available water (TAW) was calculated as the difference between
soil moisture content (0) at field capacity (FC) and the corresponding one
at the permanent wilting point (PWP) multiplied by the root depth. The root
depth was predicted according to Borg and Grimes (1986). Irrigation
interval was equal to the radial available water (RAW) divided by the
summation of ETc of the period between each followed irrigation events,
where RAW is the fraction (p) of total available water, (0.5 of TAW). The
leaching requirement (LR) was 0.2 of total applied irrigation depth and
Irrigation water applied (lw) was calculated as:

lw = RAW/ Ei (1-LR) [2]
Where Ei is the irrigation efficiency, 90% for SDI and 95% for SSDI.

Numerical model

Soil water content () values during the growth season were simulated by
Hydrus-1D program. Three models i.e. hydraulic model, root water uptake
and root growth were used for estimating the 4 at different soil depths for
eggplant crop during the growth seasons.

Van Genuchlen-Mualem model (Hydraulic model) was used for simulated
the water flow in soil according to van Genuchten (1980) as shown in
equation 5 for single porosity soil (the soil was of homo genius pores
system) and no hysteresis with air entry value of 2 cm for subsurface drip
irrigation system and without air under surface drip irrigation system.
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Three soil samples at depths of 0-20, 20-40 and 40-60 cm were laboratory
mechanically analyzed (gradation analysis of soil test) for measuring the
percentage of clay, silt and sand before the growth season according to
ASTM, 2007 (D422), which are the input parameters of ROSETTA model
to predict the empirical parameters of van Genuchten model as shown in
Table (2).

Table (1). Soil gradation analysis and empirical parameters of Van
Genuchlen-Mualem model at different soil depths predicted by ROSETTA
model for clay soil

Soil depth
Parameters 0-20cm 20-40cm 40 -60 cm
S_oil particIeSan d Coarse 20.95 21.23 18.30
size Fine  1.28 1.96 2.62
distribution  Silt 27.92 28.19 31.16
(%) Clay 49.85  48.62 47.92
Or 0.1019 0.1034 0.1054
Os 0.529 0.5413 0.5593
a (1/mm) 0.00172 0.00187  0.00199
n 1.3421 1.3326 1.3229
Ks (mm/day) 338.5 419.8 526.1
I 0.5 0.5 0.5

Where 6; is the residual soil water content (mm3-mm=3), s is the saturated
soil water content ( mm*mm=3), parameter « is the soil water retention
function (mm™), n is a parameter in the soil water retention function, Ks is
the saturated hydraulic conductivity, (mm day?) and | is tortuosity
parameter in the conductivity function.

05—6,
b + i h <0 5

0, h>0

6(h) =

Where : 8(h) the function of the soil water content (mm3-mm™) h is air-
entry value (mm), m =1-1/n is empirical parameter as shown in table (1).

The water flow boundary conditions were variable flux (irrigation depths)
and free drainage at upper and lower boundaries, respectively and the initial
condition was water content.
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Root water uptake model of Feddes and Zaradny (1978) was used for
studying the values of water consumed by plant and the residual water in
soil. The input data of Feddes model were: the pressure head below which
roots start to extract water from the soil (PO = -100 mm), pressure head
below which roots extract water at the maximum possible rate (POpt=-250
mm), high potential transpiration rate (r2H = 5 mm/day), limiting pressure
head below which roots can no longer extract water at the maximum rate
at high potential transpiration rate (r2H) P2H = -8000 mm, but for a low
potential transpiration rate (r2L) = 1 (mm/day) P2L = -15000 mm) and the
pressure head below which root water uptake ceases (P3 =-160000 mm).

The root growth specified by using Verhulst-Pearl logistic (Growth
Function). It is used to describe root growth during the growing season.
The parameters were: initial root growth time as 30 days, the harvest time
(160 days), the initial rooting depth (100 mm), the maximum rooting depth
as 600 mm and the time period 130 days. The root growth factor was
calculated by using the assumption that, 50% of the rooting depth is
reached at the midpoint of the growing season. The root water uptake is
calculated by using the root growth model as following according to

Hoffman and Van Genuchten, 1983 equation (6):
1.66667

¢ x>L—0.2Lg

R

b(x) = { 2.0833 (1 _ Xo—X> X€e(L—LgL—0.2Lg) [6]
LR Lgr
0 X <L-—Lg

where b(x) is the normalized water uptake distribution at depth x (mm™),
L is the x-coordinate of the soil surface (mm) and L is the root depth
(mm).

The daily meteorological data are the other inputs for both models. The
meteorological data were used to calculate the Potential ET.

Estimating and predicting of soil water content, 6
Soil water content (6) was measured by Delta ML3 Theta Probe soil
moisture sensor several times during the growing season to compare

Misr J. Ag. Eng., January 2019 -202 -



IRRIGATION AND DRAINAGE

between the measured values and the corresponding ones simulated and
predicted by Hydrus-1D under all treatments as shown in Fig. (2).

Deep porcolation (Dp)

. i & ik ol
Measuring 6 by ML3 theta probe Water balance model
Fig. (2). Measured and predict soil water content

The predicted soil water content can be estimated by water balance
equation (3) as shown in fig. (2).

P+ly =ETc +R+DP-4W [3]
where, P is the precipitation (mm), l is the applied irrigation depth (mm),
R is the run off (mm) it was neglected for SDI and SSDI , Dp is the deep
percolation (drainage water) (mm) and AW is the change in soil water
content or soil depletion (mm) as:

AW = 0; -6i+n [4]
where, 6 is the soil water content after irrigation and 6;+n soil water content
before irrigation or at the end of the irrigation interval.

Yield and water productivity, (WP).

Eggplant was harvested at mid stage twice per weak for period of 30 days.
The total yield for each treatment was measured for each line. Water
productivity (WP) is defined, according to Molden et al. (2010), as the net
benefit from the crop to the amount of water used to produce those benefits,
i.e., the relationship between the marketable fruit yield (kg ha™) and the
total water applied (m® hat) (Patané et al., 2011).
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Statistical analysis
The experimental design was randomized complete block design (RCBD)
with 3 replicates fig. (1). The results of yield and WP were analyzed
statistically by using ANOVA and Tukey HSD test with two factors at p =
0.05.

RESULTS AND DISCUSSIONS

The measured and modeled values of soil water content (6).

The 0 (cm® cm®) values were obtained at different soil depths 10, 30 and
50 cm for different irrigation management strategies (FI, Dlzse, Dlsos,
Flprp, Dl7s%+prp and Dlsos+pro) under SDI and SSDI. The predicted values
of by HYDRUS-1D model were very close to the measured values at all
treatments under SDI and SSDI as shown in Fig. (3, 4, 5, 6, 7 and 8).

The highest average value of 8 was 0.31 (cm® cm®) at both FI and Flprp
followed by Dlzse+pro (0.27 cm® cm3) and Dlsy (0.26 cm® cm®) and the
lowest mean value of & was 0.25 (cm® cm®) at Dlsos + pro and Dlsos during
the growth season.

The mean value of 9 at a depth 10 cm during the growth season under SSDI
was 0.3 (cm® cm™) higher than the corresponding one under SDI (0.26 cm?®
cm®). This finding was regardless of the irrigation treatment whether it was
FI, Flprp, Dl7s%, Dl75% +prD, Dlsos Or Dlsow+pro @s shown in Fig. (3, 4, 5, 6,
7 and 8). This occurred because the applied irrigation water under SSDI
was at a depth of 10 cm which is the depth of lateral irrigation lines. On the
other hand, the mean values of 4 at depths of 30 and 50 cm were 0.27 and
0.3 (cm® cm®), respectively under SDI higher than the corresponding one
under SSDI (0.25 (cm® cm™) at 30 cm and 0.27 (cm® cm™) at 50 cm) as
shown in Fig. (3, 4, 5, 6, 7 and 8).

Figures (3-a) and (3-b) show the changes in simulated and measured soil
water content (¢) at depths 10, 30 and 50 cm at FI treatment under SDI and
SSDI during the growth season.

The results shown that, the changes in soil water content (6) at depths 10,
30 and 50 cm were located above the RAW line under SDI, but under SSDI
some few values were located under RAW line by small distance.
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Fig. (3-a and 3-b). The simulated and measured soil water content ()
under SDI and SSDI, respectively at FI during the growth season.

where E10, E30 and E50 are the simulated values of 8 and M10, M30 and
M 50 are the measured values of  at depths 10, 30 and 50 cm, respectively.
Figures (4-a) and (4-b) shows the results of the changes in simulated and
measured values of soil water content () at depths 10, 30 and 50 cm at
Flprp treatment under SDI and SSDI, respectively.

The results shown the values of 4 at depths 10, 30 and 50 cm were located
above the RAW line, the mean value of 4 at depth 10 cm under SSDI was
0.33 (cm® cm®) higher than that under SDI by about 5.4 % than that under
SDI during the growth season. At depth 30 cm, the mean values of 6
decreased by 6.06 % under both SDI and SSDI, while at depth 50 cm it
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decreased by 3.03 % and 12.12 % under SDI and SSDI, respectively. The
change in soil water content & under SSDI was faster and more slope than
SDLI.
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Fig. (4-a and 4-b). The predicted and measured soil water content (6)
under SDI and SSDI, respectively at Flprp during the growth season

The results of simulated and measured 6 at Dl7se, during the growth season
of eggplant at depths 10, 30 and 50 cm are showing in figures (5-a) and (5-
b) under SDI and SSDI, respectively.

The changes in 8 under SDI were changed rapidly than that under SSDI.
The decreasing of water by 0.25% of ETc at DI7s than FI cases decreasing
the mean soil water content by 8.8 % and 19.35 % at 10 cm under SSDI
and SDI, respectively, while at soil depth 30 cm it was 20.7 % and 19.35
% under SSDI and SDI, respectively. At soil depth 50 cm the decrease in 6

Misr J. Ag. Eng., January 2019 - 206 -



IRRIGATION AND DRAINAGE

than FI were 16.7 % and 9.4 % under SSDI and SDI, respectively. The soil
water content values distrusted up and down RAW.
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Fig. (5-a and 5-b). The simulated and measured soil water content (6)
under SDI and SSDI, respectively.at Dl7sy during the growth season.
Figures (6-a) and (6-b) show the & values under SDI and SSDI, respectively
at depths 10 cm, 30 cm and 50 cm during the growth season at Dl7se%+prD

treatment.

The results of integration between Dlsse% and PRD in treatment Dl7se+prD
didn’t case any change in mean value ¢ at different depth under SDI and
SSDI, but it improved from the distribution of soil water content around
RAW at depth 10 cm only. Also, PRD at depth 10 cm raise 6 values above
RAW.
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Fig. (6-a and 6-b) The simulated and measured soil water content ()
under SDI and SSDI, respectively at Dlzse+prp during the growth season.

Figures (7-a) and (7-b) show the 8 values under SDI and SSDI, respectively
at depths 10 cm, 30 cm and 50 cm during the growth season at Dlsg
treatment.

Decreasing water flux (irrigation water) into soil by 50% than ETc make
decrease in soil water content 4 values at depth 10 cm by 35.7 % and 21.5
%, while at depth 30 cm were 20.2 % and 23.2 % and at depth 50 cm were
10.5 % and 15.7 % under SDI and SSDI, respectively.

Figures (8-a) and (8-b) show the 4 values under SDI and SSDI, respectively
at depths 10 cm, 30 cm and 50 cm during the growth season at Dlsoo+prD
treatment.
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Fig. (7-a and 7-b). The predicted and measured soil water content (6)
under SDI and SSDI, respectively at Dlsgy during the growth season.

The results shown that, interaction between Dlsoy and PRD case increase
in soil water content () at soil depth 10 cm by 5 % and 3.7 % , while at
depth 30 cm @ decreased by 1.6 % and 1.2 % under SDI and SSDI,
respectively and at soil depth 50 cm & decreased by 1.2 % under SDI and
increased by 0.5 % under SSDI.
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Fig. (8-a and 8-b). The predicted and measured soil water content (6)
under SDI and SSDI, respectively at Dlso%+prp during the growth season.

PRD decreased the water stress by saving 8 above PWP compared with that
without PRD. Also, PRD make good distribution for soil water near RAW
than that without it. The almost values were located above the PWP line
except some simulated and measured values at depth 10 cm under SDI and
one measured value at depth 30 cm under SSDI but it was very close to
PWP.
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The effects of soil water content (8) on yield and water productivity, WP
The results in Figure (9) illustrated the values of eggplant yield in both
cultivation seasons 2017 and 2018 at Flprp, Fl, Dl7s%, Dl7s%+ prD, Dlso%
and Dlsoy +prp irrigation treatments under SDI and SSDI systems.

SDI achieve increase but not significant in yield by 3.9 % than SSDI, duo
to the increase of soil content under SDI than that under SSDI as shown in
figures (3, 4, 5, 6, 7, and 8). PRD technique gave increase in yield by about
7.5 % at Flprp more than FI duo to the good distribution of soil water
content than the corresponding values without PRD as shown in figures (3,
4,5, 6,7and 8).

DI archived decreased in yield ranged from 14.9 % at Dl7se and 36.3% at
Dlsow%. Also, the results shown the integration between DI and PRD gave
increase in yield by about 9.6, 7.5 and 6.3% at Dlso%+rrD, Flprp and
Dlzsw%+prD, respectively than the corresponding treatments without PRD.
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Fig. (9). The yields of eggplant at different irrigation strategies
under SDI and SSDi.
A nova and Tukey HSD test show the differences among the irrigation
treatments as shown in fig. (9), where a, b, ¢, d and e are show the
significant differences between groups. Where the similar letters above the
treatment, mean that there weren’t any significant differences between that
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groups or treatments. On the other hand, Dlso Significantly decreased the
yield than all other treatments. Integration PRD with DI increase the yield
and make the differences between PRD treatments and upper treatments
not significant as shown in fig. (9).

Fig. (10) illustrated the average values of WP during the growth seasons of
2017 and 2018. The results shown that, SSDI system resulted in higher
values of WP of eggplant than the corresponding ones obtained under the
SDI system by about 6.7% , however, the differences in values between the
two systems were not significant where p = 0.083 although SSDI consumed
a lower quantity of irrigation water than the surface drip irrigation by 5 %.
The PRD achieved increase in WP ranged from 74.5% at Dlsoy-+prp and
16.3% at Flprp. The statistical analysis showed that, there were significant
differences among FI and Dlsow Where p.value =0.037, high significant
between FI and Dlsos+pro Where p.value = 0.005 and Flprp and Dlsoe+prD
where p.value = 0.021 at p =0.05.
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Fig. (10). Water productivity (WP) at different irrigation management
strategies of eggplant under SDI and SSDI.

CONCLUSION
The results of numerical modeling for water flux in soil under deficit and
partial root zone drying showed that, the modeled values by Hydrus-1D
were very close to the measured values.
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The SDI increase yield by about 3.6% than SSDI, but not significant,
because the mean values of soil water content under SDI was higher than
that under SSDI. SSDI gave increase in values of water productivity (WP)
by 6.7% higher but not significant than that obtained by SDI.

Applying of deficit irrigation integrated with partial root-zone drying
improved the obtained yield, soil moisture contents and WP where the
Dl7sw+pro gave lower values of yield but not differed significantly from the
corresponding ones achieved due to FI and Flprp. So, we recommend
integration between the sustainable deficit irrigation and partial root zone
drying for saving water without significant loss of yield and also, we
recommend the using Hydrus-1D for predicting the change in soil water
content as cheap, fast and accurate method.
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